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Chapter 1 

Introduction to the SUFOR 
Programme 

1.1 Foreword by the editors 

T his report represents some 01' the "science footwork" performed in the research programme 
for Sustainable Forestry in Southern Sweden (SUFOR). SUFOR is a programme funded by 

Figllre 1.1: Professor- Sver-dTUp in front of an 
800 yeaT old Douglas Fir-. Old tr-ees sometimes 
provide ver-y valuable mw mater-ial for- quality 
sawn wood. Sustainable for-est economy is fa
vor-ed by a balance between bulk pulpwood pm
duction and production of highly pTiced quality 
timber-. Photo: Mats G. E. Svensson 

H Sverdrup and 1. Stjernquist (eds.), 

MISTRA, an independent non-for profit foun
dation supporting strategically important en
vironmental research in Sweden. The SUFOR 
programme was given 108 million Swedish 
kronor (15 million Euro) für eight years 01' re
search eluring the period from 1997 to 2005. 
This particular book has several purposes: 

• To reflect the basic research carried out 
in the SUFOR programme 

• To reflect how this research was inte
grated anel put to practical use 

• To re fleet the possibilities tImt this work 
has created for achieving sustainable 
forest management 

The book deseribes many of those small parts 
that patiently had to be pieeed together, 
testeel, tried, irnproved, in order to create the 
parts of a greater scheme. The initial parts 
of this report will draw up some of this larger 
scheme, the description of the single compo
nents will follow, and at the end, in the imple
mentatiOIl part, some of it will be tested and 
displayed. Our work is not finished, it has 
not even begun, wh at you see is the beginning 
of the beginning of something that eventually 
in phase two of the SUFOR programme will 
come of age. In the SUFOR programme, the 
road to sustainability is built from a bot tom 
up approach. We built it up from prineiples 
of natural sustainability, subsequently adding 

Deve/oping Princip/es and Mode/siar SU.l'tainah/e Forestry in Sweden, 1-12. 
(02002 K/uwer Academic Puhlisher.l'. 



2 CHAPTER 1. INTRODUCTION TO THE SUFOR PROGRAMME 

economic and social principles, and in that order which is also reflected in this book. The goals 
and fundamental criteria may be defined from a top perspcctive, but. because everything reaches 
down to the foundatious 01' nature, this is where we start. to focus. In t.he later part of the SU
FOR programme, more elements of economic and social sustainabilit.y will be added upon the 
foundation of natural science principles. In t.he construct.ion 01' the large system 01' model pack
ages (models, diagrams, dat.abases, algorithms, t.esting cases, scenarios, user-friendly computer 
programmes on CD's far forest owners, sust.ainabilit.y yield tables) has not. yet. been fully co m
pleted, they are still uuder construction. Such a work is long ancl inglorious, requiring patience 
with both by financial contribut.ors as weil as by the ereat.ors. Still, this may be some of the 
most important parts 01' the programme, making our results available ancluseful t.o the end user. 
Some components are ready for testing and will be shown in this report. The PROFILE model 
and it.'s new vers ions have already found wide use for weathering calculat.ions in a large num
bers of count ries in all eontinents. The SUFOR programme has now completed it.s first phase 
aceording to a "Iearning loop" (Figure 1.3). "The learning loop" is a fundamental concept in 
the SUFOR Programme, it describes our systems thinking attitude ancl our way of it.eratively 
learning the solution to the problems we took on. 

The work in the Programme has 
been problem-oriented from t.he first 
beginning, t.he work did not start with 
gathering data, but by defining the 
problem and by formulation present. 
knowledge as a mental model. Only af~ 
ter timt has been documented, is data 
gathered, and very sclectivcly wit.h re
spect to the problem and wh at the de
fined model requires to test the hypot.h
esis. The task of solving a problem 
is not finished before a full cyde has 
been completed, somcthing that will 
take place later t.his year. The book 
may appear to have a bias towards 
natural seience which reflects the first 
phase of the research programme. In 
the secemd phase, the programme has 
a heavier emphasis on economy and in
teractions with the society. The SU
FOR programme has now completed 
its first phase aceording to a "lcarning 

Figure 1.2: Dr. Stjernquist in front of an 88 yeaT old 
Fagus sylvatica outside Lund University. The mix
ing of deeper motcd trees like beech, oak 01' birch into 
stands of shallow moted tTees such as Norway spT"llce 
is an impoTtant component in increasing natuml nu
tTient sustainability. Photo: H. SveTdmp 

loop" (Fig. 1.3). "Thc learning loop" is a fundamental concept in the SUFOR Programme, 
it describes our systems thinking attitude ami our way of it.eratively learning the solution to 
the problems we took Oll. Thus, we would ask you not. to reaet with conservat.ism and defense 
against change, but to look beyond at all the new possibilities change may bring. The world is 
changing, ami it. does this whet.her we like it or not, the only thing we can decide is to adapt 
t.o the changes or not to change. The purpose of SUFOR is to prepare für achanging world, 
and the results from SUFOR will be focused towards how to do t.his. Considering the stock 
at risk, the prob ability for large scale changes ami the future demand for sustainability for 
survival, we cannot. afford not to stop, rethink and change our ways. This is not only a threat., 
involving risk, but also a trernendous possibilit.y. We have it in our hands to do this, we have 
t.he knowledge base to start the development.. SUFOR has taken one of these steps forward. 
Throughout the book, causalloop diagrams (CLD) ean be found. These have been included in 
order t.o systematically analyze the dynamic propert.ies and the behaviour of each syst.em and 
subsystem. In nature, nothing is linear and feedbacks are irnportant. Such relationships have 
been described by using CLD diagrarns. 



1.1. FOREWORD BY THE EDITORS 

These diagrams operate with a spe
cific nomenclature. Thc causalloop di
agrams are used to explore and map 
the dynamic properties 01' components 
of the forest system. Fig. 1.4 show an 
cxample for a population syst.em. Thc 
first. part consists of mature individu
als (for cxample t.recs) which produce 
offspring proportional to thcir num
her (such as sccds). The more ma
ture individuals (trees), the more off
spring (seeds and scedlings), thc more 
offspring, thc more mature individuals. 
This part of thc syst.em will cscalate, 
unlcss something limits i t. Thc limi t
ing system is introduccd hy the corn
ponent of mortality. The mature in
dividuals (trees) die (die hack and har
vest) aftcr aging in a set proportion to 
thcir nurnbcr. Thus thc more mature 
individuals, the morc dcaths there will 
be, in turn causing less mature indi
viduals. Thc loop cannot escalate, we 
ca11 this balancing. The escalation of 
the hreeding cycle is kept in check hy 
tlle mort.ality cyclc, allCi the wholc sys
tem will balance in the end. Increase 
in the cause that lead t.o increase in 
the result is identified with a +. In 
a loop, if the result of an increase at 
the 80urcc is returned as an increase at 
the soun~e, then t.his is ca11ed a rein
forcing loop (R). Such a loop will es
calate if it is not heeded hy ot.her fac
tors. If the result of an increase at t.hc 
source is returned to the sourcc as a de
crease, t.hen this is ca11eel a balancing 
loop (B). No natural systems escalate 
forever, becausc there will bc balanc
ing loops couplcd to them. Dcpend
ing on the issue wc rnay want to pro
mote a reinforcing cycle, by wcakening 
the halancing loops attached to it, al
ternatively wc may want to limit it by 
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Figure 1.3: The learning loop is a fundamental con
cept in the SUFOR Progmmme. The wOTk is problem 
oriented, the work started by defirring the problem and 
by formulation present knowledge as a mental model, 
wh ich in its turn defined the da ta to be collected. Only 
after that has been documented, is data gathered, and 
very selectively with respect to the problem and what 
the definedrnodel req'u'ires to test the hypo thesis. 

+ E 
Figure 1.4: Example of a ca.'usal loop diagmm for a 
population. Increase in the ca.use that lead to increase 
in the result is identified with 0. +. In a loop, if the 
result of an increase at the source is returned 0.8 an 
increase at the source, then this is ca.lled a reinforcing 
loop (R). If the result of an inCTmse at the SO'U,T'ce is re
turned to the SOUT'(~e as a decTmse, then th:is is ca.lled 0. 

balancing loop (B). Delays aT'e indica.tcd with / /. Be
low we have dmwn the cxpected refcrence behaviour of 
each cycle and thert addcd thern to 0. system behaviour 
pattern. 

strengthening thc balancing loops or attaching new ones. The SUFOR project. has been charac
t.erized by good int.crdisciplinary work between thc Swedish School of Forestry at the Agricultural 
University, the Ecology depart.rnents at the faculty of Nat.ural Sciences anel anel t.he Chemical 
Engineering depart.ment at Lund Institute of Technology. This may scem trivial, but even if 
sufficient. scient.ific co operation is usual at most univcrsitics, truly int.egrat.ed research work is 
indeed not, anywhere. In SUFOR this was achieved, much by building personal networks and 
strongly promoting informal working t.eams. Much of wh at you find in this report has not been 
invented here. Indeed, that was never the int.ention to base the whole programme effort a11 on 
original innovations, t.he present. report is intended as a synthesis based t.o a large degrec on 
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knowledge genera ted elsewhere, merged with innovations and knowledge developed within the 
SUFOR programme. Thus, at every turn and question, old knowledge from earlier experiences 
and data from the literature will be called up, blended with our ideas, inventions and models 
and pushed forward into new solutions and answers. The report contains several literat ure 
reviews and and many new synthesizes attempting to adopt a wider perspective than earlier. 
This merging of knowledge from many sources is intentional and desirable. We have stated 
our conclusions based on our analysis of the available information and the experiences we have 
made. Everything in the report is not always politically correct, the refiection of our findings 
were judged to be more important. This implies that we sometimes make statements that may 
appear to be different that the usual practice. 

Harald Sverdrup and Ingrid Stjcrnquist 
in Lund on April 1st, Anno Dei Gratie 2002 

1.2 Foreword by the programme director 

There is a strong national and inter
national society demand for the mul
tiple use of forests, and retaining or 
improving biodiversity has been de
fineel as an aeleli tional goal along wi th 
a high and sustainable productivity of 
forests. These elemands immediately 
raise a number of practical and scien
tific quest ions of how this can be imple
rnented. Are current forestry practices 
sustainable? In what ways shoulel they 
be improveel? There are many indica
tions today timt forest productivity has 
rcached levels timt cannot be sustaineel 
long-term. A number of environmen
tal fact,ors are gradually changing the 
conditions for practicing forestry, many 
of these being factors of human origin. 
Will it be possible under these circum

Figure 1.5: Professor' of Plant Ecology at Dund Uni
versity, Bengt Nihlgard acted as the SUFOR Pro
gramme Director. Photo: H. SverdTUp 

stances to introeluce new forestry practices, inclueling those aimed at sustainability? What are 
the short term costs of this for lanelowners and for Sweden, anel when will the more profitable 
future arrive? Can we affor'd to not begin thinking ab out sustainability? All these quest ions and 
the many different and cornplex long-term interactions of processcs in forest ecosystems and in 
society tImt need to be taken into account force scientists to work and think in terms of dynamic 
system models. It is impossible to combine proeluctivity, biodiversity, nutritional conditions and 
forest health aspects, as weil as economic anel sociological demands, without making certain 
generalizations that are clearly needed in system models. From a natural science perspective 
the sustainability concept irnplies above all that favourable soil anel water conditions need to 
be maintained. In combination with biodiversity consielerations this has emphasized the need 
of changes in forest management, in order to preserve the long-term soil fertility. The SUFOR 
Programme (Sustainable Forestry in southern Sweden)was createel to investigate and develop 
principles of sustainable forestry in southern Sweden in a very broad context, involving sustain
ability with respect to economic possibilities, nature and society. Within this MISTRA-funeled 
research programme, the first four years from 1996 to 2000, have resulteel in a large body of 
knowledge, being gained through extensive cfforts aimed at synthesis. New information has 
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been combined with old, and by incarparation of new data from field research and from sys
tem insights thaI, have been gained, new computer models are developed. We have conducted 
ar conuuenced field experiments, made use of the results of many new and earlier labaratary 
experiments, and analysed thoroughly the practical ancl stochastic problems to be solved, the 
management problems involved ami the new and promising possibilities. In the SUFOR Pro
gramme we have been able to establish quantitative sustainability limits based on the use of 
multiple criteria far the multiple production goals set within the natural, social and economic 
spheres, at scales ranging from plots of a few hectares to large regions hundreds of thousands 
of square kilometres in size. This is the first time this has been done anywhere and it is an 
important milestone the SUFOR Programme has reached. An example from this programme 
is presented. It can be remarked tlmt the sustainable yield that is shown significantly differs 
from thaI, derived from the site index, or the "bonitet". This emphasizes the need far obtaining 
assessments of this type on an operational scale. 

The present book was assembled primarily far comrnunicating the results and insights ob
tained within the framewark of the SUFOR Programme. Most of the basic principles that were 
adopted in the programme are described in the book. We discuss the possible solutions that 
have been identified, and present those that farmed the basis of the models that were adopted. 
The models taken up represent the results of extensive collective effarts, and provide a picture of 
the collective understanding of the programme team. Thus, far anything found to be erroneous 
or wanting in our models, one should blame not the models as such, but the incornpleteness 
of our knowledge, our treatment of that knowledge, how we have used this knowledge ar the 
way we have communicated it. No understanding or model of anything can be said to exist 
in society priar to its being adequately communicated. From a societal viewpoint that which 
cannot be communicated does not exist! We wish to emphasize both the strengths and the 
weaknesses of the syntheses described here, and certainly do not claim to have found a solution 
to everything. We present what we feel we have learned with the view of its representing "in
sight ar the solutions that ac cord with best knowledge we have available at present". We reserve 
for ourselves the right to return at some time in the future to revise any of our proposals, to 
the extent we consider it appropriate due to our knowledge having increased ar become mare 
adequate. Knowledge will form the basis for the future validation and implementation phases 
tlmt we aim at. Phase II of the SUFOR Program will contimle throughout the period 2001-2004, 
being based on the results of the first period. 

Bengt Nihlgard 
Lund, April 1st, 2002 

1.3 SUFOR Programme formulation 

1.3.1 Problem description 

The need of farest system being sustainable as a system far producing biomass, far preserving 
biodiversity and far maintaining a sem i-natural system far human recreation and inspiration 
has been brought 1,0 public attention. The arrival of the Brundtland Repart, the adoption by 
the Ministerial conference at Rio of Agenda 21, and many years of international research on 
acid rain have drawn attention to the problem of the sustainability of farest growth within 
farest management, and to interactions between manipulations of the farest system with pol
hJtion stress. Howcver, the problem of sustainable farest usc is a large and complex issue, 
encompassing all aspects of mankind and of society's use oI forests. In Sweden sustainable 
forest management was not necessary as long as harvests were very low as comparcd with 
the maximum sustainable production capacity, ancl a large part of the forest area was only 
rnarginally affccted by human activities. Histarically, modern Swedish farest management 
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started slightly more than 100 years ago. From the start until very recently it was focused 
on increasing the productivit.y of forest.s, and was highly successful in this respect. Forest 
management was very much t.he rcsult of external infiuences amI the introduction of forestry 
schools in central Europe some 150 years ago. Forest. production at present is essent.ial to 
Swcden as a source of raw mat.erials and of income. This has resulted in the number of trees 
per unit land area being increased, and in the increasingly effect.ive management. of stands 
and the promotion of tree age dist.ributions that suit the harvesting needs that are planned. 
Modern forestry developed hand in hand with a 
gradually increasing problem of pollution, however, 
since t.he start of the industrialization in the 1840s, 
human act.ivit.ies have result.ed in steadily increas
ing emissions of sulphuric oxides, nit.ric oxides and 
ammonia, increasing the at.mospheric deposition of 
nitrogen over time. A 5-fold increase in the ni
trogen available for growth occurred at the same 
time that. improved forest management methods 
increased the amtmnts of stemwood harvest.ed in 
the forest.s two- to three-fold. The results of the 
Swedish Forest. Invent.ory show t.lmt total forest 
growth and t.he st.anding st.ock of timbcr t.o have in
creased st.eadily since the first assessment.s of t.hem 
were made in 1920. Since the increase in growth 
appears to be stable and uninterrupted up to t.he 
present day, it can appcar as if there is not hing to 
worry about. In 1995, the growth of st.emwood in 
Swedish forests was approximately 95 million m3 

year-1 , the annual harvest being approximately 
70 million m3 stemwood (SOU 76:1992). Prehis
t.oric forest growth must have been much slower 
than that at present, t.he harvest also being much 
smaller in earlier times. One ean compare histori
cal times in Sweden with present conditions in the 
Province of British Columbia in West.ern Canada, 
where nitrogen deposition ranges from 0.5 to 3 kg N 
per hectare a year, and the forest is slow-growing 
and strongly nitrogen limited. Before 1800, prior 
to industrialization, the situation there must have 
been comparable t.o t.hat in Sweden. The harvest 
of t.imber in Sweden increased from an estimated 
20 million m3 year-1 in 1840, at t.hc beginning of 
industrializat.ion, t.o a recorded 40 million m:l yr- 1 

in 1920. Much of the increase in harvest was pos
sible by greatly improvcd forest. management., soil 
drainage in large areas and afforestation of what 
had been open land earlier. We would estimat.e 
that the nitrogen deposition in 1800 was approxi
rnately 2 kg ha-1yr- 1 . In 1900, nitrogen deposition 
started to increase significantly, to peak at. 25 kg N 

SU5.lainablc)'icld 
m3 .k/ha yr. 5O'Hilc 
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Figure 1.6: In the SUFOR pmject, per
forming approximate calculations of sus
tainability was one of the goals. This goal 
has been achieved, having succeeded in de
term'ir!ing quantitative S'Ustainability li m
üs on the basis of multiple criteTia for 
pmduction goals. These were set fOT' the 
natural, social and economic spheres, on 
scales ranging from plots of a few hectaTes 
to large regions of hundred" of thousands 
square kilometrc". This is an important 
milestone Tmched by the SUFOR Pm
gramme. The maps show the maximum 
amount of sternwood that can be harvested 
if simultaneO'/Lsly the nutrient budgets for 
magnesium, calcium and potassiurn will be 
kept in balance. 

ha-1yr- 1 in southern Sweden and at 12 kg N ha-1yr- 1 in the north. It is expected to decrease 
slowly in the fut.ure as an effect of the last LRTAP protoeol. From 1850 to 1930, forest manage
ment irnproved t.rernendously. During this period it was learned how trees are to be managed, 
anel forestry handbooks were made. Much of the pioneering work in t.his area was st.arted in 
Preussia in Germany, but. Sweden quickly followed suite. The ext.ensive old growth was rnineel 
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from the fore8t, and replaced with fast growing uniform stands, mainly Norway 8pruce of Ro
manian ami \Vhite Russian provenance8. The old growth that was harve8ted was taken from 
mature forest areas, that were declinillg in tot.al rat.e of forest growt.h. Effective management 
saw t.o it. that t.he rotat.ion time for replacement of a forest st.and became shorter, 60-80 years, 
and the st.ands denser, maintaining t.he forest st.ands in their m08t. product.ive phase. As soon 
as a st.and matured and declined in growth, it. was harvested. Thus, the age struet.ure of the 
forest as a wholc in Sweden was changed, virtually none of the old, mature and slowly growing 
old tree8 t.hat were found in natural, non-harvested forest.s being left. One should realize that 
Swedi8h forests represent a fully developed cult.ured lambcape, in which t.he t.ree species, the 
t.ree den8ity per unit area, the growth rate ami the age st.ructure are almost fully controlled 
and designed by man. Forest.ers have been very clever in making forests appear to be natural, 
at lea8t most 01' the time, even though they are not .. Today, only 4% of t.he t.otal productive 
forested area of 267,000 km2 in Sweden is covered by truly natural ami untouched forests, or 
"Urskog". In Southerll Sweden every other forested area ha8 beeIl logged over at least once, 
and often twice and in many pi aces is now in its third per iod of managed rotation. There 
are arlOtller approximately 50,000 km2 of wilderness ami natural protection areas in Sweden, 
however, that are doser to natural undeveloped forest areas, even if they are today classified 
as "unproductive". From the standpoint. of nat.ural conservation of resources, these lands are of 
considerable interest. 

Forests are subjected to a considerable mrmber 01' stress factors. Most of these are natural, 
others are related to forest management. or to industrial pollutants. Variolls industrial pollut.ion 
st.resse8 are particularly worthy t.o note in Southern Swcden, e.g. the cffccts of ground level ozone, 
a high nitrogen oversupply, acidified soi!s caused by acid rain, and effccts of global climatic 
change. Other stress factors, probably of less importance, are thc load of the heavy met als 
lead, mercury and cadmium. Climatic changes are sU8pected to cause temperature variation8 
and abnormal water conditions, changed condit.ions fur the winter hibernation of trees, putting 
additional stress on the ecosysterns involved. Several of the stre8S factors may interact and 
under certain conditions the final effect. can be amplified. Modern forest management methods 
sometimes causes considerable st.ress on the ecosystem; root rot and several types of insect. 
problems can be considered to be the result of cert.ain types of management. practices, and 
would not likely be expected as problems in natural forests. Changes in the basic conditions 
of physical and chemical climate, and in nutrient conditions, create new environment.s for pests 
ami pat.hogens, leading to "second generat.ion new forest damage". In SUFOR, models are 
being developed t.o account for these as well as for interact.ions when several st.ressors act 
simultaneously. Many addit.ional 8tresses are duc to man's activit.ies in t.he forest, such as 
recreation, harvest.ing, hunting, t.ransportation, meehanical disturbanees, even soi! plowing. All 
Swedish forest.s, including t.hose considered nat.ural, are under some degree of ant.hropogenie 
infiuence with respect to species COIllposition and basic conditions for growth. Some 85% of 
the forest area is used in some way for commercial biomass production, thus in reality being a 
cultured landscape . 

• It is p08sible to over-exploit. the nut.rient. resources of any forest soil by unwise use of 
very efficient forestry management methods. Thc eurrent growth rate of forests are not 
always correlated very closely wit.h their long-t.erm resource-supply capa city (nut.rient.s, soil 
st.ruct.ure, and hydrology), implying growt.h to be sub-optimally allocated with respect to 
maximum sustainable yield, and also that the growt.h that is presently achieved cannot 
necessarily be harvested in a sustainablc way . 

• Forest. systems may bc ut.ilised in an unsustainable manner for long pcriods of t.ime before 
sympt.oms 01' unsust.airmbility become obvious. Symptoms 01' unsust.ainability overlap to a 
high degree wit.h symptoms 01' pollutant.s ami with sympt.oms 01' nat.ural variat.ions in basic 
conditions. Since several propert.ies of biodiversity change only slowly (over decadcs or 
even cent.uries), irreversible damage may be done long before it.s effeets can be observed. 
This makes prcdictive capabilit.y important 
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• The yield tables and prediction methods currently employed were developed under con
ditions differing from those found today (the c:limate was colder, less nitrogen was de
posited, soil pR and base sat.uration were higher, and the forest.s were less well managed). 
An increase in environment al pollut.ion, chemical changes in the soil and the potential 
for changes in temperature and in t.he availabilit.y of water, increase the uncertainty in 
estimates of growth and of' yiclds. 

• Swedish forest. units are domina ted to varying degree by a mono-culture in terms of tree 
species and by monotonous management. This results in system's having low degree both 
of species biodiversity and of genetic diversity within separate species. The low variabilit.y 
results in a narrow range of resist.ance t.o different types of st.ress and of pests, increasing 
the risk for substantial cffects of factors considered relatively harmless in more diverse 
systems. Mono-cultures are especially sensitive t.o changes in climat.e. 

• The monotonous forest culture promoted by the current forest management paradigm, has 
led to an impoverishment both of vegetation cover and of the biodiversity, often resulting 
in monocult.ural genetic deserts. The devastation of the admixture of birch in conifer 
forests and the obliteration of large tracts of broadleaf forest areas, which later have been 
substituted by monocult.ures of N orway spruce, has changed the charact.er of the lands cape 
and substantially lowered t.he nutrient. sustainability and the resistance t.o atmospheric 
acid pollution. The gradual change towards plantations and t.ree farming muses higher 
and higher losses of biodiversity in the stands, enhancing t.he importance of biodiversity 
carried by other landscape elements. 

• Neither monotonous forest. management, nor the presence of monocultures in large areas 
are popular with the general public, the monocultures involved being regarded more as 
plantations than as forest.s. This will all come in conflict with the prevailing natural con
servation paradigm as known by t.he public. The elimination of' different types of deciduous 
t.rees from large areas t.ends to be regarded by t.he public as aesthetically unacceptable 
and as being an expression of a lack of environment al concern. 

• The planning of forests in terms of achieving business profits is partly disconnected at 
present from environment al constraints and from considerations of biodiversity in the 
implementation of forest management. t.ools. Appropriate tools for the management of 
forests in the terms of profits, infrastructure, sust.ainability and environrnental effect.s are 
lacking. Specifically, initial forest regeneration costs have traditionally been allocated to 
init.ial invest.ments in the establishment of forest.s, rather than being seen as a postrequisite 
for successful harvest. and being writ.t.en off directly against harvest profits. In small scale 
forestry this is actually happening. 

• Present economic analysis of Swedish forestry is dominat.ed by the large industrial corpo
rations. Although thcir philosophy is well suited for forestry in northern Sweden, it does 
not reflect the truth of matters in southern Sweden where, 85% of the land and 50% of 
the new growth are held by sm all private owners in lots of 100 to 1000 hect.ares. For these 
the presently applied economic rules and assumptions only apply partly or not at all. If 
realistic predictions are to be made, new approaches and new models must be developed, 
involving longer time-perspectives adapted to the accounting tradition of sm aller private 
farms engaged in a variety of economic activities. 

• Nitrogen accumulates in the forest floor at a rat.e of 3-12 kgjha yr in Swedish forest.s. 
Although at prescnt, this does not appear to cause large observable direct effects, it. is 
likely that this is one of the causes behind ground vegetation changes. If the changes are 
adverse or not, is not yet determined. In the long run, the accumulation cannot go on 
forever, and at sorne point the excess nitrogen may start leaching. 
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• Swedish forests are not in balance with respect to carbon. Some methods of management 
are suspected of increasing the decomposition of organic matter, and release large amounts 
of CO2 and dissolved nitrogen from the forests. Other forest management methods lead 
to large amounts of carbon and nitrogen accumulating in the forest floor. It is not known 
just what causes a forest system to go from accumulation to depletion, this matter not yet 
having been subjected to qualified systems analysis. In order to get the forest to actively 
sequester net arnounts of CO2 from the atmosphere, decomposition needs to be artificially 
brought ab out by means of appropriate forest management design. 

• In southern Swedish forests many of the basic conditions assumed to be constant in the 
forest ecosystem, rnay start to change considerably if the climate should change in ways 
predicted by present models. 

• There are several major problems in reganl to forest health, forest growth and environ
mental pollution in southern Sweden. Some of these problems are weil known and have 
been documented in detail by the Swedish Forestry I30ard aml associated organi~ations, 
whereas others, though possibly equally significant, have for various reasons not yet been 
recorded or identified as important problems. 

It is no longer regarded as self~ 

evident that there always will bc a 
sufficient supply of essential nutrients 
when very large volumes ofbiomass are 
rcmoved from the forest system each 
year. To understand the nature of 
the problem, one need to analyze wh at 
the consequence would be in the long 
run if larger amounts of nutrients are 
consurned in forests than can be sup
plied to them. This concerns both bulk 
nutrients such as nitrogen, phospho
rus and base cations, as weil as trace 
elements under certain circurnstances. 
The total nitrogen deposition in Swe
den varics from 25 kg N ha-I yr- I in 
the south to less than 5 kg N ha -1 yr- 1 

in the far north. The background ni
trogen deposition historically available 
was probably in the range 1.5-2 kg 
N ha- 1yr- 1 . Ongoing work on lim
iting pollution may make it possible 
to significantly reduce nitrogen depo
sition in the future, recreating a situ
ation with strong nitrogen deficiency. 
All plants require relatively fixed ratios 
of nitrogen to individual base cations 
in their total nutrient uptake flux in or
der to be able to produce needles, bark, 
branches, sterns anel roots, the uptake 
elastici ty in builcling plant parts not 

Figure 1.7: The farest, the water and the wtchment 
are all pm'ts af the ecasystem, o.nd they all affect mch 
ather. Thm management may affect the water q-uality 
af the r-unaff ar the soil stat'lls af the wtchment. 

being particularly largc. If base saturation was reduced to a very low value, the soil solu
tion in most locations would obtain high concentrations of AI that potcntially cause problems 
for tree roots, and low stability of the ecosystem. The base saturation is important as a short
term resource to cover high needs of base cations. Such "Ioans" can be rcpaid in othcr seasons 
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whcn the uptake need is lower than the supply from weathering and deposition. In the past, 
several of the industrial forest management practices lead to conflicts with the public, ami with 
what the society perceives as permissible forestry practices. A good example is that of the large 
clearcuts created in Sweden, these being viewed as negatively from an aesthetically standpoint, 
and worsening public recreational facilities, as weil as sometimes creating soil erosion. These 
have called for public outcries ancl talks ab out "mismanagement". This is a clear example of 
a management method that lllay weil have been justified frorn the stand point of maximizing 
production, but was socially unaceeptable. Foresters in large forest eornpanies did not listen to 
the rising public outcry, but elected politicians changed the forest law, and this management 
ended. This also illustrates so me of the limits to property rights, ancl the fact that the public is 
a major stakeholder of various immaterial assets in any large forest area. One ean also notice 
tImt the degree of conflict with public wishes, and the degree of insensitivity to public opinion 
has tended to be roughly proportional to the economic size of the forest owner involved. In the 
long run large companies may have a less suitable management structure far adopting to total 
sustainability views than the small or medium si7,ed economic unit. Large forest owners seems 
historically to have had far more difficulties in managing their properties more sustainable than 
srnaller owners and small family farms (l'vIarchak 1997; Drengson and Taylor 1997). 

1.3.2 Hypothesizes of the programme 

We are planning for a future in which forestry, thinking in terms of 100-year or Illore cycles, 
has to be prepared for alte red clirnatic cOllditions, very likely involving an increasing average 
temperature, which favours deciduous trees. Simultaneously during the coming decades the 
nitrogen deposition will continue to be high or it will slowly decline, ancl the levels of ozone will 
be excessive. We faresee an increasing global market far high quality hardwood, as weil as for 
softwood amI fuel wood. We believe that silviculturalmethods practiced in southern Sweden in 
the future will involve greater use of self-regenerating forests and modified final-felling, and will 
favour trees possessing properties of highest quality. Deciduous trees will play an increasing 
role in forests as stabilizing elements and as eomponents for enhancing natural nutrient supply 
use cfficiency in produc:tion. Nature eonservation measures will often be taken at the stand 
level and be planned on alandscape seale, use being made of GIS-maps. Biodiversity will be 
mueh better maintained when such methods are employed. Problems of soil aeidification amI 
nutritional imbalances will be avoided by returning wood ash and/ar minerals to the forest 
stands in question, thus stabili7,ing biogeochemical cydes. Forest owners will learn how to act 
when stress symptoms appear in trees, including symptoms that reduce stern quality. Another, 
contrasting devclopment in forestry will be silviculturalmethods that favour forests far intensive 
production of pulp and bioenergy in certain areas. Sewage and waste products from society will 
be used increasingly as fertilizers. The recycling of nutrients in this way can serve to balance 
the continuous losses caused by yicld and leaching. Society will tend to accept eertain 'eultural' 
forests that have high yields, as weil as semi-natural flora and fauna, in light of the mare 
enviromnentally adapted forestry methods employed in most other areas. The new methods 
developed will create more varying landscape, with high degree of variation in tree species, flora 
and fauna, maUers which society will very much appreciate. Improved soi! qualities and more 
stable wood production together with increased resi!ience of trees to climatic change ancl other 
forms of stress are all matters timt will be positively received by the many forest owners found 
in southern Sweden. Wild game will be even more important than it is today, eornpensating 
for the possible negative effects caused by an increased browsing and increased tOuriSIll. The 
following hypotheses are COIIlmon to the programme as a whole: 

1. The increase in the proportion of deciduous trees in eonifer forests, and the avoiding of 
large clear-fellings and plantations, will increase sustainability through greater soil fertility 
and biodiversity being achieved. Mixed stands will exploit the increase in soil penetration 
by a lIlulti-species plant collllllUnity. providing better joint access to ill-soi! nutrient pro-
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Figure 1.8: In Sweden it has been noted that No'rway spruce has shallow fine mots, that Seots 
pine and bireh have somewhat deeper mots than Norway spruce, and that beech and oak tend to 
be deeply rooted. In the .J ärnjö mse study, this could also be shown to OCCUT in the field. This 
form" the bas'is for one of the hypotheses of the pmgmrnme, that a tTee with deeper mots has 
access to more weathering products than a tree with shallow mots, pmvided that the depth to 
bedrock or the depth to groundwater- allows this difference to develop. 

duction. Deciduous trees gene rally have deeper root systems than Norway spruce, giving 
them access 1.0 greater amounts of weathering products. Roots of trees used commercially 
in Sweden seldom cross into the grollndwater, but tend to stay above the groundwater ta
ble by a small margin(Grönare Skog, pages 66-67 Skogsstyrelsens Förlag 1999, Grundbok 
för skogbrukare, pages 116-119, Skogsstyrclsen (Swedish Forest Directorate) 1985). See 
further Fig. 1.8. 

2. Natural regeneration will be more sustainable in an overall system involving lesser use of 
resources and lesser disturbance of the soil than is the case of artificial planting. Natural 
regeneration requires less soil ploughing and disturbances from heavy cquipmcnt, and 
involves more in situ gcnetic selection at 11, particular site. In the scenarios investigated, 
regeneration will be found on a continuous sc ale ranging from fullnatural regeneration 1.0 
füll planting. The greatest advantage of natural regeneration can be regarded as being 
economic, by climinating the cost of planting. 

3. The potential for forest health to improve will be greater when nutritional balance is 
achieved, allowing more resources to be allocated to the defence system. 

4. The susceptibility to acid pollution ami to nitrogen deposition will be redueed through 
forest management's adapting 1.0 mlllti-species forestry, and to forestry as a whole being 
more profitable. 

5. Soil fcrtility will be retained by the addition of missing maero- ami miero elements, in 
accordanee with long-established farming traditions, unlcss harvest is adjllsted to natural 
supply rates. This will ensure a sustainablc productivity ami better maintain biodiversity 
and forest health. 

6. The clmnges inlarge scale transboundary pollution and the global climate changes thaI. are 
antieipated, will alter the functioning of different tree species in forest in such a way thaI. 
a rethinking of present forest Illanagement methods will bc necessary on order 1.0 preserve 
profitability, while keeping at the same time within the constraints of sustainability. 

7. Forest management will be adapted in such a way as to have beneficial effects on surface 
water. 



12 CHAl'TER 1. INTRODUCTlON '1'0 THli SUFOR PROGRAMME 

8. Minimum biodiversity and a sustainable potential for biodiversity regeneration will be 
ensured by a sufficient number of undisturbed forest areas being maintained of a size amI 
area well above what can be considered a minimum or critical level. 

9. Modelling natural variations in forest productivity, forest-damage effects, biogeochemical 
cycles and biodiversity will contribute considerably to an understanding of how to manage 
forests in a sustainable way. 

10. Simple operatiOllal methods will be devcloped for assessing nutrient (P, Ca, Mg, K) sus
tainability on private forest properties (50-2,000 hectares), methods very low in costs and 
useable for periods of 200 years or more. 

11. Since the conditions for sustainability will vary considerably over time and will vary from 
place to place, marked changes in physical climate, in pollution condition and soil status 
will occur the next 250 years. In line with this expectations the programme needs to 
develop flexible methods and models for determining the degree of sustainability in light 
of the naturaL social and economic factors that can affect it. 

12. For a small family farm, mixed forestry for the production of both pulpwood and high 
quality hardwood timber will tend to be more profitability and more sustainable long-term, 
than forestry involving a Norway spruce monoculture. 

13. ßiodiversity can be better preserved amI protected in a mixed forest management regime 
than in a rnonocultural conifer regime. 

The overall hypotheses have been broken down to more detailed hypotlleses which have been 
set out in the programme plan. Sorne of these hypotheses are tested in this report. 



Chapter 2 

On Swedish forests 

Per Stjemquist, Ing'f"id Stjemquist and Hamld Sverdrup 

2.1 The forests in southern Sweden 

2.1.1 Forest characteristics 

The forests of Sweden cover 
22,613,103 ha, which is more 
than half of the land area 01' the 
country, see Table 2.1. As the 
climate changes from south to 
north, the biotic wnations cover 
the nemoral, boreo-nemoral and 
boreal wnes (Sjörs 1965). Thc 
border between the nemoral anci 
the boreo-nemoral zones is de
fined by the southern distribu
tion limit 01' Norway spruce. 
Most 01' the southern counties 
of Scania, Blekinge and Halland 
are within the nemoral zone, Fig. 
2.1. In this region, Scots pine 
and deciduous tree species are 
natural forest elements, but for
est management and the bet
ter economic outeome for conifers 
during the last century have cre-
ated a high percentage ofNorway 
spruce, Table 2.1, 2.2. Beech 
grows mainly in the counties of 
Scania, Blekinge and Halland, 
but scattered stands of beech are 
frequent north of this area (Lind
gren 1970). The boreo-nemoral 
wne reach north to the middle 
part of Sweden, its northern bor
der being elefined by the forest 

Figure 2.1: LoclLtion rnap oveT southern Sweden showing the 
SUFOR expeTimental sites and the positions of the vo.rious 
pmvinces. Exper·imental sites: 1. Gardsjön, 2. Skogaby, 
3. Tönnersjö fOTest r·eseaTch paTk, 4. The SödeTasen Tidge, 
5. Mo.glehem., 6. Fulltofta, 7. Jämjö, 8. Aso. fOTest re
search park, 9. Stenbmhult, 10. H OTnSÖ, 11. KlIill N ationo.l 
PaTk. Gounties: A. Scania, B. Blekinge, G. Kmnobery, D. 
Hallanrl, E. Jönköping, F. KalmaT, G. Västm Götala.nrl, H. 
Östcrgötlanrl. 

limit of QueTC"lLs mbm·. This zone comprises the regions of Svealand and most of Götalanel, 
Fig. 2.1. The southern Sweelish forests is defined as the forest area of Götaland anel Svealand. 

13 
H. Sverdrup and J. Stjernquist (eds.). 
Developing Principles and Modelsfar Sustainable Forestr)' in Sweden. 13·20. 
©2002 Kluwer Academic Publishers. 
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Forest Seots Norway rnixed rnixed 1 deeiduous 2 Valuable 3 

area pi ne spruee conifers speeies trees hardwood 

Scania 34 11.4 42.4 3.5 5.0 17.1 17.2 
ßlekinge 70 6.5 53.3 7.8 7.7 7.8 14.2 
Halland 55 17.6 48.8 10.2 7.1 8.6 5.5 
Götaland 57 25.2 39.1 14.1 6.9 7.9 3.6 
Sweuen 55 40.1 27.4 15.7 7.8 5.1 0.8 

Table 2.1: Forcst land area.s of d·ifferent stand types in peTcentage in s01J.thern regions of Sweden 
in 1994-1998 (Skogsfakta 2000). 1. The stand rn1J.st consist of 40-60% decid1J.o1J.S tTees. 2: The 
stand rn1J.st consist of at least 70% decid1J.o1J.s tTees artd less than 50% valuable haniwood. 3: The 
stand rn'llst consist of at least 70% decid'llOus tTees anti 50% val'llable haTdwoods. The valuable 
haTdwood species aTe (JUETC"as spp., Fagus sylvatica, Ulrnus spp., FmTin'lls excelsioT, Tilia cOTdata, 
AceT platanoides, Carpinus betulus and Pnmus aviurn 

In this arca, the landscape is charaeterizeu by a rnosaic of forest stands, agricultural land, 
rnires anu lakes. The forests are rnanaged prirnarily by private forest owners who each have 
20 to 400 ha of forest land, this creating eonsiderable variation in stand characteristics. His
torieally, deciduous stands ami valuable hardwood speeies have been more frequent due to the 
large amount of utilities frorn the forests wh ich contributed to the econorny of the farrns. The 
valuable haruwood species, (JueT"Cus spp., Fagus sylvatica, Ulrn"U.s spp., Fra.:ärms e:.ccelsioT, Tilia 
cOTdata, Acer· plataT!oides, CaTpinus betulns anti I'Tunus aviurn, were eoncentrated around the 
harnlets, often pollard or coppiced, and used for fodder ami constructions. Beech ami oak have, 
in rnany areas been irnportant for products sold outside the farm such as pigs, potash etc:. 

The total t.imber volume in Sweden 1994-98 was 2,829 mill m3 sk. Of t.his, 55% grew in t.he 
southern part. (Götaland and Svealand) on 10,235 mill ha of forest land, Table 2.2. Sinc:e 1920, 
the Swedish timber volume has increased by about 50% due mainly t.o an increase in c:onifer 
plant.ations (Skogsstatistisk Ärsbok 2000). The standing voillme of spruc:e is now greater in t.he 
sOIlt.hern part of the counrty than for Sweden as 30 whole. 

The forest management methods employed, such as dear-felling ami planting, have con
tributed t.o the development of monoculturcs, Table 2.3. Mixed stands have been considered 
difficult to manage. Anothcr important factor, in recent years, for the inerease in pure conifer 
stands has also been t.he strong impact of grazing by deer and clk on the survival of deciduous 
tree seedlings. The neer! for fenc:ing has made the costs of replanting deciduous species high 
compared to t.hose of spruce. The valuable hardwood speeies often grow in mixed stands, only 
beech, oak ami ash form relatively pure stands due to the hist.orical utility of t.hese species. In 
the 1970s continuous stands of beech and oak covered only 100,000 ha aml continuous stands in 
which valuable hardwoods domina ted 10,000 ha. Cont.inuous stands are here defined as forests 
in which there is a hardwood stern basal area of more than 70%. 

Valuable hardwoods mixed with other species, e.g. birch, aspen and spruce, cover an addi
tional 200,000 ha (AIlllgren et a!. 1984). A special Forest Act for the management of valuable 
hardwoods was found t.o be needed to preserve these forest types. The 1984 Valuable Hardwood 
Forestry Act provided adefinition of valuable hardwood forest. t.ypes as weil as direc:tions on 
forest management., inc1udillg clear-cutting and replanting. The Act was based on scient.ific, 
cult.ural, social and silvicult.ural consiuerat.ions (Almgren et a!. 1984, SOU 1992:76). Since 
1992, t.his Art has been inc:luded in the general Forestry Aet of Sweden. The characteristics of 
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Scots Norway birch alder oak beech valuable 
pine spruce hardwood 

Scania 11.5 47.9 9.4 5.5 5.5 13.4 3.0 
Blekinge 9.8 61.4 7.2 1.4 6.8 7.4 1.7 
Halland 21.3 58.9 8.5 1.5 3.9 3.1 0.4 
Götaland 29.9 51.4 8.6 1.8 2.8 1.8 0.9 
Svealand 43.0 43.1 8.1 1.4 0.3 0 0.1 
Sweden 38.2 44.4 10.3 1.1 0.9 0.5 0.1 

Table 2.2: Timber volnmes fr)'r d'ifferent tree species in percentage in sonthem regions of Sweden 
(Skogsstatisktisk A rsbok 20(0). 

clear-cut 1 planting 2 soil scarification 2 

Scania 2,100 2,300 2,300 
Blekinge 1,900 2,000 700 
Halland 1,700 1,800 700 
Götaland 42,000 53,000 30,100 
Svealand 52,500 28,800 39,100 
Sweden 206,000 132,500 160,200 

Table 2.3: Fore.st management in southem regions of Sweden, ha. 1; in 1999, deter'mined for 
clear-cnt areas larger' than 0.5 ha. 2; a S-year average dnring 1996-98. (Skogsstatistisk A'rsbok 
2(00) . 

the forests in southern Sweden have been molded by continuous use of farmers during the last 
1,000 years. The forests are more of a cultural heritage than a wilderness. With the exception 
of sorne areas with large estates, most of this region has traditionally been domina ted by family 
farms, often freeholders or Crown farms. At the beginning of the 18th century, 68% of the 
Swedish land outside the mountainous area in the north was owned by freeholders or Crown 
tenants and at the end of the 19th century, 60% of it was owned privately by farmers. The 
partitioning of common land according to a legal act in 1827 scattered the villages and forced 
34% of the farmers to reconstruct their farms on what lmd formerly been eommon land outside 
the old villages (Gadd 2000). The resulting small hamlcts and single farms dispersed over the 
landscape, have transformed southern Sweden into a mosaic of forests, meadows and arable 
land that still is evident. The economic and teclmical changes during the 20th and late 19th 
centuries, however, caused a strong impact on the southern Swedish landscape. Old meadows 
and grazing land were replanted with forests, often conifers, and srnall farms were abandoned or 
were combined into larger units. Today, the areas close to the existing hamlets, in which there 
is a rnixture of arable land, meadows and sm all woodlands are very important for maintaining 
a high biodiversity. To preserve the existing biodiversity of Swedish forests, special guidelines 
were included in the 1992 Forestry Act. Besides tImt, about 6% uf the productive forest land 
has different degrees of protection, including national parks ami nature reserve areas, Table 
2.4. However, in the southern region, only 1.5% of the productive forest land have any kind of 
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Total protected 1 Proteeted 2 

Seania 0.7 2.5 
Blekinge 0.6 2.1 
Halland 0.5 1.4 
Götaland 0.6 1.5 
Svealanel 1.8 4.0 
Sweden 3.6 6.0 

Table 2.4: Arms oI protected productive Iorestland in southern regions oISweden, in peTcent. 1: 
1996. 2: 1997 (Skog.,.,tatistisk Arsbok 2(00). 

protection. Another method to protect arcas with very high biodiversity is the creation of key
habitats, which cover around 1 % of the forest land (Skogsstatistisk Ärsbok 2000). The different 
systems of forest certification also include guidclines to stirnulate an environmental sound forest 
management. In 1999, 10 mill ha of forest land had SOlne kind of certification. 

Owing to the great diversity in forest management, both historically anel today, southern 
Swedish forests represents a unique experiment for studying long-term sustainable forest man
agement. The privately owned forest land has often bclonged to the same family for generations 
anel the knowleelge of thc soi! characteristics, the changes of tree species anel the management 
rnethoels useel eluring the last century are extremely valuable both for evaluating scientifie results 
anel for moelelling a sustainable forest management in the future. 

2.1.2 SUFOR experimental sites 

The projeets within the SUFOR programme have used many experimental sites in southern 
Sweden, both on privately owned lanel anel in forest research parks, to study differences in 
forest management, soi! characteristies anel climate. To simplify for the reader to follow the 
eliscussions in the following chapters, a loeation map of the counties and experimental sites 
involved is presented in Fig. 2.1. 

2.2 Forest ownership In Sweden 

2.2.1 Ownership structure 

The dominant forest owner categories in Sweden are private forest owners and the timber com
panies, Table 2.5. Today, there are about 250,000 private forest holdings in Sweden altogether. 
They are unevenly distributed over the country, however. In the southern part of Sweelen as 
much as 78% of the forestland are privately owned as eompared with 41 % in the northern part. 
On thc other hand, far more company forests, 50%, are found in the north as compared with 
only 13% in the south. The State and other owner categories control about 10% of the forests. 
Of the forest area timt is privately owneel, 32% consist of farms that include both forest and 
agricultural land (Statistical Yearbook of Forestry 2000). Up to 1960 nearly all private forest 
owncrs were farmers. Historically, most Swedish farmers have owneel both forest and agricul
tural land and have useel the resources of both to create economieally sustainable businesses. 
Forests have been lookcd upon as a resource for multiple use, not only for the requirements 
of the farm but also for selling refined products on the market. Examples of such products 
are timber, coal, tar ami potash and also cattle, pigs ami horses that grazed on the forestland 
during the warm seaSOIl. The choke of products to refine depended to a great eleal on the soil 
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Private owners Companies The State Forest land 
% % % km2 

Norrland 41 50 9 123,780 
Svealand 50 37 13 53,040 
Götaland 78 13 9 49,310 
Sweden 226,130 

Table 2.5: For'est area by ownersh-ip categories during 1994-98 given in percentage of forestland 
in the nor·thern (Nor'rland), middle (SlIealand) and southem (Götaland) parts of Sweden. The 
State category includes owncrship by either the State and the Church (Statistical Yca1'book of 
Fo1'estry 2000). 

and vegetation characteristics which differed between regions. Since many of the farms have 
belonged to the same family for generations, knowledge of the productivity of the land and of 
the limits to a sustainable yearly outtake was important. 

As a result of traditional 
ownership, 80% of the private 
forest holdings in Sweden today 
are 20-400 ha in si",e, with a 
me an of 20 ha (Sta tistical Year
book of Forestry 2000). By com
parison, 95% of the company 
forests and 83% of the State 
forests are above 1,000 ha in 
size. Until about 1960, Swedish 
forest policy recognized the fact 
that in most parts of the coun
try a combination of agricul
ture ami forestry was a neces
sary condition for the existence 
of farms. As the proportion 
of the ernployed population en
gaged in farrning and forestry de
creased frorn 14% in 1960 to 3.6% 
in 1990, the policy was changed 
radically pressure being mounted 
for producing as rnuch and as 
cheap wood as possible in the in
terest of the timber industries. 
The Forestry Act of 1979 repre
sented the height of this policy. 
More re cent legislation in 1993 
restored the balance between the 
interests of forest owners and 
those of industries by adding re
spect for natural values as a le
gal goal of the same importance 
as production. The differences in 

Figure 2.2: Location of the distriets used -in the survey of 
forest owners attitudes to environmental goals in private 
forestry 1990. All distriets we1'e located norBt. of the south
em limit fo1' NOT'way sprucc and south of the northem lirn:it 
for oak (S~jemquist, P. 1992). Fo1' numbers see the text. 

climate, vegetation period and soil conditions within Sweden result in growth pCJ'iod of trees 
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Goals % 

Economic yield only 22 
Economic yield, primary goal, regarel to natural values secondary 45 
Both goals of equal importance 24 
Regard to natural values the only or primary goal 9 

Table 2.6: Declared goals of private fOTest owners for their forestry in 1990, (Stjernquist, P. 
1992). 

eliffering between the regions. The site quality dass assessment made by the Swedish National 
Forest Inventory, which evaluates the biomass productivity of the forest stands, give a figure 
of 3.0 m3sk ha-1yr-1 in the north ami 8.7 m3sk ha-1yr- 1 in the south, that in Scania being 
as high as 11 m3sk ha-1yr- 1 (The National Atlas of Sweden, The Forest, 1990). However, 
the measured average yearly growth per ha for the period of 1994-98 is lower, in the north 2.4 
rn3sk ha-1yr- 1 and in the sOllth 6.4 rn:lsk ha-1yr- 1. The timber vohune span given for the 
same period is 85-172 m3sk ha-I. Since private forest owners dominate in sOllthern Sweden, 
their forestland have a site qllality dass as weil as a timber voillme per ha above the average 
for the region. For example, company forests for Swcelen as a whole, have a site quality dass 
of 4.5 m3 sk ha-1yr- 1 as cornpareel with 5.9 rn3sk ha-1yr-1 for privately owned forests. This 
means that private forest owners is a very irnportant grollp in work on eleveloping ecologically 
sustainable forest management (Statistical Yearbook of Forestry 2000). 

2.2.2 Private owners and ecological sustainability 

Ecological sustainability is a theoretical concept that private forest owners often have difficulties 
in understanding. During the last ten years, allthorities have given general courses in ecological 
subjects to private forest OWllers. The contents and results of these courses have not been scien
tifically examined, however. Certain condusions regareling the readiness of private forest owners 
to accept preservation anel environment al aims can be drawn, nevertheless, from their attitudes 
towards forests and their methoels of using them. In a project in 1990, inclllding 274 private 
forest owners from different parts of sOllthern Sweelen were reqllested to write down their goals 
in forestry anel how they treated their forests in practice. The geographical distribution of re
spondents, who representeel holelings of elifferent si7,es anel a variety of social categories (farmers, 
residents aml absentees), is shown in Fig. 2.2, in which the dots represent cooperative areas of 
private forest owners (Swedish; skogsbruksomra.elen). The six forest districts investigated in the 
survey was 1. Sydvirke forest commons (located in northern Scania), 2. Uppvidinge (Kronoberg 
province), 3. Vimmerby (Kronoberg province), 4. Värnamo (Kronoberg province), 5; Finspang 
(Östergötland province) anel 6. BOn1s (Västcrgötland province) . No significant differences was 
found bctween the different categories. For this reason they are dealt with as a whole. The 
declared goals in forestry are presenteel in Table 2.6. 

It is possible that Table 2.7 indicates too sharp a distinction between elifferent attitudes. 
Many of the forest owners who declared economic yield to be their only goal adeled timt they 
preserved specific areas for reasons such as preservation of "natural forest" or "some wilc!erness" 
or "flora and fauna" or simply so as to have sornething beautiful to look at. There is a dear 
correspondence between the goals declared anel the forestry practices carrieel out. The different 
goals of forestry find expression in specific practices. In Table 3 the practices linked with goals 
regarding natural vallles appears first anc! rational practices furt her down the list. It ShOltlel 
be adeled that the regards to natural values of the forest owners are not exactly the same as 
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Practices attached to regards to natural values % 

No clear-cutting 9 
Clear-cutt.ing at most 0.5 ha 8 
Clear-cutting at most 1 ha 33 
Growing mixed forest 94 
Saving mature stands 50 
Rational pmctices 
Clear-cutting larger than 1 ha 50 
U sing fast growing plant.s 44 
Prompt felling 42 

Table 2.7: Cnrrerd pmctices, 1990, of the Tespondents, (Stjernqnist, P. 1992) 

what modern ecologists try to develop. The forest owners in the investigat.ion appear to attach 
primary importance to their experience 01' the forest as a natural and landscape scenery. 

As Table 2.7 indicates, the percentages of sarne ecologically valuable practices are much 
higher than those of forest owners declaring regard for natural values to be their primary goal 
or a goal of the sarne standing as economic goals. One can ask why the affect.ion for the natural 
state of forests is so widespread arnong forest owners in Swcden. It is statistically evident that. 
cconomic aml technical explanat.ions alone do not. suffice. More irrational explanatory factors 
needs to be added. It appears from the invest.igations, and also from other studies, that it 
is cust.omary in the Swedish rural populat.ion to consider farms and forested land as family 
possessions that. are inherited t.o be passed on from generation to generat.ion. This cust.orn gives 
rise to a long-t.erm perspect.ive and to a wish t.o preserve the charact.er of t.he forest or certain 
rernains of it for future generations. Of importance is also the gradual t.ransit.ion wit.hin privat.e 
forestry from t.he previous large-seale fellings at. long int.ervals t.o the small annual fellings of 
today, oft.en a kind of selection syst.em. This change-over was connected wit.h the proceeding 
commercializat.ion of t.he farms that. eombined agriculture and forestry and which represented 
the overwhelming part of private forestry. In order to pay the interest and the amortizat.ions of 
the invest.ment.s made in land, buildings, and machines, farmers became accustomed to making 
small annual fellings and t.o t.aking eare of the forest in such a way t.hat it coule! also provide a 
continuous income in the future. 

The restrict.ed felling practices t.oget.her with the existing affect.ion for nat.ural values facil
it.ated the advisory service of t.he local forest authorities in forestry matters. Previously, t.he 
authorities handed down directions, but in t.he 1930s t.he f()fest owners t.hemselves sent in a mul
t.itude of applications for service, courses, and demonstrations. A common interest in forestry 
had been raised. This int.erest. represented a much st.ronger guarantee for forestry in t.he future 
t.han enforced forest dispositions. How illlportant it is to achievc the accept.ance of fmest. owners 
should be seen as a key lesson for future policy. The t.ask of transmitting an Ilnderstanding 
of ecological sllstainabilit.y and biodiversity to forest owners rest.s at. t.he local personnel of the 
Regional Forest.ry Boards (Sw. skogsvardsstyrelser), who have long-t.erm experience in acting 
as advisors in matters of sllst.ainable forest.ry. By act.ing as advisors rather than persons in 
authorit.y, they have managed t.o arouse strong interests in forestry methods. In the saIlle way, 
they will surely be successflll in extending the external regare! 01' t.he forest owners for natural 
values to underst.anding of what eeologieal sllstainability reqllires. 
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Figure 2.3: A typical ruml lands cape in southern Sweden. A pastomi scene showing co ws and 
forest edges at the right and grazing land with coppices, bushes and hedges in the distanee. 
Photograph by Peter Schlyter. 

Figure 2.4: A roadside in TUml Sweden, showiny large individual trees, hedgerows and century
old stone fences. Such lands cape components aTe often found between diffeTent for'est stands 
and fOTm impoTtant cornponents fOT r'etaining publically appreciated aspects of biodiversity 'in 
the lands cape. PTeseTving such localities at seleeted spots and as corTidor's may represent one 
stmtegy in the management of biodiversity. Photogmph by PeteT Schlyter-. 



Chapter 3 

Defining sustainability 

Hamld Sverdrup and Mats G. E. Svensson 

3.1 Introduction 

How to define sustainability has been discussed for a long time. The group assigned to ereate 
a "global agenda for change" by the General Assernbly of the United Nations in 1983, The 
Bmndtland COlllmission, initiated the first serious discussions with real political irnplieations. 
The commission's definition of sustainability has been rcferred to by diverse bodies as con
stituting a basis for polic:ies and practices designed to support a society being economically, 
eeologically, and culturally sustainable: Humanity has the ability to make development sus
tainahle - "to ensure timt it meets the needs of the present without compromising the ability of 
future generations to meet their own needs" (Agenda 21 i Sverige 1997; World COlllmission on 
Environment and Developrnent 1987: Holden 1997). This statement is at the heart of sustain
ability, but leaves open for discussion how the goal as stated can he achieved. Rohert Gillman 
(1981) extended this goal-oriented definition by restating the last part of the sentence above, 
referring to an old saying; " ... do unto future generations as you would have them do unto you." 
When developing mIes and criteria for sustainability, it is important to conceive of them as 
being basic principles, that insofar as possible are free of value judgments. Sustainability then 
becornes a property or function which to a !arge extent should be free of value judgrnents or 
cultural biases. The points of departure for defining sustainability are the second law of ther
rnodynamics and the law of mass and energy conservation (Eddington 1987). The aim is to 
define the basic prillciples of sustaillability in such a way that we may for every situation be 
able to determine whether a given activity is sustainable or not, sillce this would require that 
definitions be precise, unique and functiollal. It is also important that the mIes of sustainability 
be applied in a realistic way, in order to avoid unfmitful dogmatism and too much observance 
of political correctness. It should be borne in mim] that the dcmam!s for natural and economic 
sustainahility must also be sustainable socially if they are to have any practical significance for 
human society (Gilman 1990; van Pelt et al. 1995; O'Riordan 1988; Dryzek and Schlossberg 
1998; Eekersley 1992; Gale and Cordray 1991: Ponting 1993). 

3.2 The dimensions of sustainability 

Three forms of sustainahility need to be defined: 

1. N atllral sustainability, which defines the maximum long-term use of a natural resource as 
a SOUl·ce of raw material and energy, the eapacity fm t.he Ilse or destruction of waste and 
exploitation of living organisrns. 

21 
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2. Sodal sustainability define~ the inherent stability of a sodal organization and its compo
nents, the minimum requirements for systenl resilience to system oseillations, individual 
rights, limitations and duties for sustainability. It defines necessary gradients and driving 
forces necessary far societ.y t.o remain stable, but still respect.ing individual integrity. 

3. Economic sustainability in absolute value terms, derived from mass balance and economic 
feedback principles. 

Certain of the sustainability limit at ions 
havc precedence bcfoTe others. In arder to 
be relevant, the parameters of social and 
economic sustainability far example, need to 
stay within the boundaries set by the criteria 
far physical ami thcrmodynamic sustainabil
ity of the natural system. There is no excep
tion to t.he principles of thermodynamics and 
mass conservation, regardless of the ideology 
or the reasons one have. Social and economic 
parameters, in order 1.0 remain sustainable, 
must be kept within t.he are defined by the 
criteria of natural sustainability. Thus, a hi
erarchy needs to be established far the re
strictions that the demand for sustainability 
involve, natural restrictions overruling eco
nomic restrictions in the long term, amI eco
nomic restrietions in the short term, overrul
ing social, even if in the long term the latter 
may be the oppositc. It is impartant to bear 
in mim! the fact tha t there are strong feed

[conomlc 
sustalnabUjty 

Figure 3.1: Total susta'inability is defined as the 
arm of overlap of all thTee types of sustainability; 
nat·uml, economic and social. This common aTea 
TepTe.sents the aTea of full 8"Ustainab'ility. This 
common area implies greateT freedom of choice. 
Optimizing sustainability means obtaining as a 
common aTea as possible. 

back mechanisms between these parameters ami that they need to be carefully eval1mted to 
determine whether they should be included or ignored ami und er wh at circumstances. Econ
omy has an apparent weak feedback from naturallimitations at present, particularly since our 
social systems do not observe and enforce adherence to natural limit at ions very strongly. Many 
economic interests at t.he moment appear to have no bounds set on them whatever by natural 
limitations. In due time, nevertheless, natural limitations will enforce themselves complctely 
requiring absolute obedience to them, whether we want this or not. A system can exist outside 
the area of sustainabilit.y for a limited period of time. A limited re sour ce is thus often exploited 
for as long as it lasts, before the natural enforcement of limitations takes place. There are 
many examples of societies prior the present ones, that vanished because of a lack of under
standing of the limiting factors of the availability of natural resource factors in the long run. 
There are four dimensions in terms of wh ich the sustainability of a system can be considered. 
These are time, space, matter and structure. The spatial dimension repre~ents how the system 
is represented in space, wh at spatial components can be identified, wh at the spatial borders of 
the system are and what the links are to other systems across the borders of the system. Thc 
temporal dimension concerns the level of resolution for the system dynamics over time, the time 
step used in analyzes carried out, the temporal events that should be cither by viewed singly 
or be lumped together. The structural dimension, finally, is the level of chosen 1.0 describe the 
processes and t.he functions in the system, the variables involved and the links between them 
(Bahn and Flenley 1992; Sabloff 1990). From this one can derive the following basic definition: 

The sustainability limit concerns the long-term use of the ecosystem, the in
tensity of the use being such that the resources available and the structure and 
functions of the ecosystem are not unacceptably degraded or changed .. 
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A llllmber of corollaries to this definition can be derived. A first corollary that we suggest 
is the biodiversity criterion: 

The biological self-organizing ca.pability of the system must remain intact 

This implies that use of the system will be such timt after exploitation occurs the ecosystem 
is able to self-organize its natural function and to self-regenerate. This applies to such matters 
as the abundance, geographical distribution and genetic variation of a species. The potential for 
a varied ecosystem needs to be found in terms of the species present must exist and these spccies 
must contain the sufficicnt genctic variation for establishing interacting, but stable populations. 
The sites should also not have been altered in physical or chemical terms in a way such that 
an entirely different vegetation than earlier develops. Although it is the natural strategy of a 
tree to take up all the nitrogen amI phosphorus available, when the nitrogen and phosphorus 
taken up cannot be matched with the amounts of Mg, Ca or K needed to build plant biomass, 
problems of nutrient regulation may arise because of conflicting signals of simultaneous surplus 
and deficiency. When the supply of base cations available falls below current needs as set by thc 
current growth rate and the ambient needle mass, less needles can be sustained the following 
year, which has a corresponding effect on growth. In the long run, there will be no way to avoid 
Liebig 's law, based on the universal principle of mass conservation. It can be proven that 

The amount of growth that can be harvested is limited by the nutrient with the slowest rate 
of supply. 

The term nutrient is to be understood here in the broadest sense, that is as imJuding such 
mineral nutrients as N, P, Ca, Mg, K, micronutrients, water CO-2 and energy. Lack of any 
one of these limits growth. An implication of this is that growth can only be sustained long
term at a level that does not exceed the supply of base cations available, since nitrogen is 
abundant. Biomass harvest is only sustainable when the removal of nutrients through harvest 
eloes not exceeel the supply of these same nutrients through the atmospheric eleposition, chemical 
weathering of rocks, anel fertili,,;ation supplieel externally . 

A seconel corollary to sustainability that we suggest is the pollution criterion useel to elefine 
the critical loael of a pollutant. We suggest: 

The system is not long term sustainable if the critical load of one or more pollutants is 
exceeded or the input of a given pollutant that lead to the maximum acceptable adverse efJect the 
reSOUTce base, the structur'e OT the function of the ecosystem 

3.3 Aspects of sustainability 

3.3.1 Natural sustainability 

Several criteria must be met in oreler for forestry to be sustainable. These can be eleriveel formally 
from the elefinitions just presenteel. A forestry ecosystem shoulel preferably be sustainable with 
respect to the following functions anel properties (Sverelrup anel Warfvinge 1988; Falkengren 
anel Eriksson 1990; Falkengren anel Tyler 1991; Warfvinge ct al 1993; Kimmins 1997a, 1997b; 
Ehrlich 1988, Sverelrup anel Rosen 1999; Comins 1997; Skogspolitiken inför 2000-talet; 1992): 

1. Preservation of the biomass proeluction capacity 

2. Preservation of the self-organizing potential for biodiversity 

3. Maintenance of the physical stability of the soil 

(a) Carbon storage being positive or balanced in the long run 

(b) Maintenance of structure-bearing complexes maintained 

(c) There being no net non-natural soil erosion 
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4. N utrient resources 

(a) There being llO long-term depletioll of adsorbed stores of base cations, which amounts 
to there being a balance between inputs and outputs 

(b) There being no long-term depletion of reservoirs of phosphorus, which amounts to 
there being a balance between inputs and outputs 

(c) The C/N ratio renmining constant, which implies the long-term nitrogen storage not 
being greatcr than the rate of long-term carbon storage. 

5. Chemical conditions 

(a) There being no interna 1 accumulation of heavy metals or of substances alien to nature 

(b) The acid-alkalinity status stays within bounds of the natural system type 

The aim of the field studies was to test and denlOnstrate the cffectiveness of various assessment 
tools and other methods developed in the SUFOR programme. The programme plans to make 
use of a11 of these in due time. Since we do not yet have the capacity to test a11 of these tools 
ancl methods we concentrated upon the investigation of a limited number of conditions needed 
for sustainability: 

1. Preservation of the biomass production capacity 

2. Prcservation of the biodiversity stock and the sclf-organi~ing potential 

3. No long term depletion of the adsorbcd stores of base cations, which amounts to a balance 
between inputs and outputs 

4. The acid-alkalinity status remaining within bounds of the type of natural system involved 

5. A momentary carbon balance at the Asa Forest Research Park 

6. A momentary nitrogen balance at the Asa park 

These matters were investigated on the stand level (10 ha)at our special study site at Jämjö 
, at the lands cape level at Asa Forest Research Park (3,200 ha) and as applied to the whole 
country using information from the National Forest Inventory (22,700,000 ha). In terms of its 
being a productive unit in the human economical system the forest ecosystem must also be 
economica11y balanced. U nder conditions of intensive farming of forest trees, the sustainability 
criteria must be met for a production cycle as a whole. Violating the criteria ultimatcly leads in 
most cases to malfunctioning or co11apse of the ecosystem. This means that a site should always 
have a stable vegetation cover or potential for dcveloping one. Thus, after harvesting, the site 
should be able to regenerate a vegetation stand just as productive and self-stabilizing as before, 
stable in the long run with respect to both large trees and to ground vegetation. This does not 
preclude the evolution of the vegetation and of the succession of species, but simply ensures 
that the development over time remains within a stable convolute, i. e. possesses convergent 
states. It implies harvesting from the site not exceeding the natural resourees available. If no 
longer used for produetion and harvesting of biomass, it should be self-organizing in returning 
to a stable forest ecosystem of thc same type as was there initia11y. 

Forests can be used for several purposes such as for the production of biomass and timber, 
for recreation purposes, for the destruction of air borne po11utants, for hunting, for sequestering 
carbon dioxide from the atmosphere, for producing oxygen for human and industrial consump
tion in combustion processes, for preventing soil erosion etc ... These activities tax the resources, 
the functioning and the structure of the forest system. A forest is a good example of its making 
good sense to determine and work within the framework of natural and economic boundaries to 
sustainability. In terms of so ci al and economic sustainability, the fo11owing criteria should be 
fulfi11ed: 
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1. Economic conditions 

(a) The possession of a forest property should be profitable from the owner's perspec
tive. Property rights need also to be protected against violations of against rights to 
personal integrity, at the same time as stay owners meet the obligations to society 
which they have within the democratic system. 

(b) The management of the nation's forest properties should be profitable from anational 
perspeetive as far as all the values concerned are involved with due respect being paid 
to matters of ownership and of personal integrity. 

2. Social eonditions 

(a) The management of a forest should be eompatible with the Swedish legal regulations 
concerning free access to forests by the publie and should see to it that those soc:ietal 
values not included in formal property rights are maintained. 

(b) The eeonomic system for the individual generation of income and the soc:ietal redistri
bution of wealth should be predictable long-term and should take into consideration 
the long lag-times involved in the biological responses 

(c) The forest management paradigm should be compatible with the aesthetic preferences 
of society 

(d) There should be a flexible feedback system between lawmaking, economic actors and 
the electorate 

(e) No legal regulation can be allowed to be retroactive. 

3.3.2 Social sustainability 

Taking account of the starting point is important. This can be illustrated by listing the social 
paradigms in Sweden that presently apply (Kulturmiljövard i skogen 1992; Jaeger 1995; Allar 
et al 1996; Williarns and Matheny 1995); 

1. The Swedish publie consie!ers free access to all extensively used forest lane! to be a civil 
right 

2. Forests are expected to be a host to hunting each year that is open to a broad segment of 
the population 

3. The public demands that forests have an aesthetically appearance 

4. Forests are expectee! to provide opportunities for jobs ane! the substrate for the farest 
ine!ustry 

Such paradigms are not constant over time, ane! rnay weil change significantly in the future. 
The definition of sustainability and the corollaries to it are not lirnited to forest ecosystems but 
are applieable to any type of ecosystern, even to the entire vegetation on earth. The second 
eorollary also stipulates that pollutants should be allowed to accumulate in an ecosystern in such 
a way that the system is not adversely affected (the critical load). It irnplies that the use of 
resourees be such that when exploitation comes to an end thc ecosystem is able to self~arganize 
the reereation of its natural function, structure ane! resouree status. In terms of biodiversity 
it implies that while we use the eeosystcrn far our purposes, all the biodiversity need not be 
maintained, but when we have ended our use, then the land must be able to regrow it original 
biodiversity by itself, all within a reasonable time. This implies that biodiversity at a certain 
loeation may be allowed to disappear, if that biodiversity can be maintained in another part 
of the landscape in such a way that it can recolonize the area where it. was lost. The path to 
forest sustainability is of importance. Remaining far long periods outside the sustainability area 
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Figure 3.2: Under the present economic conditions, there are no constraints on the natural 
system of the transfer of values from it to the economic system unless the adverse effects of this 
become extreme, economic gmwth not being bounded by the actual capacity for sustainabil'ity, 
financial interest rates also being scarcely related to the economic pmfitability of the natural 
system. 

may affeet the sustainability limit, changing the position of that limit. The cumulative excess 
stress on the system caused by non-sustainability cannot be larger than the finite eapaeity of 
the resouree reservoir used for transient resource borrowing. At the point where the resouree 
reservoir is emptied, strict sustainability on the lower level will be thermodynamically enforeed. 
In extreme eases the new low level may be zero, implying obliteration of the system. From the 
second definition the reqllirements for preserving biodiversity can be derived. A corollary would 
be the environmental pollution criteria that can be derived from the main definition: The system 
is not long term sustainable when the critical load of one or more pollutants are exceeded. The 
eritical load is the input of a pollutant that lead to the maximum acceptable adverse effect on 
system resource base, structllre and fllnetion. 

3.3.3 Economic sustainability 

The economic system is a vital eomponent of any given society, it's also being apart of the 
social communication system. Although economic sustainability is an integral part of social 
sustainability, it can also be defined independently as follows (Skogspolitiken infär 2000-talet, 
1992; Kimmins 1997): 

1. The area of sustainability in any given economic system lies between the level of long
term balance anel the level of net inerease of produetion up to the limits of the natural 
sustainability anel of the socially sustainable harvest fraction of the carrying capacity this 
represents. 

2. For an economy to be sustainable the fiuetuations that oceur need to rernain within rea
sonable limits anel be long-term eonvergent within the area of stability within the response 
space. 

3. Economic subsystems within the overall system are not sustainable, if the sum of all the 
econornic subsystems contained within the boundaries of the system remain long-term 
sustainable. 

The stability criterion states that regulative cycles need to take into account the slow feedbacks 
existing in the system, espeeially wh<en these can reslilt. in adverse effects. A syst.em is only 
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Figure 3.3: If the whole economy of a society consists of forest only, the financial interest rate 
in the society is obviously the ratio of profits to capital stock within the system. This makes 
it evident that the tradüional interest calculus concerning the profitab-ility of forestry operations 
within natural systems cannot use a financial interest rate that the system is unable to sustain 
on the basis of the carrying capacity it has. Since the natural sustainability constrains growth, 
harvesting is limited both by the sustainab-ility constraints based on growth and by additional 
natural and societal limits. 

long-term sustainable within the region where all the individual areas of sustainability overlap. 
Over long periods of time, areas outside the region of sustainability will become self-eliminating 
unless thcy are sustained by an excess of sustainability of one or more systems within the area 
of sustainability. In thc present open economy, sustainability is in fact being traded bctween 
regions, even if this seldom occurs by way of purpose or design. Natural sustainability can be 
defined in terms of a mass-energy-time space; the coordinates of other forms of stability being the 
same, but significant difficulties needing to be overcome in order to express them in such terms. 
Economic systems are also under the control of the laws and incentives of the social system. Thus 
national economies are not sustainable if they are not stable and net long-term sustainable. If 
the governmcnt's budget in the matter is unbalanced, the imbalance needs to be made up for by 
some other unit or units within the government or by future rnitigation on the governmcnt's part. 
National dcbt can be seen as a way of passing the question of a nation's sustainability capa city 
on to a future date. This is acceptable as long as it is pursued for long-term sustainability 
within thc framework of a plan in which everything is accounted for in such a way that future 
generations do not have our problems thrust upon thelll. In the present open economy virtually 
no constraints of the natural system are transferred to the economic system, except when the 
adverse effects are extreme. The alternatives 1.0 forest activities considered within the system 
are based on conditions in the surrounding system (Fig. 3.2). Growth is not bounded by current 
capacities for sustainability capacities, interest rates scarccly being related to the real economic 
profit ability of the natural system. As a thought experiment, consider an economy that in its 
entirety consists of the forest sector, in which all investment alternatives are basically identical 
forests, profits for all alternatives being the same. Adding sustainability limit at ions to such a 
system creates a distribution of profit rates, the average profit to capital-stock ratio being the 
interest rate within the system. It is evident thaI. under such conditions interest rates are not 
independent of profits, since interest rates are derived directly from profits, though involving 
the distortions and signal noise found within society. Thus traditional interest calculus of the 
profitability of operations within natural systems cannot use a financial interest rate that on the 
average cannot be sustained by the system. Accordingly, natural sustainability constraints limit 
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available growth and social sustainability constrains in certain aspects the maximum harvest 
(Fig. 3.3), which is also subject to the constraints stemming from limitations to growth. Thus, 
natural sustainability limit at ions are transferred to profits through their setting a maximum 
on these, and in turn this limiting of profits to those that are sustainable, transferring to the 
interest rates on alternative investments. The present use of unbounded interest rates which 
are not coupled to the capacity for sustainability is convenient, but is also short-sighted and 
for the reasons taken up above, is fundamentally wrong. Thus, the economic system must be 
designed so as to include these limitations and the feedbacb that are missing . An alternative 
is to use the sustainable growth-rate-to-stock ratio as the physically determined interest rate of 
relevance to the system. Proposals for how this could be started will be presented. 

3.3.4 Temporal dimensions 

The time horizon to adopt in sustainability planning is one involving a very long time period, 
preferably forever. Sustainability in Sweden, for example, should tlms be determined by first 
thinking about how long one envisions the Swedish realm to last. Do one want Sweden to remain 
in astate of prosperity for the next 1,000 years? If yes, the planning horiwn must be one of 
at least 1,000 years. If shorter periods are chosen, for example 200 years, then this implies 
that we do not care what the consequences are after these 200 years have passed. The most 
usual justification given is " ... we cannot make predictions more than 100 years ahead with any 
accuracy, and who knows, wh at kind of political system will be in charge then .... ". Taking for 
granted that in 200 years "someone smart" will come up with a solution to all problems that 
arise then from what we do now is just to find cheap excuses for not taking full responsibility 
for our own actions. Experience shows that sustainability needs to be planned in asound way 
in terms of what we do and know today, without neither basing our continued existence on 
wonders occurring in the future nor ruining resources for those that come after us. The time 
perspectives for forest planning should be one of at least 250 years, and 500 - 1,000 years is 
needed for any serious sustainability perspective to be achieved. This can be set against the 
time-perspectives of global climatic changes and of measures against carbon dioxide pollution 
which are planned for a time horizon of 400-500 years. Although for acidification, the time 
perspective is one of mitigation within ab out 30 years, recovery is, in fact, estimated to take up 
to 500 years. For forestry, the only natural time unit for basing perspectives on is that of the 
length of one forest rotation. In Sweden this is from 70 to 120 years. A short-term economic 
perspective of 2-4 years in this context is completely pointless, its being a mere 2The following 
definitions of typical times involved in the ecological and societal processes is provided: 

• Market cycle perspective 3-7 years is applied to investments and market evaluations 

• Carbon cycle perspective 300-600 years, the time it takes to change the large reservoirs 

• Nitrogen cycle perspective 100-200 years, the time it took to change the large reservoirs 
through pollution and management. This is strongly coupled to the carbon cyde 

• Birth, life and death of a tree From 80 when trees are harvested to 240 years for a 
tree tha t is left as old growth 

• Acid pollution cycle perspective . .is already 150 years under way. It took 100 years to 
acidify our soils and waters, and it will take an equal amount of time ±rom 1980 onwards 
to recover from it. 

• Human population cycle perspective is at least 100-200 years. Over the next 100 
years, several predictions suggest that the worlds population will rise to something between 
9,000 and 12,000 million people, and in the 100 years after that decline to a different level 
which is nearly impossible to predict. 
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• Cultural heritage cyc1e perspective is approximately 30-40 years, the time from father 
to son and the basic time unit for a significant cultural heritage change 

This illustrates all the changes timt may occur is the time from when we start onr produetive 
forest stands and until we can harvest from them. We can therefore also classify different time 
hori20ns: 

Immediate time perspective The immediate perspective is one of 2-4 years, a mere blink 
of the eye within the time framework of a forest. This is the normal time horizon in 
traditional eeonomics. 

short-term time perspective A short-term perspeetive in forestry is some small fraetion of 
a rotation period which lasts for 70-120 years, such as 10-30 years 

intermediate time perspective An intermediate perspective is the length of a single rotation 
period, some 70-120 years. 

longer time perspective A longer time perspective is onc involving more than one rotation 
period up to three rotation periods, some 120 to 360 years. This is the shortest time period 
for considering the dynamics of nutrient, ca rb on and climatie eycles 

perspective of sustainability Sustainabi!ity is a permanent perspective, where no time lim-
iting being set. 

When looking foreward a hundred years it may be uscful to look back. The difference from 
year 1700 to the year 1800 was very large. The change that occurred from year 1800 to thye 
year 1900 was even larger. The change from year 1900 to the year 2000 was collossal. The 
experience of this tell us that the change that will occur from year 2000 to the year 2100 can be 
expected to be very large. The time perspective involved is important because of the effects of 
non-sustainability on the limits involved in sustainability. The cumulat.ive excess stress on the 
system caused by non-sustainabi!ity cannot be larger than the finite eapacity of the resouree 
reservoir used for sustaining the system in a non-sustainable state. At the point at which 
the resouree reservoir is empty, a lower level of striet sustainabi!ity on the lower level will be 
immediately enforced by basie thermodynamic principles. In extreme cases the new levels of 
sustainability level may be ~ero, implying the obliteration of the system. At. this point are 
any complaints by the inhabitants completely ignored since no alternatives are available. An 
obvious example is that of agrieultural practices that involve soil erosion and loss of soi! into 
the sea. At the point at which no soi! is left, agricultnre ean no longer be sustained. 

3.3.5 The spatial dimensions 

There are many examples in whieh ehanging the spatial seale over which sustainability is as
sessed change the eonclusions one can draw ab out whether good stewards hip is being practiced. 
Clear cutting of an area can remove all t.he timber in an arca during a short period of time and 
eliminate all possibilities for t.he logging of timber in an area during a half-century or more. 
Although this is unsuitable at a loeal level, the rate of harvesting involved may be sustainable 
if is a larger spatial seale considered. This dimension of the sustainability problem is one that 
is more prevalent nowadays than it was earlier. Societies that have battled with such problems 
throughout their history have been operating on a much smaller scale than in the ca se today. 
The spatial dimension has also been used as an excuse for "business as usual" attitudes, since 
everything is so interconnected and so large, and thus so complcx, leading to such statements as 
"we cannot do anything ab out it". Although the problem may be complex, the solution to many 
individual aspects of the problem may nevertheless be very simple. Interestingly, in the report 
"Our Common Future", the document timt paved the way for the term sustainable development. 
and timt. generated so much attention being dircet.ed at the issue of sustainability, one hardly 
finds any discussion of any types of sustainability other t.han the global one. It lllay also be 
that sustainability at one level of the overall system may eounteract sustainability at another. 
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3.3.6 Biodiversity 

The definition of sustainable biodiversity in all its dimensions and different aspects is still evolv
ing, the field changing constantly as new knowledge emerges (Dal1meier and Comiskey 1998). 
How sustainable biodiversity should be de-
fined is still being developed (Dal1meier and - Environmental 

Comiskey 1998). Biodiversity sustainability ~ degradaBtiOn ~ 
is partly warranted by ecological and thermo-
dynamie reasons (cert.ain eomponents may ,.........----. 
be essential ecosystelll parts, maybe impor- r ~ + r---.... _ 
tant for stability or a ccrtain function) ,but Natural B Economic + Social 
also beeause of social and ethical concerns (A capacity capacity R capacity 
responsibility towards future generations, the - '--- '\ '\ ~ ~+ / 
avoidance of risks, ethical eonsiderations on ~ ~ 
what humans may do or should not do). Bio-
diversity ean be conecive as having dimen
sions of; number of species, b) amount of ge
netic variation, c) geographical distribution 
of a) and b) at present and as in terms of fu
ture potential, and d) development of diver
sity over the evolutionary time seale (White 
and Nekola 1992). The definition of the level 
of quality of biodiversity is not yet fully de
veloped, and further development is recog
nized as being of major importance. Natu
ral ecosystems are dynamic, biodiversity is 
subjeet to natural variations ami evolve over 
time. Loss of biodiversity is replaced in the 
long run by newly created biodiversity. AI

Figure 3.4: Causal loop diagram for the in
teraction between natural, eeonomie and soC'ial 
capaeity. Ove'mse of the natur'al reSO'UTees by 
the eeonomie uetivity wül feedback negativelyon 
the economy as weil as negativelyon society 
throv.gh environmental degradation and by de
clining economy. There is a problem in see
ing the feedbacks from within the system be
cause of the delays between eeonomie expansion 
and nat'ural resouree depletion and the delay be
tween natural resouree depletion and environ
mental degradation. Thc delays are indieated 
with crossbars. 

though many of the processes are known, methods for condueting a full systems analysis that 
can yield objective functions and defined limits for sustainability are still laeking. 

3.3.7 Harvest sustainability 

The key operational definition is Liebig's law, which can in fact be derived frOln the law of mass 
conservation. It applies to any type of harvest taken from the land or sea, be it plant or anima!. 
Harvest is not long term sustainable beyond the availability of the nutrient or souree of energy 
in least supply in the production system. The term nutrient is to be understood as applying to 
all nutrients including water and gases. For plants, solar and abiotic chemical energy can also 
be seen as nutrients. The population corollary to sustainability can be derived from the Liebig's 
law as given above: No population of living creatures is long-term sustainable to a greater extent 
than the availability of the essential nutrient or energy type in least supply permits. Human 
being are an integrated part of all ecosystems they inhabit, and all their activities fall under 
the sustainability considerations made for that system. 

3.3.8 The dynamics of sustainability 

The limits to sustainability are dynamic and ehangeable, depending on the design of the econ
omy and of sodal systems. Natural sustainability is the least flexible is of all types. Careful 
optimization ean enlarge the area of total sustaillability. A corollary to the second definition 
is that there needs to be direct connection between any exeeutive power and responsibility for 
the effect of actions. This can be used to show that stable rules and conditions need to apply 
to private ownership for responsibility to prevai!. Laws and incentives for profit also serve to 
contra I the economies of the world. One eonclusion to be drawn from the definitions given above 
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is that national economies are not sustainable if they are not balanced in the long-term. The 
imbalance of one economy can only he endured if some othcr cconomy agrees to take over the 
los ses caused by the unsustainahility of the first mentioned economy, providcd that its COIll
mitment does not exceed its' own limits of sustainability. A non-sustainable society may thus 
he sustainable if it ean collect uuused sustainahility potential clsewhcre. An eeonomie market 
system provides the most efficient tool available fur transferrillg unused sustainability potential 
bctween subsystems. 

3.4 Integrated sustainability 

The system as a whole is only long-term sustainable within the area in which all the eomponent 
areas of sustainability overlap. Thus, the limits fur each eomponent needs to be determined 
quantitativcly in order to deterrnine the COImnou area of sustainability. A system may be able to 
remain non-sustainahlc fur a considerable period of time, bridging over its defieit by "borrowing" 
finite resources availahle elsewhere. Natural limits to capacity will soon set in, however, foreing 
the system to stay within the limitations set. The presence of non-sustainability for an extended 
period of time ean erode the capacity for natural sustainability in such a way that the system 
moves from a position in which total sustainability is possihle to one in which total sustainability 
become impossihle because of the boundaries of natural sustainability no longer overlapping 
with the boundaries für sustainable economic or social activity, which irnplies the three areas of 
sustaillability no longer having any commOll area which meallS tllat catastrophie events eould 
be expected to occur. Such a system has passed the point of no return, either its' eollapse 
heing virtually certain, or requiring extremely drastic measures to correct the situation. The 
challenge is then to transpose the coordinates of the social sustainability space and the eeonomic 
sustainability space to the same coordinates as the natural sustainahility space, so as to ereate 
overlap and define the outer horders of sustainability space. This means transferring these 
three forms of sustainability to coordinates of mass, energy, entropy, space and time within 
the system houndaries that are set. Natural sustainability can be defined in terms of the 
physical and thermodynamic limitations to which all substances in the world allmust conform, 
those of the conservation of mass ami of energy. Mass is always conserved for all practieal 
worldly purposes, and, in the long run, mass sinks are forced to be balaneed by sourees of 
mass. The priuciple is universal and enforees itself. As the theoretical physicist Sir Arthur 
Eddington onee stated, "If a theory is found to violate the seeond law of thermodynamics, then 
all hope for it is lost, it must with certainty be abandoned in greatest humiliation". It should be 
recalled that human heings amI civilisations are part of the ecosystems in which they live. From 
this, it follows that the activities of human beings fall under the rules of sustainahility. The 
definitions that have heen given ahove, it follows that sources of human heings (immigration, 
hirth) must at least he equal to the sink in human beings (mortality, emigration), sometimes 
referred to as the Malthusian philosophy or Lotka-Volterra dynamies. It is important to fully 
realize, however, that that these principles are derived from the law of mass conservation in 
such a way that any political, religious or ethical desire for exeeptions are always effcctivcly 
overruled in the end. There is no escape from this prineiple. Ignoring it leads to population 
catastrophes in the mathematical sense of the word, the system involved being reorganized 
and drastic changes occurring. This is weil known and has been documented for many animal 
and plant populations, the prineiples apply to an equal degree to human populations. Human 
beings are eoneerned about the prescrvation of personal integrity, yet in order fur such values to 
prevail, remaining within the limits of long-tenn sustainability of the population is a necessity. 
If the needs of the populations exceed the resources tllat are available, the sink will exceed the 
sources by an aIllount determined by the aIllount of resources timt can be borrowed for a limited 
amount of time. The standard of consumption sclected is directly connected with the size of the 
populations that can be sustained, and it is an inherent property of the system that the growth 
of a population over the sustainability limits of the land in question can only be aceomplished 
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through a lowering of the standard of consumption by an equal amount. The presenee of non
sustainability for an extended period of time ean erode the capacity for the natural sustainabi!ity 
in such a way that the system moves from a position in which total sustainability is possible 
to one in which where sustainability become impossible. \Ve may summarize the severity of the 
derived mies as folIows: 

1. The limits ofnatural sustainability are unclear and difficult to determine, the consequences 
follows the thermodynarnic prineiples which are absolute and self-enforcing. I3reaking 
such mies have severe consequences if it implies moving beyond thc stored reserves of the 
system. 

2. The limits of social sustainability are malleable and soft. I3y changes in cultural heritage, 
praetices now seen as unsustainable, may be made to be eomprehended as being unsus
tainable. They are also subject to unconditional overmling by the limits of the natural 
sustainability. 

3. The limits of ecollomic sustainability are hard with respect to natural sustainability ami 
subject to mass balance principles, but soft with respect to sodal sustainability. 

Forests are used far a variety of purposes; production of biomass and timber, reereation, 
hunting, destruction of air borne pollutants, sequestering carbon dioxide from the atmosphere, 
produeing oxygen for human and industrial eonsumption, and preventing soi! erosion. These 
activities eonsume the resomees, ami use the functions and the structme of the forest system. 
Forests are a good example tlmt it makes good sense to determine the natural and economic 
boundaries for the sustainability. The definition of sustainability given above and its eorollaries 
are not limited to forest ecosystems, but are applicable to any type of ecosystem, even to the 
whole ecosystem of earth itsclf including the world's population of human beings. The second 
corollary to the definition also stipulated that pollutants should only be allowed to accumulate 
in an eeosystem in such a way that the system is not adverscly affected (The critical load). 
This implies that use of the ecosystem will be such that when exploitation comes to an end, the 
eeosystem is able to itself organize the re-creation of its natural functions, structure and re sour ce 
status. It is very much a matter of debate how much one should permit artificial reconstruction 
of the eeosystern to take place, the quest ion being whether artificial reconstruction really does 
re-ereate original, self-regulatory systems. Regarding biodiversity, it is not essential that all 
the biodiversity there be maintained, when we exploit an eeosystem, yet when we eease to 
exploit it, the it should be able in itsclf to reestablish the original biodiversity it had and to 
do so within a reasonable period of time. Several eriteria tlmt need to be met in order for a 
forest to be sustainable have been described above. Most of these are easier to meet if active 
forest management is praeticed. Sinee forests beeome incorporated into the human economie 
ecosystem, they need to also be balanced eeonornically. Under conditions of the intensive farming 
of forest trees, sustainability criteria need to be adhered to, either during production or after 
a produetion eycle. Violating these criteria tends sooner or later to result in malfunctioning 
and eollapse of the eeosystem. After being harvested a forest should with whatever help of 
management that is needed, should be able to regrow an equally productive stand of vegetation 
in terms of biomass as before. It implies that harvest taken from a site should not exceed the 
natural resources available at the site. If a site is no longer used the production and harvesting 
of biomass, it should be self-organizing in the sense of returning to a stable forest ecosystems 
of the same type as was there initially. One can regard the definitions of sustainability given 
above representing definitions of goals that are necessary. The time needed to reach these goals 
may be long and the path difficult. \Ve will often discover, however, tlmt there are a number 
of different goals of very considerable interest timt can realistieally be reached if we are willing 
to saerifice other goals. Giving different goals different priorities and through assessment of the 
risks involved in not meeting eertain goals are thus highly important. 



Chapter 4 

Principles of sustainable forest 
management 

Hamld Svcrdrup, Bengt Nihlgard, ]I.;!ats C. E. Svensson, Cannar Thelin 

"The soii gives a larger' yield when one changes the speeies of tree seeds, a thing I am 
eonvinced abont through my own observations. The soil also gives a largcr yield when different 
speeic8 adapted to one another are allowed to grow together, however, one of them oaght to 
belong to the g'f'OUP of deeply rooted and the other to shallow rooted speeies, for example: Oak 
with Beeeh, Ash 0'1' Elm; Bcech with Seots l'ine; l'ine with Larch and so fm·th" (Ismel af Ström 
1822) 

4.1 Introduction 

The Royal Forester A. D. Israel Ström made the statement cited above in his 1822 book "Förslag 
till en Förbättrad SkogshushAllning i Sverige" (A Proposal for Improved Forest Husbandry in 
Sweden), which was the main textbook on the subject in Sweden for almost a century. He 
was uncritically in favour of systematic clear-felling and thc dcvelopment 01' single aged stands. 
Israel Ström and his fo11owers taught ami dcfended clear-cutting in an era in which unregulated 
forest use was cornmon. They rejected the method of selective use ami of tree and branch 
harvesting practiced in Germany and in France. During the period since 1800 a number 01' 
different periods in south Swedish forestry can be identified, before 1820 natural householding 
was practiced, where forest were not industria11y used in any significant degree, except in the 
mining areas in Bergslagen. During the period of 1820-1890, the infiuence of thc Royal forester 
Israel af Ström was feit, leading to ordered clear-cutting systems, and the development 01' forest 
yield tables, production planning and growth promotion systems. In the period 1890-1910 Illuch 
open land was replanted, duc to a perceivcd lack of forests. During 1905 the first Swedish 
forest management law was enacted, stipulating the requirernents placed on forest regeneration 
(Skogen-Sveriges Nationalatlas 1990). 

During the period from 1940 to 1990 a modern industrial paradigm developed, with the strict 
promotion of Norway spruce monocultures and of strict clear-cutting (Norske Skog, 1990-2000, 
StoraEnso 1990-2000). This paradigm was dominated by a philosophy of large corporations 
adapted to conditions of northern Sweden, its infiuencing laws, taxation rules and governmental 
policies for half a century. The reaction came in the 1990's with the rise of the cnvironmental 
paradigrn, which promoted pluralism, abandoncd centralistic planning tendencies and resulted 
in a generalliberalization of a11 economic activity. In 1992, the Rio Conference took the step to 
establishing an agenda for achieving a sustainable world, the Agenda 21 (Agenda 21 i Sverige 
1997). In a forty chapter report, the key challcnges on a global, national and locale level were 
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described (IPCC 2000). A vision was created for the way forward. This set a large number 
of forces into motion, and had clear ramifications for forestry (Salwasser et al 1993: Mladenoff 
and Pastor 1993: den Elzen 1994). Sustainability forest.ry paradigms st.arted to devclop from 
t.his (Sandberg and Sörlin 1998). The present chapter outlines ideas concerning how principles 
of forest management could be changed in order to make forestry more sustainable. The main 
points in our message are as folIows: 

• Adopting a longer time perspect.ive 

• Including hidden assets and liabilities 

• Including new anel hidden costs 

• Including new anel hidden items of income 

• Considering a hierarchy of multiple goals in planning 

• Full transparency in all decisions 

During 2000, forest stem growth was approximately 100 million cubic meters in Sweden. From 
a base cation nutrient perspective, sustainable harvest of approximately 80 million cubic meter 
would have been possible, the largest part in southern Sweden. Running growth is at present 
larger than what can be sustainably harvested. Of the present growth, 70 million cubic meter 
of stemwood were harvested in the year of 2000, part. of this being whole tree harvest and slash 
collection for biofuel. There is at present a total standing stock of 3,100 million cubic meters in 
Sweden (Skogen-Sveriges Nationalatlas 1990), it increases by approximately 20-25 million cubic 
meters each year. The forest growth rate corresponds to an annual average growth rate of 3.3%, 
in southern Sweden, the annual growth is somewhat larger, 4.2% on the average. The forests 
in southern Sweden are largely privately owned, although certain aspects (biodiversit.y, access, 
mining rights, environment al state) are owned collectively and in the responsibilit.y of the public 
collective (SOU 76:1992: SOU 1997:105). 

Sustainable management differs from traditional management in applying a number of new 
measures of success as weil as additional boundary conditions. There has been far too little 
holistic t.hinking in forest management development. There has also been a preoccupation 
with single production issues to the detriment of attending systems as a whole and t.o systems 
dynamics. The Swedish parliament has decided that all economic activity within the nation must 
be conducted from t.he st.andpoint of sustainability. According to the new Swedish forestry law 
applicable to all forest management, natural conservation issues are to be given as much weight 
as matters of production. This involves a large mental st.ep forward from current practices, 
and will require consielerable rethinking of the forestry paradigm that presently prevails, a 
process t.hat has already st.art.ed (Sandberg and Sörlin 1998). Single-mindedly maximizing 
harvest is opposed to sustainable management. The forestry establishment needs to internalize 
this and understand it t.horoughly (FrankIin 1993: Drengson and Taylor, 1997: SOU 1997:105). 
Swedish authorit.ies are placing emphasis on forestry'management principles, foresters and forest 
companies are expected t.o comply and to duly perform. This implies several things: a major 
change in basic management paradigm, a need for generating new knowledge and the defining 
of multiple object.ives timt any sustainable forestry management plan must meet (Salwasser et. 
al. 1993). From now on, forestry practitioners have a variety of responsibilities: for proeluction, 
for bioeliversity, for the lanelscape, for the soil nutrients, the cultural remains and monuments, 
the public access anel the environment al impact. of the forest on the surroundings. The primary 
objective of SUFOR has been to develop tools for the prediction of sustainable forest proeluction, 
for impacts of management, pollution anel climate change that are environment.ally sustainable 
and for optimizing economic yield within the constraints of the environment anel of sustainability. 
Computer-based mathematical models are combined with process-orient.ed tools ami empirical 
algorithms. The mathematical models will include simulations of the effects of silvicultural 
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methods, pollutants, climatic changes on ecosystem state. Different model tools are being 
adopted to all the scales necessary for the needs of the individual forest owner including regional 
perspectives: 

• Single forest stands (0.1-100 Ha) 

• Forest land properties or eatchment regions (1-30 km2 ) 

• Larger political regions (30-150,000 km2 ) 

Our assessment of the stands at Jämjö, Blekinge Province, represents the first level, the assess
ment of the farest property in Asa Research Park, Kronoberg Province, represent the second 
level, and our assessments using the Swedish Forest Inventory represents the third level. The 
model system in particular describe the effect of management, climate and pollution changes 
on productive growth, yield, nutrient cycling, considering factars such as: 

• Yield aspects and sustainability constraints to production with respect to 

Methods of production 

Tree species mixture 

Site properties 

Intentional lands cape manipulation 

Pollution 

Climatic variability 

Pest and disease related effects 

• Feedbacks between biogeochemistry and profit ability 

• Feedbacks between biodiversity and profit ability 

The vision has been to work with a pluralistic forestry where many different components are 
brought together and where monocultures and mixed cultures are blended in a way that the 
system as a whole is sustainable. The ecosystem resourees will be used to an extent where the 
use can continue for an unlimited amount of time. Some monocultures will have to be converted 
to mixed cultures, some may remain, other mixed cultures may be changed to monocultures. 
All are available components of a system that sometimes will have to find a new organization 
in order to stay within the limits of sustainability. A new and more broad-minded attitude will 
be of great help in this aspects (Petcrs 1991, Bossel 1998; Franklin 1993; Grönare Skog 1999). 

4.2 Mixed-species stands as a component 

Trees normally grow in mixtures. Under natural conditions, monocultures are exceptions that 
lIlostly are found only in areas such as the narthern taiga, with harsh climate. The most COInrnon 
reasons within forcstry for actively growing two or more species in mixed-species stands are 
the nursing of given species, reducing risks, and of biological conservation (Kclty, 1992). In 
Sweden nursing has been the prevailing reason, the usc of birch as shclter-wood in spruee 
regenerations. The major reason behind the limited use of mixed-species stands has been 
economic, duc partly to the limited market for hanlwoods. In conventional forestry practice use 
of monocultures have often been viewed as an effieient ami rational method of producing bulk 
volurne. l'vIixed-species stands have been regarded as lIlare labour-intensive and to have lower 
production. The latter is probably due to the yield/ha of the specics with the highest growth rate 
when grown in monoculture is expected to decrease in a mixture. In lIlany cases monocultures 
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do yield more net biomass harvest per area and time unit. (Kimmins 1997). There are rnany 
examples of equal or even lügher total produetion in lllixed-speeies stands (Carlyle and Makolrn, 
1986: Brown, 1992; Man ami Lieffers, 1999), especially when canopies are stratified (Kelty, 
1988; Tharn, 1988; Mard, 1996). In fact, a rnixture of ecologically compatible species should 
theoretically yicld more than a monoculture because of a more cfficient utilization of above and 
below ground resourees t.hrough differences in rüche charact.ers (Kclty, 1992; Man and Licffers, 
1999). When eonsidering the use of mixed-species stancls as a possiblc management. proceclure 
to achieve sustainable production of wood, the long-terrn nutrient. supply and balance of t.he 
trees is import.ant. A balanced nutrient supply is aprerequisite for tree vitality and sustainablc 
product.ion. In southern Sweclen, Norway spruce monocult.ures show increasing signs of nutrient 
imbalance ancl soil aeidification is progressing (Nihlgarcl et a!. 1999, Falkengren-Grerup, 1993; 
Hallbäcken and Tham 1985). Growing Norway spruce in mixed-species stands may be seen as a 
eountermeasure t.o t.he nutrient irnbalanee problems. This is partly ut.ilized in the "Kronoberg
method" where Norway spruce is grown under abireh stand for the first 20-25 years or in t.he 
"Stiiiil-met.hod" where oak is driven forth under an earlier established stand of Norway spruce, 
where the Norway spruce is gradually rernovecl during 60 years, yielding an early cash fiow. 
These methods possibly have better nutrient supply, they consistently yield a bettel' stern to 
branch ratio with a longer and straighter stern without branches, it has also been suggested 
timt they suffer less from frost damage. Many of the postulated posit.ive effeets on Norway 
spruee nut.rition in mixtures may be true for t.he other species in mixed stands. The reasoning 
behind the claim that mixtures of spruee and deciduous speeies will be more biogeochemically 
sustainable than spruce monocultures basieally follows four lines: 

1. Litter quality is lügher in sprucejdeciduous mixturcs than in eonifer stands, causing nu
trient cycling to be faster. 

2. The intraspecific rooting volume is possibly greater in a mixt ure of species of cliffering 
rooting patterns, such as Norway spruce ami birch or oak, than in a culture with only 
shallow rooted species such as conifer IllOllocult.ures. 

3. Canopy filtration of aerosols (also including any pollutants) is greater in a spruce mono
culture than in a mixed-speeies stand. This is an advantage in a clean environmcnt, but. 
turns to a disadvalltage in apolluted environment. 

4. Growing shallow-rootecl species of high growth rate in monocultures can result. in nutrient 
deplet.ion of top soil layers. This is an advant.age under conclit.ions where nit.rogen is 
strongly lirnited, but turns to a disadvantage when nitrogen is supplied in cxcess. 

5. Mult.i-species plant. colllmunities gene rally handle attacks of pest.s ami pat.hogens with less 
ecosyst.em structural dalllages and better physical stand stabi!it.y. 

Although the use of mixed-species st.ands can be shown to be a possible route t.o irnprove 
biogeochemical sustainability, as compared to conifer monocultures, system dynamics in tree 
species mixtures such as mineralization, root stratification, and nutrient uptake needs further 
attention. Mueh more work can be done to improve the understanding of which trce species 
eombinations will be ecologically cOlllpatible, appropriate corresponding management schemes 
to aehieve sustainability from biogeoehemical, economical and biological conservation point. of 
vicw (Almgren et at 1984; Braadland and Rognerucl 1993; Mladcnoff and Pastor 1993; de Jong 
ct al 1999). Thc inter action bctween t.rcc specics in thc stand and the soi! ancl betwecn different 
trce spccics in a mixed stand are important.. 

4.3 Landscape and forests 

Large seale forestry has had signifieant cffects on the Swedish landscape. For large parts of 
the lanclscape, the vegetation cover has been ehanged complctely by human action. In the 
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southernmost province of Skane, the land was cleared from dense oak-beech forests 5,000 years 
ago. By 1840, before the large emigration of poor Swedish farmers to America, forest cover in 
southern Sweden had been reduced to only 60% (4-5 million hectares), of wh at it is today (7 
million hectares). 95% of the landscape in southern Sweden today must be characterized as a 
managed culturallandscape. The present appearance of the landscape, the tree species, the age 
structure of the forest, the physical structure of the stands, all is created by aetive management. 
The fraction of natural wilderness in astriet sense is vanishingly sm all in southern Sweden. More 
than 50% of the forested area had a complete change of dominant tree species. Approximately 
25% of the total area has been drained artificially during the last 150 years. This probably 
released large stores of carbon in waterlogged soils (possibly somewhere between 2,000 and 
5,500 million tons of C [rom 1870 to 1970). At asequestering rate of 3-10 million tons of C 
per year in Southern Sweden, this will take approximately 200-1,000 years to sequester back 
from the atmosphere. In addition, the draining of the large areas have changed the hydrologieal 
properties of the landscape. We have faster hydrological response to precipitation events today, 
ami lower water holding capacity in the forest soils. In hilly and mountainous terrain, soil 
stability and landscape hydrology is much affected by tree speeies, forest density and ground 
vegetation rooting structures. Such lands capes are sensitive to changes in the forest cover. 
No clear cases of adverse effeets from forestry misjudgments or landscape mismanagement are 
known from Sweden, but several eases of soil flux ancl changed flood-patterns may possibly 
have been influeneed by cffeets of forestry. For other countries, such effects are known from 
British Columbia, Franee, Switzerland, Austria or northwestern United States (Kimmins 1995; 
M'Gonigle and Parfitt 1998). 

4.4 A time of changes 

4.4.1 Global climate 

The world is changing in ways never seen before. According to the Intergovernmental Panel 
on Climatic Change (IPCC 1933, 2000), a basic climatic change is certain to come. There will 
be many arguments about where and how much, but there is a resounding consensus that a 
significant change will occur ami timt change has already started. For sOlJthern Swedcn the 
predictions converge on a 2-4 degrees centigrade increase over the next 100 to 150 years and 
an inerease of rainfall in the west ancl decrease in the east (Alexanderson anci Dahlström 1992; 
den Elzen 1994, IPCC 2000). This could potentially eause large amounts of carbon to be 
released from forest soils. It would cause potential forest growth to increase by 15-20% from an 
annual average growth of 4.2% to 4.7'/cl in Southern Sweden, provided there is enough water, 
and an increase in the weathering rate by 10-25 %, provided soil moisture does not change. 
A decrease in soil moisture by 10% would be able to reducc both growth and wcathering by 
20-25%, cancelling any effect of increased temperature on growth. Several areas in Southeastern 
Sweden are al ready limited by water supply during thc summer. 

4.4.2 Pollution climate 

The soils down to 1.5 meter soil depth have gone through a significant chemical change since 
1900 caused by deposition of sulphur and nitrogen, a proeess that will be partly reversed during 
the next one hundred years. Protocols have been signed in Europe which will reduce sulphur 
deposition by 75% and nitrogen to 50% as compared to 1988 deposition levels. 

lt would be highly unwise to ignore these changes in basic conditions for management and 
planning, which run the risk of becoming very expensive in the future (Bahn and Flenley 1994. 
Matisoff 1988, Fagan 1994, Sverdrup ami Rosen 1998, Marchak 1995; Kimmins 1997). One of 
the big changes is that the conditions for deciduous specics will improve signifieantly, without a 
parallel improvement for conifers. Norway spruee will have passed its temperature optimum as 
the summer temperatures rise above 15°C, the optimum ofthe temperature curve is considcrably 
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lügher for broad-leaved trees. This implies that the commercial advantage enjoyed by Norway 
spruce in conventional fore8try may partly disappear. From this it follows tlmt increased man
agement competence in deeiduous tree and broadleaf forest management will be valuable and 
necessary. The use of multiple properties opens the door to a wider range of possibilities for 
products, variation in biodiversity, a broader range of product qualities and the active use of 
intra-species synergies to increase and support sustainability as deseribed later in this report. 
Some of the management strategies used for deciduous forests is to some degree already being 
implemented in Denmark ami Central Europe. 

4.4.3 The market 

In terms of markets, the world will change more than ever before in the time corresponding 
to the next three forest rotations (250-360 years). During this time, the world's population is 
expected to reach a level between 9,000 and 12,000 million people, the population may possibly 
start to decrease after 2150. During the same time, oil production is expected to have passed 
its maximum in 2080-2100 and to be in steep decline after 2150. Hopefully, several countries 
in South America and Asia will probably have increased their standard of living significantly. 
All this points towards an enormous market for wood and paper products in the foreseeable 
long range future (J\Iarchak 1995; Annual reports 1990-2000 of Stora Enso OY amI Norske 
Skog ASA). The inerease in population densities, a much narrower energy market ami possibly 
dwindling forests in many parts 01' the world, will make the market more aggressive towards 
access to resource-based products and raw re80urees. With the decline of oil as a sour ce of cheap 
polymer fiber, the importance of wood products will have potential to increase in the very long 
run. With the fluctuating, but persistent ascendancy of some South American and many Far 
East Asian countries into prosperity, the effect on the market ean only be amplified. With 
the increase in oil prices with the emergent scarcity after 2050 (Norsk Hydro Annual reports 
1990-2000), increased price of polymer raw materials may cause a shift to forestry products as 
the souree of fiber raw materials. The world's coal reserves are very large, and synthetic crude 
oil from such deposits can be expected to replace apart of the lost oil production for some time 
during 2020 amI 2080. 

4.5 A future market outlook 

The global markets far paper and sawmill produds has risen steadily since 1945. The con
sumption in total volume has has followed the socio-economic development, and consumption 
of products follow the development of Gross Domestic product. The large proelucers of forest 
products in Europe are Germany, Sweden, France anel Finland. However, it is a trend that the 
eountries with large production but with small elomestie markets are dominant among the large 
exporters. In Europe, most countries eonsume more paper anel wood products than they pro
duce, and for Europe a whole, there is a net import. The same applies to a large producer like 
Canada, the domestic production is actually a bit srrmller than the total consumption. Large 
producers like United States, ßrazil, Japan, all with with large populations, are not necessarily 
likely to become larger exporters if their demographic development and their increase in GDP 
continues. The general impression from the most reeent literature, is tlmt forest clear-cutting 
and forest mining continues in large parts of the world. The forest are denuded at an impressive 
rate, and a timber shortage is a possible scenario, unless the practiee is changed. At present, 
only New Zealand and some European countries have started signifieant movement towards a 
sustainable forestry. Other large count ries like Canada or United States have good research in 
the area, but much remains to be done. Old growth of redwood and Douglas fir is still being 
large scale logged (Marchak 1997, Drengson and Taylor 1997, Sandberg amI Sörlin 1998; Aplet 
et al. 1993; Kirrnnins 1996; M'Gonigle and Parit 1996). Some of the very optimistic growth esti
mates for count ries like Bra7:iL for which it has been said it could grow the total world demami 
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Production Consumption 
Ronndwood Sawn wood Paper Roundwood Sawn wood Paper 

Pulp Pulp 
Region million m3yr- 1 Mt yr- 1 million m3yr- I M yr- 1 

Europe 284 82 114 300 91 117 
Russia 274 75 4 258 70 8 
North Arnerica 590 158 175 563 142 155 
South America 106 27 20 100 26 20 
Africa 58 8 5.5 54 10 5.5 
Asia 284 90 91 325 105 104 
Oceania 33 5 5 23 6 5 

World 1,600 457 410 1,600 457 410 

Table 4.1: WORLD PRODUCTION AND CONSUMPTION, PART 1; Appmximate pmdllction 
and cons'UTnption ollor-est pmducts in the wor-ld based on statistics Imm 1992. Since then, 
cons'UTnption and pmduction has gone up significantly (10-15%). Mt is million ton. Data Imm 
SOU 76:1992 and Mar-chak (1995) 

in 3% of its area, the predictions assume soil nutrients to be totally unlimited. l'vIany forests 
in the tropics are located on highly weathered soib, characterized by low weathering rates and 
low soil stores of nutrients, the forests continuity depend on a nearly complete eycling of the 
nutrients. Large long term forest production is not all all possible on such soils on the resourees 
of weathering alorte. It is highly questionable whether the proposed or present high harvest 
rates can be sustained in such systems without massive addit.ions of nutrients. Without nutri
ent replacements, these soils will be redllced t.o extremely low-fertility soils of very low value for 
any agro-forestrial activity. The output from several of these count ries are high at present, but 
forest regenerat.ion is sm all in comparison, nutrient replacement strat.egies non-existent and the 
standing timber st.ock is quickly dwindling in a majority of these countries. These countries will 
in the short term eontinue to dominate the world market (the horizon is the next 10-20 years) 
and keep prices for roundwood rclatively low. However, over a full rotat.ion period of 70-120 
years into the future, many of these warm climate forests will be gone, perhaps forever (Mar
chak 1995). That would in essenee remove the competitive advantage they presently enjoy in a 
fairly brutal way. At the present rate of deforestation, these forests are largely a one-occasion 
mining operation. Unless drarnatic changes in forestry philosophy occur in the next decade in 
these areas with a large scale move from !lüning t.o sust.ainable management., a st.eady increase 
in roundwood prices shollld be expect.ed after 2020. 

4.5.1 Paper and pulp market 

Sweden has a large market share in world pulp and paper industry, much thanks to a well 
developed indllstry wit.h good access to raw material at good prices. The development of front 
line paper processing technology was also important in the past, giving Sweden, as a small 
country, the necessary competitive edge. The best predictor for paper consumption is by far 
GDP alone (SOU 76:1992). The approximate paper use per person (kg person-1yr- 1) in any 
country is fairly well predicted by the Gross Domestic Products (GDP) in US Dollars: 

Annual paper- use = 0.0108· Gr-oss Dornestic Pr-odvä ( 4.1) 

The h1fgest users in 2000 was United States with 280 kg person-1yr- 1, followed by Scandinavia 
at 250 kg person-1yr-1 , Japan 160 kg person-1yr- 1, EU 150 kg person-1yr- 1. Asia and Latin 
America consume a merc 25 kg person- 1 yr- 1. Africa has a considerably lower consumption t.han 
the rest of the world. This reflect.s t.hat during tirnes of growth, these regions represents very 
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Roundwood Sawn wood Paper 
Pulp 

Region mill m3yr- 1 mill m:l yr- 1 mill t yr- 1 

Europe -16 -10 -3 
Russia 16 5 -4 
North America 27 16 20 
South America 7 1 
Africa 4 -2 
Asia -50 -9 -13 
Oceania 12 -1 

Swedish prüdllct.ion potent.ial 12 3 6 

Table 4.2: WORLD PRODUCTION AND CONSUMPTION, PART 2; Approximate net f1.nxes 
offorest prodncts in the 1lJorld based on statistics from 1992 (SOU 76:1992; Marchak 1995). 
Since then, consnmption in Enrope, North America and Far East Asia has 90ne np significantly 
(15-20%). 

large new rnarkets. In Asia, a slow long term increase in consumption can be expected t.o follow 
t.otal GDP growt.h. For newspaper paper, a steady by slow growth can be also expect.ed, wherc 
as whit.e copy paper is expected to increase faster. The European pulp production amountcd 40 
million tons annually in 1992, the consurnption was 46 million tons. Total world consumption in 
2000 is est.imated at approximately 180 million tons annually. The pulp production of Swcdcn 
is approximately 10 million tons annually. The paper and cardboard consumption amounted 
to approximately 250 million tons annually, of this 10 million ton are produced annually in 
Sweden (Marchak 1995). Paper and pulp production is 410 million tons yr-1 of paper and 
pulp consumed, 40 million tons yr- 1 is traded as export, and the net export fiux is 21 million 
tons yr- 1 . Much of the Nort.h American export goes to Japan which is the largest buyer in 
the market. Japanese imports from other East Asian countries are large. At present the forest 
indust.ry is characterized by increased conccntration on larger production units in t.he paper 
and pulp industry. This implies an ongoing long t.erm decrease in raw mat.erial prices, narrower 
profit margins, and fiercer compet.it.ion betwecn t.he great. industrial corporations. Apart of t.his 
increase in efficiency will also reach t.he consumcr. Increased farming of fast growing poplars 
and pincs in warmer climates will press markct prices in the intermediat.e fut.ure. When thc 
Russian economy is reorganized and starts growing, conifer timber exports may be expccted to 
rise and remain high for a substantial t.ime. Only in thc very long tcrm maya lack of pulping 
raw material be expectcd. Thus prices can be expectcd to stay fairly stable or slowly decrease. 

4.5.2 Sawrnill products 

The prospects for increased profitabilit.y may lie in production of quality sawn wood, which 
traditionally always have had bet.ter prices. Many countries have good conditions for fast 
growing tree spccies, fewer have good conditions for quality t.imber. The plank and sawmill 
industry in the Nordic countrics lag behind in this devclopment.. At. t.he present time, 2001, t.he 
production units are smalI, llnder-invested and dispcrsed, ami the market is characterized by 
poor profitabilit.y, and poor industrial logistics. Despitc the fact that many tree species grow 
in Sweden, very little else t.han pine and spruce is convertcd to boards and building material. 
This is much a matter of attitude and failure to see and utilize market potentials. Oak and 
bcech is used for quality fiooring and furniture purposes, but it is completely unavailable for the 
general consurner for use in housing construct.ion. Looking at othcr markets, this is an example 
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of a chance being overlooked. Other wood ~peeies are not cOllnnercially used in any signifieant 
seale. The Canadian market situation suggest.s that a market possibilit.y present. 

The consumption of sawed timber in Europe was 85 million cubic met.er in 1986, of which 20 
million was hardwood, imports to Europe aecounted for approximately 20 million cubie meter 
(SOU 1992:76). The t.otal roundwood production in Europe amounted to 284 million eubic 
meter annually, but. consumpt.ioll was 298 million cubic meter annually. A large fraction of 
this was produced in Sweden, Fillland and Norway. In Sweden the domestic use has been 5 
million cubic meter sawn wood (almost exclusively conifer wood) for a long time, it reflects 
population amI GDP development.. The production of sawrnill products was 83 million cubic 
meter in 2000, the European consumption was approximately 130 million cubic meter, and 50 
million cubic meter was imported. This represents an increase of 45 million eubic meter in 
total consumption of sawn wood. Of this t.otal consumption, 100 million cubic meter was frOln 
softwood and 35 million cubic met.er from hardwoods. The increase in the period 1986 to 2000 
was stronger for hardwoods than in softwoods, and this development is cxpected to continue. 
Of the consumpt.ion, 60% is for building, 7% furniture, 23% for package and 12% is impregnated 
wood. The furnit.ure fraction is increasing, and some hardwood has begun t.o bc used in housing 
(Marchak 1995, Drengson amI Tyler 1997). Of the total world roundwood consurnption of 1,600 
million m3yr-1 , of this the export market is 125 million m3yr-1 but the net export flux is 
66 million m3yr- 1 . The sawn wood world production is 457 million m3yr-1of this, 87 million 
m3yr- 1 is traded as export, and the net export flux is 22 million m3yr- 1. 

Extrapolating consumption preferenees from North Ameriea, and the past. market develop
ment in Europe, business opportunities in sawn hardwood business, could be the fastest growing 
consumer segment in Europe. It could potentially be in the range of a total turnover of approx
imately 5,000-10,000 million SEK within a decade or two, and Sweden's share in this business 
could be sllbstantial (SOU 76:1992, Marchak 1995). In t.he world at large, wit.h dwindling hard
wood reS01Hces in the tropical eountries, a good market. would be available for eountries with 
st.anding st.ock of hardwood timt could be harvested sustainably. 

Our neighbouring countries in Europe, such as Poland, Germany and Ukraine, are large 
exporters of bulk wood and sawn hardwood products from oak, beeeh and ash. In these COlln
tries, hardwood cutting is at present larger t.han regrowth. In the International market Canada 
and several tropical count ries are active, in the tropical count ries , logging rates for hardwoods 
by far excecd the regrowth. At the present rate of forest destruction, thcse countries face a 
hardwood shortage within 20 years. In the fut.ure, there could be an increa~ing rnarket share to 
be taken for a country with stable regrowt.h ancl quality timber to harvest. A restructuring of 
the sawmill industry, together wit.h a development of a hardwood con~truction material market 
could improve the pos~ibilities for hardwood forestry in Sweden. 

4.5.3 Wood for energy 

There is a relativcly sm all lmt increasing rnarket. for wood for energy in Sweden, considering 
the total volume of energy generation in Sweden. The wood is used to a small extent in central 
heating units and mostly in the industry for heat. Furthermore, the use of wood for private 
house heating is small amI the trade is to a large degree decentralized. Probably, Sweden's 
political reluctance over continued nnclear energy after 2010 will continue, and no or few Ilew 
hydroelectric plants will be const.ructed, an increased political pressure for using more wood can 
be expected. The bioenergy sector is not very profitable, and imports of cheap coal-based energy 
100m as a permanent threat to the bioenergy seetor for t.he next decades. The free rnarket. of EU 
precludes border restrietions. Much wood is derived from other forest indu~tries as debris (chips 
ami sawdust), as weil as extensive collection of forest slash during st.em harvest in Southern 
Sweden, the "whoIe t.ree pract.ice". Considering the !arge nutrient removal wit.h slash collection, 
this sonrce will soon be burdclled with nntrient return rost.s, loosing further in competitiveness. 
Removal of s!ash removes significantly lIlore nutrients per ton t.han stem harvest, and the whole 
tree harvest. praetice will nnder sustainability restrict.ions, imply a substantially lower possible 
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total biomass harvest than when focus is on rnaxirnizing biomass in sterns. A more aggressive 
policy towards "no net CO2 emission policies" may create future rnarket potential for wood as 
an energy source. In the long perspective, wood for energy, which is an industrially low grade 
product, will have to cornpete with the dernand for wood as a raw material for fiber, paper, pulp 
and sawn wood, having a substantially larger value generation in the rnarket. De-regulation of 
the energy market in Europe have reduced energy-prices significantly, and they are expected to 
stay low for a considerable time. Thus, the future for forest fuel-wood in large quantities appear 
as weak when considered against the alternative uses and the projected prices for coal-based 
energy in the next decades. 

4.6 Certification 

4.6.1 Introduction 

Environmental certification has become an important environmental quality tool for the forest 
industry. It implies that the forest owner agrees to manage the forest according to certain rules 
(Drengson and Taylor 1997; Grönare Skog, Swedish Forestry Board 1999). The certification is 
obtained after reoccurring inspections. Common to all the systems, is that the forest owner 
agrees to create a Green Plan for the management of his forest. Many consumers demand 
this as an insurance for quality. The certification implies to a large degree the introduction 
of planned management with a proper paper trail at all times, increasing process insight and 
documentation of all actions. However, the environment al content of the certification process 
remain incomplete and there will be an increasing demand from NGO's and consumer groups 
for more specific declaration of the environrllental benefit. Increased awareness ami scrutiny 
will increase the demand for the ability to document the sustainability of the forestry operation, 
where facts will win and rhetoric will loose. Sweden has always been a !arge power in terms of 
initiative, and have all possibilities to remain so. In is therefore important that the certification 
procedures are updatecl, and that the environrnental content of the procedures steadily increased 
over time. 

4.6.2 Certified management 

ISO certification demantis the management to have environment al steering systems, a developed 
environment al policy. The certified is required to follow the environrnentallaws and regulations 
as weil as have a program to steadily improve the environmental compliance. In EU the standard 
EMAS is applied. In Sweden this has been used by larger forest industries ami eorporations, 
but the relevance and practicality is less for small private owners, much because of the cost and 
bureaucracy involved. 

4.6.3 Forest Stewardship Councils; FSC and PEFC 

Thc FSC is a global system for forestry eertification, using 10 principlcs based on economic, 
social and environmental considerations. The basic principles were developed and discussed 
at a conference in 1993 in Toronto, Canada. The purpose of the certification procedure is to 
promote better sustainability of forestry. This provides a management vehicle for improving 
the sustainability requirements placed on individual forest owners. These have been developed 
into national standards, in Sweden this was determined 1998. Certification by Forest Steward
ship Council gives the right to issue products with a FSC stamp. The Swedish forest owners 
association has chosen to develop certification models based only on a biological standard and 
have adapted them specifically to family-owned forestry. The owners are certified in groups and 
regular inspections are involved. These are national Swedish certifications, and offer a possi
bility for incl\l(ling more sustainability goals. This is called PanEuropean Forest Certification 
(PEFC). 
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4.6.4 Conclusion 

The different certification standards available offer an excellent opportunity for standardiz
ing procedures that promote sustainability. At present the requirements of the FSC, PEFC, 
ISO 14001 and EMAS are more environmentally oriented than focused strictly defining sus
tainability preeisely. At present, the sustainability content in these standards are more of a 
nature of demonstration of good intentions and accountability. The quantitative sustainability 
requirements are almost always very obscure or absent. The potential for change is present. 
Mechanisms for steadily evaluating and developing these standards will be valuable tools for 
promoting sustainable forestry in a long term perspective. 

4.7 The management planning procedure 

4.7.1 Introduction 

The management of the world's forests are at 
present largely unsustainable by a wide mar
gin. A drive towards more sustainable forest 
management has developed in North Amer
ica and Europe, a literature on the subjeet 
is arising, but practices remain at present 
mostly with business as usual. The forestry 
policy of several countries are largely focused 
on production, with little or no real concern 
for sustainability. Management methods 
in many countries such as Canada, United 
States, Indonesia and China must still be 
characterized as ecosystem mining, often re
moving the forest for a very long time to 
come. In this respect, the European coun
tries have come furthest in approaching the 
concept of sustainable management. In a 
world perspective, our policy of compulsory 
replanting and regeneration appears as rad
ical. Outside Europe, replanting or active 
regeneration oecur only on a small fraction 
ofthe area (Marehak 1995). The forest man
agement proeedure needs to be modified to 
a more system dynamiesjengineering type of 
planning method. The qllality of manage
ment plans should always assessed with pre
dictions of the outeome after implementation 
of the plan, in order to assess if the plan re
ally ean praduee the intended. 

It is irnportant that the proposed plan is 
iterated several tirnes amI repeatedly tested 
against the eriteria, in order to optirnize the 
approach towards full sustainability. Fig. 4.1 
shows this adaptive praeess. When conflict 
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-Natural 
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Figure 4.1: The JOTest management pmceduTe 
involved an 'itemtive, adaptive method oJ de
signing the management plan. It is important 
that the proposed plan 'tS itemted seveml times 
mund the planning cycle and repeatedly tested 
against the criteria, in order to optimize the ap
proach towards Jull sustainability and simultane
ously projitab-ility. 

of eriteria or interests oeeur, a structured moelel for handling these must be employed. 
It is Ilecessary to eliffcrcntiate between what is best decidcd anel planned at the local seale, 

ami the planning timt must be made ami coordinatcd at the regional level in oreler to make 
sense (Bossel 1998). Espeeially for biodiversity, large scale coordination can be cost saving anel 
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Figure 4.2: "It 'tS obviously of great imporlance to choose tree species, management method and 
so forth that are weil suited to the soil conditions, This always acknowledged principle have in 
rnany cases resulted in the use of a site class to assess the soil with regard to species choice, 
stand management etcetem, In this manner one has, by and large, rnanaged to make correet 
decisions, However' the site class eoneept becomes faT to undefined for a finer chamcteTization 
of soil conditions. A deepeT understanding of soils is fOT this pUTpose of gTeateT value as it ean 
pmvide a possibility to assess whetheT the s'ite dass is su'itable 01' whethcT it is in astate of 
change in one diTcction OT another, A shar"]! chamcterization is centml to the application of 
experiences regarding fOTest management at sites other than wheT"e these weTe oTiginally made, 
An inCTcased knowledge about soils is consequently conductive to increase the pTecision in the 
geneml management of fOTests," The statement was wTitten in 1928 by PTOfessoT Olof Tamm 
at Uppsala University (Sveriges skogaT; Ed: A, Wahlgren and G, Schotte 1928), Then they 
pointed out the impoTtanee of soil TeSOUTces and soil quality fOT the potential fOT gTOwth and 
pmductiOT! in the fOTest. At that time the first soil maps were made and the first fOTest inventoTY 
atternpted, The pictuTe shows beeeh and alder fOTest frorn southern Sweden, If the pTedicted 
global climate change 'tS Tealized, this will become the normal ecosystem type for a laTgeT paTt of 
southem Sweden, Photogmph by Peter' Sehlyter, 

efficicnt. The eritcria are tested in duc order of wh at is considered to be thc most important. 
\Vhcn important criteria are violated, the consequence rnust be mapped and eosted, Key to 
sustainablc management is to define thc objective functions. We can define the following sorting 
principles; 

• Production goals 

• Natural resouree goals 

• Cultural goals 

• Social goals 

It is important in aB management planning that the time perspeetive is clearly stated, For 
sustainability a long perspective is requircd, and this must be coupled with the economic rc
quirements which operate on both short and long time scales. The productive goals deal with 
with the maxirnization of commercial production within the system constraints, utilizing the 
properties of the stands, utilization of the different properties of the different tree species and 
the capacities of the owner (Hägglund 1991; Grundbok för skogsägare 1985), The goals of nat
ural conservation include the biodiversity goab, landscape structures, boundary conditions as 
defined by environmental laws and regulations, 



4.7. THE MANAGEMENT PLANNING PROCEDURE 

Many forest. est.ates in sout.h
ern Sweden have highly devel
oped cult.ural landseapes of long 
continuity and good aest.het.i
cal values. Irnport.ant boulld
ary conditions in Sweden are 
set. by t.he qualit.y of mnoff t.o 
st.rearns amIlakes in t.he for
est landscape. The soi!s are 
very sensitive to dist.urbances in 
the acid-alkalinity conditions in 
the catchrnent, as well as the 
degree of intensity in pro duc
tion. Many streams and lakes 
have fish amI aquatic popula
tions timt are marginal or endan
gered by acidification ami this re
quires special attent.ion. The cul
tural conservat.ion aspect takes 
into t.he account. the historieal 
aspects of the landseape and 
forest estate physical geography, 

Growth for harvest Sustainable growth 
according to site for harvest from 
index/yield "Bonitet" balanced nutrient budget 

SHORT TERM LONG TERM 

I 
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the ancient remains. the land- Figure 4.3: It is necessary to rethink the forest yield sys
scape stmcture and the traces tem, "Bonitet". Thc forest yield expresses a measure for the 
of past. land use. Ancient re- ma:Eirrmm production capacity of the system. This is not the 
lImins are protected by Swedish same a8 the optimal pmduction rate. Thus the traditional 
law, and their destruction is pun- yield, "bonitet" determined for Norway spruce, is generally 
ished. The sodal aspects involve larger than the s'ustainable yield. The traditional yield sys
hunting, aceess to the public for tern cla8ses deciduous trees lower than Norway spruce, but 
recreation, collect.ion of berries s'ustainable yield generally come out larger' than traditional 
and mushrooms, sports and edu- yield for deciduous trees, and substantially larger thun the 
cation. The aest.hetic component e8tirnated sustainable yield fm' NOT'1uay spr"uce on the same 
of the recreational aspect is con- site. 
siderable and eonsidered by the 
public electorate as important. By analyzing and sort.ing the assets of t.he property, the tree 
productive assets, the natural conservation assets, the cultural conservation assets and recre
ational assets, the totality of the property can be put. int.o a balance sheet for assets, all this 
should be investigated and prepared as input data for sustainable planning. In order to do the 
analysis, data and information about the property needs to be collect.ed and properly archived 
later. Very important in the assessment., is information about. the most important resouree for 
forest production, the soi!. In present forestry, not much is available on this on t.he propert.y 
level. For the agricultural sector, this is seen as essential. It is essent.ial for planning of sustain
able forest production, and in cases where this is missing, it should be sampled. It has been 
est.imated in the SUFOR programme that the minimum eost for a nutrient planning wit.h a 300 
year perspective would cost approximately 5,000 to 10,000 SEK for a 50-100 heetare property. 
The average forest property in Götaland is actually 65 hectares. The data would for a large 
part be inherent soi! properties with a valid date for centuries to come. 

4.7.2 Planning structure 

The analysis starts wit.h assessing t.he t.hree main sust.ainability dimensions and the boundary 
of t.he sustaillability space. First the natural sustainability parameters are determined. This is 
done by estimating the production parameters from a perspective of sustainability: 
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1. Maximum possible forest yield, (Swedish "bonitet"); (short term perspcctive) 

2. Sustainable forest yield (long term perspective) 

3. Yield requiring external support (long term perspective) 

which should be mapped on the property. The different types of forest production values have to 
be determined from traditional yield, "bonitet" to give the maximum production, [rom analyzed 
soil properties and used of thc ForSAFE software to get sustainable yield. The yield requiring 
support is calculated as the difference between maximum production ami sustainable yield, 
and also converted to amount of fertilizer per hectare and rotation. If the sustainable yield is 
larger than maximum yield, the "bonitet", then an increase in production above the traditional 
yield would be possible within the sustainability limits. These values defille the yield that 
can be realized within the reSOllrces of the soi! itself, the maximum stand growth capacity on 
the property and the required nutrient addition to make the maximum production possible. 
A selection of production level is made, as weil as production type and product quality and 
these items are placed in the property. In this process, areas with lower or sub-profitable 
sustainable production capa city can be utilized for harbouring the elements for biodiversity 
amilandscape values. When the aspect of production of quality is introduced, then mere bulk 
production becomes only one element of the assessment. The economic objective parameter 
would be income production per hectare, and then including all income and expense items. 
Thus, under certain circumstances, lower bulk volume of lügher quality can be more profitable 
than high volume and low quality. It should be possible to derive volume-quality priee curves 
by surveying the price situation in the relevant market. Next the boundaries of the economic 
performance of the property will be assessed, by performing an economic performance analysis 
emder different tree species, stand localization and other parameters according to the economic 
model outlined below. Finally, the social restrictions by laws, regulations and public perception 
must be assessed, and thc variability freedom is estimated. These three types of boundaries set 
the limits for operation of the forestry under sustainable conditions. It will be inevitablc that 
there will be conflict of goals. The ca se may arise where the boundaries of sustainability for 
the three criteria do not overlap. Then the intended land-use is unsustainable, and a complete 
rethinking of the intentions is required. For many cases, a lowered production may weil be a 
required measure to achieve sustainability. One way to achieve this is to allow longer rotation 
periods, somctimes abo followed by lügher wood quality. This will be accentuated as one 
progresses northward toward significantly colder climate. However, the amount of such areas are 
almost matched by areas presently classified as low productivity, where the carrying capacity 
is in reality high, and more production can safely be made. Thus, inclusion of optimization 
would be important for combating production losses caused by violation of system sustainability 
criteria. 

In Tables 4.3 to 4.7 we have summarized a number of tree species properties which are 
important to consider in management and sustainability planning. Table 4.3 shows an overview 
of sorne of the economic properties of trees under management ami effects of different factors on 
different tree species. The price indicated are very approximate and to be used for comparison 
purposes only. Assumed is a straight log of at least 6 meter length, no large branches is required 
for log quality A. Flooring is made as rnostly composite boards but also to a srnaller degree as 
whole tree boards. Oak, and ash are weil suited for construction under many circumstances, but 
not rnuch used anymore, especially oak has very good structural properties. Table 4.4 shows 
price structures, rotation period length and soil requirements. Table 4.5 shows re action to 
environmental and clirnatic factors. The root penetration of the ground is always limited by the 
groundwater table, which only alder can penetrate. Table 4.6 shows further properties. Wood 
quality is related to the change in quality caused by increased growth rate. The rejuvenation 
properties are classed as emergent. if thc tree will emerge as the secondary tree taking over the 
stand of a pioneer. Weedy irnplies that it multiplies profusely. Weak implies that it competes 
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Species paper industry Construetion Household Hardness Priee at 
use use usc sawmill 

Sprueel paper and pulp simple boards firewood straight, soft 100 
Pine2 paper and pulp <juality boards fllrniture straight, soft 130 
Lareh3 paper and pulp quality boards furniture straight, soft 130 

Birch4a whitc paper no furlliture, firewood 1110destly hard 200 
Birch4b whitc paper no furniture, firewood modestly hard 200 
Alder5 white paper no matches, furniture modestly hard 100 
Aspcn6 white paper no matches, fiwwood soft 100 

Cherry7 intolerant flooring, veneer furniture modest hard 300-750 
Oak8 flooring, veneer furniture, fircwood hard 300-750 
Beech!l white paper flooring, veneer furniture, firewood brittle, hard 200-500 
Ash lO white paper flooring hard 200-500 
Maplell white paper flooring, ornaments furniture, syrup hard 200-500 

Table 4.3: MANAGEMENT PROPERTIES; PART 1; OveT"1liew of some of the economic prop
erties of trees nnder management in s01ähern Sweden and effects of different factoTs on different 
tree species. The price indicated are very approximate of com'se and to be nsed for comparison 
purposes only. The price of Norway spruce pulpwood was set at 100 and all other have been made 
relative to this. The species are: 1 Picm abies, 2 Pinus sylvestris, 3 Larix decidua hybr, 1a Betula 
verrucosa, found on slopes and in the mountains and hills 4b Betula pendula, the lowland vari
ant, often on richer soils, 5 Ainus spp, 61'0pul1L8 tr'emuloides, 7 Prnnus cerasus, 8 (Juercus robur, 
9 Fagus sylvatica, 10 Fraxini71s excelsior, 11 Acer platanoides, also favor' soils with a little more 
water than normal. 

weakly with aggressive pioncers. Table 4.7 shows the pricc ratios between different tree species 
and timber qualities as they were in year 2000. 

Finally, in several cases, goal eonflicts and eonfliets with boundary eonstraints whieh cannot 
be resolved on the loeal seale, can be solved in a larger landseape of regional seale. Then 
the active participation in landscape management by the small landowners will be important. 
Thus, a sustainable management regime among the landowners, will require a landseape-scale 
sustainable management organization. Experiences from Northwestern United States and from 
Canada, show that private or ideal non-for profit arganizations can fill this purpose weil, even 
if private furest ownership in these countries is underdeveloped (Marchak 1995). The ownership 
structure in a eountry is important. M'Gonigle ami B. Parfitt, (1996) found out by studying 
data from Sweden ami Canada, that smalilandowners have better management and appear to 
run their forests management much more sustainably than larger owners ami far better than 
any corpora te or state uwned property. Overall, large corparations and goverlllnent seems to be 
the warst for non-compliance with the principles of sustainability as weil as prodllction stability 
as compared to the smallest landowners. The sm all landowners are srnall, self-confident and 
independent with a high degree uf integrity, and top-down steering applied to thern rnay be very 
counterproductive. It is also impartant that this larger seale argani;mtion includes the neeessary 
feedback meehanisms to entertain support from the stakeholders. Thc active partieipation of 
the landowners and the stakeholders will be impartant far accountability of all the members 
and the resolving of conflicts between thern on all scales. 
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Species Required Rotation Final stern Regeneration Soil 
dbh time density management 

years per heetare 

Spruee 0.3 m 60-70 250-400 Natural Poar 
Pine 0.4 m 70 250-400 Natural Poor 
Lareh 0.4 m 70 250-400 Planting Alkaline 

Birch 0.4 m 50 250-300 Natural Any 
Alder 0.3 m 50 250-400 N atural/Planting Wetland 
Aspen 0.3 m 40 250-400 Natural/Seeding Alkaline 

Cherry 0.3 m 50 250-400 Planting Rieh 
Oak 0.7 m 120 50-100 N atural/Planting/Boar Rieh, dcep 
Beeeh 0.6 rn 110 150-230 Planting/N atural/Boar Rieh, deep 
Ash 0.4 III 80 150-200 Planting Rieh, moist, drained 
Maple 0.5 m 80 150-200 Natural/Planting Rieh 
Lime12 0.4 m 80 200-250 Planting Rieh 
Hornbeam13 0.4 rn 100 150-200 Planting/Natural Rieh 

Table 4.4: MANAGEMENT PROPERTIES, PART 2; Some management pT'Operties used fOT 
planning next tree genemtion. The species additional ar'e: 10 Tilia cor'data, 13 CaTpinus betul'us. 

4,7,3 Economic principles 

Introduction 

There are three different economic systems the forest management world can operate in (Bossel 
1998). Most pcople working in the forest. sector have been educated in the traditional paradigm, 
where large corporat.e management is the prevailing. Any occasional sm aller private owner 
simply have to go along with that.. Such are the conditions in Northern Sweden. In southern 
Sweden, the situation is significantly different. The forest is largely private owned by farmers, 
where the forest is a larger or sm aller part of the farm eeonomy. The paradigm that applies 
to these forest owners is very different., it is more affected by a combined farming view and the 
time perspective of the farmer significantly more long term. The typical farmer often has a 
full- or part-time job in the next town or cit.y, runs his agricultural land part. of the t.ime and 
works with his forest sorne weeks every year. Very import.ant for the smaller landowner is also 
the possibilit.y to aeculIlulate eapital at a low fortune tax rate in order to be able to finaneially 
manage the next generation change at the farm (Seymour 1976; Wägner 1939, Kulturmiljäviird 
i skogen 1994, Kuechli 1993, Clarke 1991). Though this is generally discounted by tradition al 
industrial forest management as irrelevant, it occurs on a very substantial seale timt is weil 
documented through the tax records. This also illustrates the time perspective of several family 
generations envisioned by the small landowner. 

Income and cost aceounting 

Several things will change in the future. Econornic foreeasting for sm aller farms with forests 
in the size from 25 to 300 hectares must be mueh better adapted to the existing realities. It is 
recommended to take into account the income from the following items: 

1. harvest 

2. net change in standing stock of trees 
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Speeies Drought Shadows Nitrogen Frost Wind Acidity Nutrient 
stress tolcrance effeet resist resist tolerance capture 

Spruce intolerant good fast good poor moderate sufficient 
Pine very tolerant modest tiny good modest moderate intermediate 
Larch intolerant poor small modest solid sensitive intermediate 

Birch modest poor modest poor modest resistant intermediate 
Birch intolerant poor modest good solid resistant intermediate 
Alder intolerant poor small poor modest very sensitive surficial 
Aspen intol(~rant poor large poor modest very sensitive intermediate 

Cherry intolerant poor large poor solid resistant intermediate 
Oak modest poor small poor solid resistant deep 
Beech intolerant modest small poor modest resistant deep 
Ash intolerant poor large poor solid sensitive deep 

Table 4.5: MANAGEMENT PROPERTIES, PART Si Overview of some of the propert'ies of 
trees under management and effeets of different factoTs on different tree species. The table was 
synthesized from different geneml forestry handbooks, but considerably changed after diseussions 
within SUFOR. 

3. hllnting and fishing rights 

4. increase in soi! stocks of nIltrients 

5. contriblltions from recreational activities 

6. other land-Ilse in the forest estate 

It is important to be realistic and develop an economic accounting model timt corresponds to 
the actual timing of costs anel discollnting of items. The income items are determined by both 
traditional items, and some new items overlooked earlier and from complementary activities 
such as hllnting or recreational activities. The harvest is booked at real sales price, the increase 
in stock at the same rate, hllnting ami fis hing rights at their market annual sales vaille realized, 
the increase in soil nIltrient stocks at market price for elelivery 1,0 the soil of comparable fertilizer 
product. For recreational values and changes in cultural stocks, no robust pricing mechanisms 
are available at present. Some cultural valnes give subsidies from the government, these must 
be booked as income, and increase or loss of stock at the same rate, proportional to volume of 
the stock. A new accounting item is the income genera ted from weathering which is not Ilsed 
far harvest, which will show up as an increase in the nutrient storage in the soi!. This storage 
belong to the property owner, and can be used at a later time. 

The cost items are the traditional cost items, but with the addition of some new items, such 
as cost of breaching boundary conditions. The cost accounting needs to take into consideration 
the effective cost of: 

1. nutrient addition 

2. rejuvenation 

3. stand management 

4. anIlual depreciation far infrastructure investments 

5. annual costs for infrastructllre maintenance 
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Soi! Bulk of Root Fast Animal Rcjuvenation Species 
type fine root rot growth browsing strategy 

dist.ribution wood intcnsity 
quality 

moraine, peat 0-0.4 m much pOOl' some fast emel'gent. Spruce 1 

moraine, sandy 0-0.6 m SOUle poor much slow emergent Pine2 

loose, drained 0-0.7 m much pOOl' much weak cmergent Lal'ch3 

rnoraine 0-0.6 m some good much fast pioneer Birch1a 

loose, drained 0-0.7 m some good much fast pioneer Birch4b 

moist, organic 0-0.4 m much much weak pioneer Alder5 

drained 0-0.5 m much much weedy pioneel' Aspen6 

moist, drained 0-0.6 m sorne good much weak pioneer Cherry7 

clayey, heavy 0-l.0 m some good little need fauna Oak8 

brown, drained 0-0.8 m some good some nced fauna Beech9 

brown, drained, moist 0-0.6 m 110 good much pionecr Ash10 

Table 4.6: MANAGEMENT PROPERTIES, PART 4; Overview of some of the properties of 
trees l1nder management and effeets of different faetors on different tree speeies. Wood ql1ality 
is related to the change in ql1ality cal1sed by inereased growth rate. The r'efuvenation properties 
are classed as emergent if the tree will emerge as the secondary tree taking over the stand of a 
pioncer. Weedy implies that it ml1ltiplies profl1sely. Weak implies that it eompetes weakly with 
aggressive pioncers. The root penetmtion of the grol1nd is always li mi ted by the grol1ndwater 
table, which only alder can penetmte. 

6. harvest 

7. recreational activities 

8. preservation of biodivcrsity 

9. compliance with boundary conditions such as no lcaching of aluminium, nitrogen or heavy 
metals to downstream recipients 

10. environmental degradation 

Environmental degradation can be divided into short term cost items and items for the long 
term perspective. The environmental degradation costs accumulate and develop into long term 
liabilities in the balance sheet. The cost items of environmental degradation are: 

l. Excessivc leaching of base cations from the soi! (the cause may be chemical erosion by 
acid rain, physical erosion, excessive llptake by overdosagcs of nitrogen. Replacement cost. 
at 1,500-3,000 kr/ton) 

2. Nitrogen leaching to surface waters (llnc:lear how the cost is defined, loss of nutrient ? 
damage to recipient 7) 

3. Aluminium leaching to surface watcrs (unc:lear how the cost should be estimated, liability 
for damage to habitat? Restoration costs 7) 

4. Release of greenhouse gases (unclear how the cost should be estimated) 
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Trees speeies Fuel wood Pulp wood Timber 
Price in m3 spruce eqllivalents m-3 

Norway spruee 0.6 1.6 

Scots pine A 0.6 0.8 2 
Seots pine B 0.6 0.8 1.2 

Birch A 0.6 2 
Birch B 0.6 1.6 

Beeeh Veneer 0.6 1.1 6 
Beech A 0.6 1.1 4 
Beech B 0.6 1.1 2 

Oak Veneer 13 
Oak A 0.6 6 
Oak B 0.6 3.6 
Oak C 0.6 2 

Table 4.7: MANAGEMENT PROPERTIES, PART 5: Appro:rimative relative price structure 
per cubic meter for the North European markets, normalized to the Norway spruce pulp wood 
price (SPE; Spruce Pulpwood Equivalents) for different tree species was used in this st·udy. The 
market price in year 2000 was used for the scaling. A, Band C represents sawmill quality 
classes, from A is best and C is the poorest. The above table can be used to convert production 
to a wood equivalent unit in long term calculus of projitability. The assumptions in this are 
that the price ratio between different species stuy constant and that one C'ubic meter of harvest is 
equally interesting every year- during the rotation period. This avoids the uncontrollable escalating 
uncertainty of using an arbitrarily chosen interest rate of JOO years. 

5. Release of heavy met als and environrnentally persistent pollutants (unclear how the cost 
shoulel be estimateel) 

6. Loss of sustainable produetion potential because 01' acid rain effects (loss of potential 
income ?) 

It remains to define the costing methods for these items. The cost of base cation leaching is 
the a term where a clear method is proposeeI. In costs, we need to aceollnt for any occasional 
decrease in soil nutrient storage (base eations; Ca, Mg, K as weil as N and P). This is a very 
substantial item and cannot be overlooked in good book-keeping (Sverdrup and Rosen 1998, 
Warfvinge et al,. 1992). Soil nIltrient overuse, in excess of what weathering and deposition can 
sllpply, will be taken from the internal storage. The cost is estimated from the replacernent 
cost. There are cornmercial companies that can replace Ca, Mg, K, P and N in the soil at a 
price. Some will also replace ccrtain micro-nlltrients like boron, copper, cobalt, molybdenllm 
if nccessary. ThIlS, for prodllction at a level above the sustainable, there will be a decrease in 
internal resourees wh ich we convert to wood production, the increased growth will be able to 
elo it. It is irnportant to realize that we can easily convert soil nutricnts from the storage in 
the soil to the storage in standing wood, but that this may under certain circurnstances cause 
a decrease in thc soil storage as a consequence of mass balancing. Thus, we can transfer value 
from storage in the soi! to standing tree stock. This implies that we transfer a reservoir from 
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Vitalization 
Fertilization 

Capital in soil 
nutrients 

~ ___ Weathering and 
deposition 

Figure 4.4: The fOTest management can move invested capital betwecn the soil and the standing 
stock. Keeping capital in standing stock of tTees have high availabüity, but 0,1.50 high T'isk (Pests, 
pathogens, wind damage, envi'rOnrnental pollution). StoTing capital in the soil has 10weT Tisk, but 
10weT availability. A minimU'ln amount o,f nutTient capital is TequiTed. 

non-harvestable to harvestable (Fig. 4.4). The price for the nutrient pool is estimated at a 
replacement price of 3,000 SEK per hectare, including base cations, phosphorus and nitrogen, 
in Tab. 4.8 we have developed the example furt her amI compared it to land market value. In 
many cases the nutrient replacement price will be higher, considering the topography and road 
availability. 

How the reestablishment of rejuvenation is discounted after harvest, is also of importance. 
At present, the rejuvenation cost is in reality, immediately written off in its entirety against 
the harvest profits, and this is not projected forward to the future harvest. Thus, the cost 
of rejuvenation belongs to the complction of the harvest of the past crop, being an integral 
part of this. The forcst law is at this point inaccurate, and at this specific point in need of 
revision. Natural rejuvenation is used by many forest owners, but this is also not entirely 
without cost. Depending on nutrient return need, additions are best added when the harvest 
is done, and additional treatment of the land may be necessary for preventing root rot. In 
soils the stock value of nutrients can be illustrated with Tab. 4.8, based on the replacement 
cost for the nutrients, assuming we pay somebody to put then back. The costs are taken from 
the experiences made in the different Swedish lake, stream, soi! and forest liming programmes. 
It is estimated that Sweden has used more than SEK 2,000 million SEK on liming of aquatic 
ecosystems and some adjacent lands. In the actlml projects, liming costs ranged from 2,000 SEK 
ha -I for vitalization and light replenishing of soils to more than 15,000 SEK ha -1 for restoration 
of damaged and severely depleted soils. The market value for a forestry property is in the order 
of magnitude of 15,000-35,000 SEK per hectare, and the restoration cost on adepleted soi! may 
cost from 10 to more than 100 % of the land market value. This can be compared to the nutrient 
values listed in Tab. 4.8 (Southern Sweden market price, February-April 2000). Forgetting to 
check the nutrient status of the soil berore forest land is bought might prove very expensive ! 
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Establishing a new type of balance 

The balance sheet for the forest property will also have some !lew items in additions to the old. 
In addition to capital assets, real estate value, standing stock of trees that can be harvested, 
we would need to consider to add as fixed assets of the property the following items: 

1. Soi! stock of nutrients specified as at the market price of replacement on site 

( a) Soi! stock of nitrogen 

(b) Soil stock of phosphorus 

(c) Soil stock of calcium 

(d) Soil stock of potassium 

(e) Soil stock of magnesium 

2. Hunting and fishing rights 

3. Permanent cultural assets on the property 

4. Recreational and public access value 

The inclusion of hunting amI fishing rights is already being practised by many, and is trivial. 
The inclusion of fixed cultural assets is far more difficult to do and nceds development. Possible 
ways forward would be a discounting of future cashflow from official subsidy programs promoting 
cultural preservation. Lack of such programs would turn the cultural assets to a balance sheet 
li ability. The same apply to reereational values and public access. Ecological values are also 
an asset, but the evaluation of it remains difficult, as weil as if it is to be seen as an asset or a 
liability or both. 

1. Soil stock of carbon above the long term retainable 

2. Soi! stock of nitrogen above the long term retainable 

3. Soi! stock of heavy met als above the long term retainable 

4. Residual obligatory restorations (environmental, cultural, recreational, biological) on the 
property 

The residual restorations may be liabilities created by restoring damaged cultural assets, wa
ter ami stream restorations, restorations of lost biodiversity required by official regulations, 
restoration of public access or restoration of aesthetic values. Thus, it will be possible to accrue 
environment al debts over time by careless management, and this need to show on the balance 
sheets. 

4.7.4 The problem of prices and interest rates 

A considerable problem arise when the incorne and costs are modelled over longer time periods. 
A typical rotation period can last 100 years, and costs amI income can occur throughout this 
time. If care is not taken, the effort may very fast deteriorate to a comparison of exponential 
tables, yielding no information on profitability. We suggest that this should be eliminated from 
the calculations to elecrease the unreasonable uncertainties introduced by the guesses contained 
into future pric:e anel interest rate projec:tions. 

We propose to c:onvert the costs and prices immediately to Norway spruce pulp wood equiv
alents. This aSSUllles that the harvest of one cubic meter of wood is equally interesting during 
any year in the whole period. As we have discussed earlier, this allow us to limit the actual 
interest rate for alternative investments with the sustainability c:onstraints of the system, and 
thus let sustainability c:apacity affect the interest rate amI the profitability reference frame of 
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N utrient storage loss as a -5% -15% -30% -100% Land 
fraction of total capacity value 

Soil type Replacement cost, SEK ha- 1 SEK ha- 1 

Organic soib -4,000 -12,000 -24,000 -100,000 15,000 
Sandy, mineral soils -600 -2,000 -4,000 -12,000 25,000 
Podsols soils -2,000 -6,000 12,000 -4S,OOO 30,000 
Rich soils -5,000 -lS,OOO -36,000 -120,000 35,000 
Agrieultural ami clay soils -5,000 -lS,OOO -36,000 -120,000 35,000 

Table 4.S: Approximate value for decreasing the nutrient storage 'Ir! the soil, based on base 
saturation and soil type. The costs were calculatcd from r-eplacement value. 1f the base saturation 
or- total nutTient stor-e should decrease with 5% or- 15 %-points, then the cost for- putting it back 
in the so'il is indicated. A veTY approxirnate property value has been included fOT compar-ison, 
just to show the size of the capital hidden in the nutr-ient pool. The pr-ice for- the nutrient pool is 
estirnated at a r-eplacernent pTice of 3,000 SEK per- hectar-e, induding base cations, phosphoTUS 
and nitrogen. 100 SEK=12 US Dollar-. A typicalweather-ing rate in a NOTway spmce plantation 
(0.3 keq ha-1y'r- 1 has a vitalization value of 30-60 SEK ha-1yr--1 , a cOT!siderable amount over
a whole rotation of 70-120 year-s. 

the system. An endlessly high profit may seem short term desirable, but it go es without saying 
that it is a very unrealistic dream, and because the earth is limited, alternatives on it will also 
be limited. The calculus transfers this wood volume forward or backward, before conversion 
with today's market price is performed. The only necessary assumptions in this approach is 
that the priee ratios between different tree species stay constant, and that the prices for labour 
or materials stay constant in pulp wood equivalcnts. These assumptions are far less uncertain 
assumptions than the uncertainties in those embedded in exponentially escalating interest rate 
and price pr~jections (Bossel 1995). 

4.7.5 Risks 

Sustainability requires that the system is robust. In this case, the forestry system nlUst be robust 
in order to remain sustainable also under extreme or changed external forcing. Extreme weather, 
or indeed a changed climate, are examples of external foreing that could result in states that are 
diffieult and/or costly to recover from. Hence, such foreing eould endanger the sustainability of 
the system. A robust system, furthermore, allows for freedom of choiee coneerning management 
aetions to be taken Oll the system. From a management perspeetive, events such as those caused 
by extreme weather are uneertain. In any type of forest management, uneertain events with 
negative outeome, Le. hazards, and uncertain events with positive outcome, need to be eonsid
ered. Handling the uncertainties associated with negative outcome is termed risk management 
(in eeonomie terminology also uneertain events with positive outeome are included) and includes 
sorne kind of risk assessment in whieh the probability of occurrence of the hazards is estimated. 
In a formal asscssment of risk, the exposure (frequency and magnitude of external foreing) and 
the response are cOllsidered (Bartell, 1996). Such quantitative risk assessments allows informed 
deeisions to be taken without undue infiuence of the short-terrn history. One task for SUFOR is 
to provide decision makers with support in relation to handling risks. Aceording to fundamental 
decision theory, the decision rnaker's willingness to take risks affects the deeisions. We assurne 
the forest managers are unwilling to take risks, i.e. they are risk aversivc. This assumption is 
supported by Lönnstedt and Svensson (2000), at least whcn larger monetary valucs are at stake. 
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Because the decision maker 
has only partial informa
tion on the states of na
ture, rat her than estimat
ing a single probabi!ity 
for the outcome associated 
with a specific alternative, 
the decision maker needs 
to estimate a probability 
distribution for each avai!
able alternative. Accord
ing to the Gärdenfors and 
Sahlin (1982) decision the
ory, a risk aversive deci
sion maker would decide 
on the alternative with the 
largest minimal expected 
utility. For complex sys
tems, such as the forestry 
system, a reliable estimate 
of the probability distribu
tion for a specific alter
native is difficult to make 
in one's mim!. Because 
of this, we use computer 
models in order to make 

Figure 4.5: Cultuml remains aTe protected 'in Swedish law, and 
fOTest management must not interfere or- cau8e damage. Cul
tuml remains ar-e an aS8et of the proper-ty. and their conservation 
is asoeietal T'esponsib'ility, par·tly tmn.sfeTTed as obligation to the 
landowner under certain circumstances. It beeornes a liability to
wards the authoT'ities if darnaged, an a8set if it can be subject to 
cultuml conservation support money. Photo: Peter Sehlyter. 

more reliable estirnates of the probability distributions than can be made without the mod
els (Gärdenfors, 1982), thus aiming at reducing the uncertainty in the decision situation and to 
explore the possibilities for reducing the risk (probability) of hazards occurring. Extending risk 
not only to multiple choices and in time but also distributed in the landscape, become a very 
complex process requiring sophisticated models. 

4.7.6 Future developrnent 

A user-friendly economic module is envisioned as part of thc SUFOR computer tool package. 
The package is intended to perform certain tasks: 

• Estimate the sustainable production from simple forest management planning information 
anel a few key soi! properties (ForSAFE will be the biogeochemical module) 

• An ethical budget; Estimate how weil societal responsibilities and ethical obligations have 
been met and what the real costs for doing so was. A kind of counting promises held and 
good deeds done. 

• A green budget; Estimate the profitability in wood equivalents 

• A green balance; Estimate the stock of capital in wood equivalents 

• Projected total budget and balance converted to present monetary value 

The intention is that the computer programme will be designed to easily fit on a CD and is to 
be used on home computers. This part will be realized under the second part of the SUFOR 
programme. The package will be available free of cost for any forest owner, probably down load 
from the SUFOR homepage on the internet. 
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4.8 Concluding re marks 

A complete rethinking of 
the presently prevailing 
forest management philos
ophy is needed. Consider
ing the past his tory of Swe
den and the change of for
est management paradigm 
every 50 years, it appears 
as the time for a change 
has come again. \Vith 
thc changes ahead, this 
offers a large possihility 
for renewal and innova
tion. We predict t.lmt the 
new information technol
ogy will also slowly en
ter forest.ry with instant in
formation access, includ
ing sophisticated advice, 
pricing and sales. The 
SUFOR programme alone 
carmot do this, but it can 
have an important. role for 
illitiating and promoting 
the necessary learning pro
cess. A holistic perspective 
towards system dynamics 
must be adopted, and we 
need to work at different 

Figure 4.6: In many countries, large clear-cuts cause O1Ltcr'y in the 
public. The jorests on the American Pacific coast have a history 
oj careles8 logging in large cuts on slope8 with lollowing 100909 01 soil 
and deterioration 01 the lorest ecosystem. This is no longer toler
ated by the general public and are examples 01 how a certain short 
term economically profitable practice ma.y become socially unSU8-
ta.inable, a.nd eventllally sllbject to law reg'ulations (M'GOT!'igle a.nd 
Par fit 1994). Photo; M. Svensson. 

scales. This calls for a smoot.h cooperation amI due respect. for the mult.it.ude of int.erests 
and st.akeholders involved. 
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Integrated modelling 

Patrik Wallman, Hamld Sver'd7"Up, Mats G. E. Svensson and Mattias Alveteg 

5.1 On the principle of modelling in general 

Models are highly important in research, not because they produce results in their own right, 
but because they allow complex and non-linear systems to be investigated and data from such 
systems to be interpreted. With models, the interaction of several simultaneous pro ces ses in a 
single experiment can be studied. Basically models serve one or both of the two following aims; 

• Testing the overall understanding one has of a system, on the basis of a mathematical 
representation of its subsystems and the proposed coupling of its subsystems. 

• Predicting the future, so as to explain how and why things have worked in the past .. 

A model represents an integration of the modeler's knowledge and understanding of a system. 
In some ca ses a researcher bases a model on equations and parametrization, testing the und er
standing of a system empirically. In such modelling there are no "maybe's", parameters being 
assigned quantitative values according to precise rules. At the same time, as many problems 
related to natural systems are complex, non-linear and multi-dimensional, non-linear models are 
being required. The solutions in such ca ses are often beyond the reach of simple empirical ap
proaches, linear regressions, descriptive efforts or paper-and-pencil-only approaches. Examples 
of complex problems of this sort include problems of the effects of eutrophication on population 
dynamics and phosphorous cycling, the acidification of soils and its effects on forest growth, 
nutrient cycling in vegetation, heavy metal mobilisation and global climatic change. 

A model can be a consequence or an interpretation of a set of observations or simply expe
rience. A good model has one of the following characteristics: 

• It is transparent. Its being possible to inspect amI understand the rules and principles 
the model is using. 

• It can be tested, its using inputs that can be defined and determined, and outputs that 
can be observed. 

A model can represent the mental understanding one has of a mechanism, system, pattern or 
principle, and can be substantiated at the same time be expressed in the form 01' an equation 
or a set of equations or rules. If the principles and rules are many, it is often best t.o let a 
computer program keep track of all the connections and numbers involved. The goodness or 
badness of a model does not necessarily have anything to do with the adequacy of the principles 
it contains. If a model is good, one can verify or falsify it.s performance. In modelling, the total 
complexit.y of the system is found partly in the assumptions and partly in the model itself. For 
every question there is an optimum, and great care should be exercised in evaluat.ing it. Failing 
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Figure 5.1: That complex models are betteT than simple models is a general misunderstanding. 
Often the simple additive build-up of performance is envisioned, forgetting the accurn:alation of 
'unceTtainty as seen in the left figur·e. Performance build-up in a model is shadowed by the de
crrase in performance by uncertainty accumulation. It becomes appaTent that model performance 
is best when the difference between the accumulated performance and the accumulated uncertainty 
is at maximum, as showed in the right figure. Thus, a simpler model may per form significantly 
better than a. complex model with ma.ny components. 

to do so can result in the loss of control over uncertainties. It is important to realise that one 
cannot get rid of the complexity of a system, but can only decide whether it should be assigned 
to the model or to the assumptions . 

• A simple model can make very complex assumptions. These should be stated explicitly. 
Although simplifications may make a model highly complex, use of such a model has the 
advantage of requiring relatively little input data. 

• A complex model can make very simple assumptions and accordingly require a large 
amount of input data. Adding further complexity to the model may remove assumptions 
and take accOllIlt of more feedbacks but place higher demands on the input data. 

All models must fulfill certain minimum requirements. They need to be able to describe events 
at individual sites on the basis of real data. If a model cannot describe single sites and their 
past history, it has no credibility for future predictions. If a model is capable of reproducing the 
past history successfully, predictions for the future have better credibility. Similarly, if a model 
is unable to reconstruct the past in an acceptable way, it lends no credibility to predictions for 
the future. 

The idea that complex models are better than simple ones represents a misunderstanding. 
Often, a simple additive building up of how the overall process will proceed is envisioned, it 
is often being forgotten that the uncertainty associated with each of the components accumu
lates. A model performs best when the difference between the accumulated performance and 
the accumulated uncertainty is at maximum (Fig. 5.1). As each component in a model is 
added, performance can at one level be said to irnprove at the same time as a reduction in 
the resulting performance occurs due to the uncertainty that is added. When a component 
brings more uncertainty into the model than an improvement in performance, there is no net 
gain in performance being added through the component. Thus a simpler model may perform 
better than a complex model with its many components. Going to the extreme, a very complex 
model may show no performance at all, being impossible to apply. Thus, the statement "we 
want a model that represents the full complexity of of the system" may be a good recipe for 
modelling failure. The terrestrial flora and fauna of a catchment is important for the cyeling of 
nutrients, such as base cations, phosphorus and nitrogen, as weH as for the balance of acidity 
there. Major biological pro ces ses to consider in this context are the growth and harvesting of 
plants, the decomposition of organic matter, nitrification, immobilization and denitrification. 
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Figure 5.2: S-urvey of different types of models. For the SUFOR programme, pmcess-oriented 
models of limited 8cope are preferred due to their greater- versatility and ease of adaptation to 
field conditions. Naive modelling should be avoided at all C08t. 

These processes all have strong feedbacks with the soil chemistry. For a specialist in a certain 
field, it may be easy to succumb to the illusion of the process one is currently studying being 
the only significant process involved. This, of course, is rarely the case, most natural processes 
stand in close communicat.ion with other processes. It. can be assumed, as a rule, that natu
ral processes affect each other mutually in an appreciable way, and that other pro ces ses can 
tlms not be ignored apriori. Accordingly, a system perspective is needed for progress t.o be 
made. In t.rans-disciplinary natural sciences such as biogeochemistry and ecology, models for 
different compart.ments and syst.ems need to be coupled, so as to take ac count to all significant 
interactions and feedbacks of the system. 

Several different types of models are available, based on different philosophies and levels of 
ambition. The general level and type 01' models currently employed has evolved historically in 
aseries of different phases. Levenspiel (1972), a pioneer in chemical engineering, described the 
development of process modelling in engineering over time in terms of three stages: 

Stage 1 

Qualitative 
description 

Stage 2 

Direct 
quantitative ---+ 
description 
in terms of 
observable 

Stage 3 

Differential 
rate based on 

underlying 
physics and 
processing 
conditions 

The classical botany of Garl Linne (1707-1778) with its description of plant types and their 
geographical distribution is typical for Levenspiel's stage 1. Such a model predicts what kind 
of plant. one can expect. to encounter in a certain part of the country, but says nothing of why 
it is there. Such a model has virtually no predictive power over extended periods of time. It 
records things as they are at present. Models corresponding to Levenspiel's stage 2, in turn, 
have a case-by-case predictive power and need to be recalibrated by use of new data each time 
the initial and the boundary conditions change. Plotting pH over time in an acidified lake is 
an example of Levenspiel's level 2 model. Such a pH model is only valid for that particular 
lake, and cannot be transferred to other lakes in wh ich the ecological conditions differ. Stage 
3, finally, is the differential approach taken in physics, for example, by Walker et al. (1923), 
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more generally in physics by Einstein (1905) and in chemical reaction engineering by Hougen 
and Watson (1947). It describes how the change timt occurs at. evcry point in time is related t.o 
t.he st.at.e of the system at that time. Stage 3 t.hus implies there to be a mechanism of change, 
one which depends on t.he st.at.e variables for the syst.em and is valid generally. The st.at.e of t.he 
syst.em is characterized by the stat.e of the ecosystern in terms of biological order, demography 
and ecological adapt.ion, as weil as the chemical state of the water and the soi!. The act.ive 
mechanisms are dependent on the propertics of the reacting medium and not on t.he locat.ion of 
the process in time and space as such. A stage 3 model is gene rally valid and applicable when 
it. can be paramet.erizee! properly and it.s coefficients can be estimat.ed, but it is in different.ial 
form, requiring mat.hematical manipulation t.o be used. It. is generally accepted that. models 
take dat.a in order to generate new data: 

Input. data -+ MODEL -+ Output data 

In reality, models use three types of input. data: state variables that describe the state 
of the system; conditions, which are influences and conditions imposed on the syst.em from 
the outside, and finally properties, or t.he inherent. charact.eristics of t.he syst.em characterist.ics 
that do not. change within t.he time horizon. Models are either based on statist.ical regressions 
involving stat.e variables and condit.ions or t.hey are mechanistic models involving t.he application 
of properties, conditions and initial state variables to hypot.hesis-based mechanisms and to 
structures of mechanisms. Process-oricnted or fully mechanistic models require no data in 
terms of time variant. state variables, but. involvc properties, condit.ions and init.ial st.at.es. 

Properties 

Conditions -+ MODEL -+ Output data 

Initial st.atc variables )" 

A model can also consist of a com
bin at ion of one or more mechanis
tic models and one or more models 
based primarily on statistical regres
sions, an approach particularly effec
tive if there is no feedback bet.ween 
the core model used for general con
dit.ions and a given subsyst.em. An 
example of t.his woule! be combining 
of an elaborat.e geochemical and hy
drological acidification model wit.h em
pirical correlat.ions concerned with fish 
survival under the conditions involved. 
Since there is no feedback of the sur
vival of fish into the geochemistry of 
the soil, the correct.ness of the latter is 
unaffected by the survival of the fish, 
t.he correlation involved being fully ad
equate. 

In modelling, there is a strong "cult 

State parameters ------------+. Reality 

Soil properties ~ j 
Boundary COnditio/nnss ~ Model • Syn~hetic t reahty 

Initial conditions I / 

U nderstanding 

Figure 5.3: A mechanistic model stratifies the "data" 
into different categories. The model uses properties, 
initial state and boundarg conditions to act on princi
pies and on mechanisms to predict the state variables. 
The state variables are saved from the data for later 
validation of the models performance. This emulates 
the learning cgele shown earlier. 

01' success" that. implies that any output. calculat.ed should pass t.hrough all the observat.ion 
points, its othcrwise being concluded timt. "The model is wrong" or "It. is obvious t.hat the model 
doesn't work". On the other hand, if a model is calibrated by adjust.ing several paramet.ers, 
critics may soon remark "You can probably make t.he model fit anyt.hing". Alt.hough calibrat.ion 
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is necessary, it should be used with great caution, so as to avoid misinterpretatiolls. If a proeess 
model is calibrated on more than one or two processes, it becomes much more likely tllat errors in 
model formulation will be concealed. This call result in the calculations looking corred but it is 
not being possible to distinguish between artefacts of calibration and the eorrectness principles 
the model eontains, a good fit being no help thell in UIlderstanding the system. Thus, it is 
always important to refiect, asking such questions as "What was the objective of the moders 
being applied in the first plaee?". As a general rule, ullderstanding of processes of a system 
and their functionality increases more as a result of modelling failure of its fit being good. 
Thus far, most dynamic soil ehemistry models have been calibrated either on two parameters, 
namely the weathering rate and the initial base saturation (de Vries and Kros 1989) or on 
a large number of different parameters such as weathering, initial base saturation, sclectivity 
coefficients, Gibbsite cocfficients, uptake ami organie eomplexation. (Christophersen, Seip and 
Wright 1982, Cosby, Wright, Hornberger amI Galloway 1985, Gherini, Mok, Hudson, Davis, 
Chen ami Goldstein 1985). At the same time, interpretation of the basic principlcs behind 
soil proeesses become pointless if one calihrates a larger number of parameters than of output 
variahles. The credibility and rohustness of a ealibration procedure is greatly improved if 
historieal soil chemistry data for a site is available. In most cases in which soil chemistry 
models have been used, with the exception of various sites in Itothamsted (Goulding, Johnston 
ami Poulton 1987, Goulding ami Johnston 1989) and a few Swedish sites (Falkengren-Grerup 
ami Eriksson 1990, Warfvinge, Falkengren-Grerup and Sverdrup 1993, Sverdrup, Warfvinge 
and Nihlgard 1994), no historieal values for soil ehemistry, exeept for those at only one point 
in time (the present) are available for model validation. Data on short-term soi! chemical 
responses are often avai!able, however. Considering an acidifieation model here illustrates the 
calibration procedures involved. Adjusting the weathering rate in the model changes the slope of 
the line for the ANC for the soil solution, as weil as infiuencing the final ANC level. Several soil 
chemistry models employ the base saturation amI the weathering rate for calibration. In the soil 
chemistry model used in SUFOR, only the initial base saturation is employed, its determining 
the initial starting level for calculations. The higher the initial base saturation level is, the 
greater the number of base cations is tllat needs be leaehed from their ion exchange positions, 
this infiuencing the time and the rate of change required for reaching the final state, the initial 
state being used to shift the curve either up or down. If the ealibration of base saturation and the 
weathering rate are combined, it is always possible to ealibrate the model in such a way that the 
curve goes through the current observation point, since soil chemistry models normally include 
charge balances. If further calibration on additional processes sllch as uptake, deeomposition of 
organic matter and ion exchange is performcd, the model is able to fit absolutely anything. If 
one is certain that processes other than the processes used for calibration are correet, the model 
can serve as a measuring instrument for dctermining the coefficients of the uncertain process. 
If ca libration is based on more than three processes simultaneously, there is likely to be a large 
number of different ways of modelling the data set so as to make it fit the observations, making 
any conclusion regarding the catchment processes or whatever involved run the risk of being 
meaningless. The model is no longer a mechanistic model then, but becomes simply a non
linear regression. Thus, before a model is calibrated, eare should be taken to consider what 
kind of information may be lost in the ealibration proeedure. For testing process formulations, 
calibration involving more than one degree of freedom should generally be avoided completely, 
since calibrated runs that ignore ccrtain important proeesses can be made to look like runs in 
whieh there is full process representatioll. In summary, development of a model ncver starts with 
collecting all of the data. It starts with defining the question to be answered or the phenolIlenon 
to be explained, as shown in Fig. 1.3. Experienee sllggests the approach of starting with the 
collection of data to be an excellent diagnostic trait for spotting llnsuccessful efforts to develop 
a model. 
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5.2 Modelling the forest system 

5.2.1 Introduction 

The forest ecosystem stretches from the topmost layers of the atmosphere, where ozone and 
pollutants can be found, to the lowest layers of soil affected by the roots. It is thus very 
complex anel eliversified, many factors influencing the system in ways that are difficult to prcdict. 
It is very important, therefore to define the system ami its bounelaries. The aim of a model 
determines the complexity, and the temporal ami spatial scales that are appropriate. On a 
regional scale, it is not meaningful usually to endeavour to model every physiological detail. On 
the other hand, when modelling on a sub-individual level, USillg time steps timt are too long 
can lead to important information being missing. One way of dealing with this problem is to 
divide a model into several sub-models that can operate individuallyon different time scales. 

Three main things determine the growth of a tree or a population of trees in the absence of 
disturbances and pollution: the availability of light, of water and of nutrients. How much a trce 
grows depends on its ability to assimilate carbon through the canopy, and in what manner it 
grows depends on the carbon allocation within the trec. The carbon assimilation is a function 
of the temperature, the nutrient content in the leaves and the incident radiation, the processes 
involved being regulated by the availability of water. These are the major driving variables in 
most physiologically based forest growth-models. Water availability is important both for the 
photosynthesis rcaction and for the nutrient uptake from the soil. The soil is not an unlimited 
source of nutrients as most models assurne, at least not in a long-term, sustainable perspective. 
If the consumption of nutrient by the growth and harvesting of trees is faster than the supply 
of thern from the litter decomposition cycle and weathering of minerals in the soil, then the soil 
will eventually be either intermittently, or in the worst case, steadily and permanently depleted. 
In southern Sweden, deposition provides large amounts of nitrogen, the forests being more or 
less fertilised from above, the rest of the nutrients needing to come from the soil. In several 
cases, this has alrcady led to nutricnt depletion of thc soil. The soil and weathering are thus 
very important parts of the forest ecosystem and cannot be neglected in any adcquate long-term 
forest-growth model. Substantial arcas of Sweden have been turned over to forestry during the 
past century. In individual stands, human activities influence species cornposition, cover, age, 
and density. At the landscape scale, people alter the kinds of stands that are present and their 
spatial arrangement. At the regional level, people emit by-products in the air that may either 
fertilise or damage forest ecosystems. At the global scale, human consurnption of fossil fuels has 
increased the atmospheric carbon dioxide levels and possibly changed the way in which carbon is 
distributed in the vegetation, the soil, and the atmosphere, which has long-term implications for 
the global climatc. The growing dcmand for forest products worldwide has stirnulated not only 
the transfer of processed forest products from one country to another, but also thc introduction 
of non-native species and proveniences. Pressure to extract resources in a sustainable way 
has raised a number of challenging questions, two of which are the following: Is it possible to 
maintain a high timber productiorl in a sustainable way? What are thc limiting factors? 

5.2.2 Forest model history 

Quantitative models and methods have been used in forestry für a long time, originally in the 
form of growth and yield tables elerived from large amounts of field data. Empirical models us
ing statistical methods have been developed to reproduce field observations in an accurate anel 
robust way. Empirical models playa very important role in forest management today. Process
oriented models have a fairly short history. During the past decade, many process-oriented 
ecosystem models were constructed, primarily as educational and research tools. Building on 
earlier work in the 1960s (McArdle, Meyer anel Bruce 1961), many simple forest growth mod
els were developed in the 1970s to serve as predictive instruments for forestry management 
(Kimmins 1997). The empirical regression models are reliable and useful as long as all ecologi-
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cal and physical conditions timt influence forest growth remain the same as when the calibration 
data set was collected. This is very unlikely to be the case over time spans of several centuries, 
however since models of this sort do nor deal with dynamic response mechanisms, they are lim
ited as predictive tools for analysing forest ecosystems under changing environmental conditions. 
The first successful computer simulation of forests was the JABOWA model developed in 1970 
by Daniel B. Botkin, James F. Janak and James R. Wallis (Botkin, Janak and Wallis 1970). 

Forests are characterized by species that are long-lived, robust, and very often located on 
soils with limited mineral reserves. Under these conditions aseries of adaptive mechanisms has 
developed, resulting in very interesting performance of these plants with respect to their overall 
capacity to use their nutrient efficiency for the production of vegetative biomass. The needs of 
forests for nutrients for the development of biomass are very high, sometimes surprisingly so, 
although aseries of recycling mechanisms in the ecosystem permit optimum use of the available 
supply. These rnechanisms represent the biologie al ami biogeochemical cyeles respectively, of the 
nutrient elements. To really understand these cycles, very long time series need to be studied 
or use be made of predictive forest models tlmt are adequate. Because of the characteristic 
longevity of forests, a forester should be familiar with dynamics of stands, knowing how the 
stand dynamics are influenced by silvicultural choices made. The forester should also be able 
to anticipate the evolution of a stand with in view of decisions tlmt are made regarding it. 
Today, problems of this sort are solved by means of simulations based on growth models. Such 
forest models are used to predict production-yield, succession and long-term variations within 
forest ecosystems. A major advantage of computer models is that they produce alternative 
forecasts in the form of "data" that are consistent with respect to the underlying dynamics of 
the understanding embedded in the model across the full range of alternative forest management 
schernes examined. Each forecast reflects the initial conditions found in the forest, the mies of 
change for stand dynamics as defined in the model, and the responses to the interventions made 
as defined in the model. 

The accuracy of a forecast is dependent on the degree to which the initial conditions, the 
stand dynamics, amI the mechanisms of responding to treatment as stipulated in the model 
reflect the reality of the forest. 

5.2.3 The space/time realm of forest ecosystem modelling 

The modelling of forest ecosystem is a mixt ure of biogeochemistry, ecophysiology, and microm
eteorology, one that emphasises the circulation, transformation, and accumulation of energy 
and matter through the medium of living organisms and their activities. Ecosystem analysis is 
concerned less with diversity of species involved than with the contribution that any complex 
of species makes to the transfer of water, carbon, nitrogen, energy, and nutrients within the 
ecosystem. Ecosystem modelling considers not only the flux of energy and matter through the 
forest, but also transformations timt occur within the forest. Forest ecosystems are open sys
tems in the sense that they exchange energy and materials with neighbouring systems, including 
adjacent forests, aquatic ecosystems, and the atmosphere. The exchange is essential for the flow 
of energy and matter. A forest ecosystem is never in complete equilibrium. Although we aim 
at Illodelling forest ecosystems across multiple time and space scales, we initiate our studies at 
the forest stand level, where most measurements and most understanding originate (Aber and 
Melillo 1991). Most scientific understanding of ecosystem processes has been gained from direct 
field measurements and from experiments on small study plots, usually less than 1 ha in site 
over periods from a few days to several years. In scaling terms, we refer to this as the stand 
level. Modelling studies of this sort aim at clarifying the ecological and physiologie al processes 
involved and concentrate on the forest amI not on the spatial heterogeneity of the surroundings, 
or the temporal changcs that forests have undergone or will undergo in the future. Many of the 
major concerns in the use of natural reSOllrces however, are not tractable by use of the spatial or 
time seales applicable at the stand level. Forest management amI large-scale forestry generally 
have an impact on larger and more diverse areas, and it must also prepare for future conditions 
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and ccosystem responses timt rnay result from policies and decisions made at present. Consc
quently, to make a fore sI, ecosystern model more relevant, it is essential thaI, knowledge of the 
pro ces ses at the stand level can be extrapolated in space and be extrapolated forward in time. 
Dir8et studies of large areas or longer time spans are seldom feasible scientifically or economi
cally. Models often represent the only possibility of making such studies. A set of conceptually 
linkcd computer simulation models offers a valid alternative if it can represent the meehanisms 
that couple biogeoehemical processes with the atrnospheric and hydrological proecsses whieh 
affeet the ecophysiologieal processcs in trees. 

5.2.4 Model roles 

Ecosystems are complex, with many variables and stakeholders. Thcy also interact in non
continuous and non-linear ways, and are thus too complex to be deseribed by a fcw cquations. 
In thc absence of a satisfactory cxperience-based method for prcdieting the long-term sustain
ability of forest yields and its impact on biodiversity, we nced to use knowlcdge-based predietion 
systems. Given the necessity of making knowledge-based predietions, aml problems of disconti
nuities in spatial, temporaL and complexity seales, there is a need for an alternative predietion 
system for forestry. Traditionally, predietions of yield have been based on forward projections 
of historical patterns of growth. This "historieal bioassay" approach is very effective if future 
growing conditions are similar to thOS8 in the past, but it lacks the flexibility to make accurate 
yield predietions for a future timt markedly different from the past. Therc are several cases 
in whieh the yield predietion method of dealing with changing future growing conditions has 
failed. The scientific response to these shortcornings of the historical bioassay approach has 
been to develop yield prediction tools in the form of process-based simulation models, thaI, 
provide a good understanding of important ecosystem proeesses e.g. (Mohren 1987, Bossel and 
Schäfer 1989, Kimmins, Mailly and Seely 1999). There are certain limit at ions to the use of this 
type of models as practieal predictors of forest growth ami yield. Many process-based models 
include only a subset of thc important detcrminants of forest growth and yield, and have very 
demanding calibration requirernents. This has tended to limit the application of such models 
in research and education. Hopcfully will these limitations will become less prominent in the 
future as understanding of the processes involved improves. A third approach to growth and 
yield predict.ions is the "hybrid-simulation" type of models, in which the historieal bioassay and 
process-based simulation is eombined through either simulating or calculating various multipli
ers such as light, temperature, moisture, or nutrients that are used to rnodify historical patterns 
of forest growth, or through simulating the availability of resourees (light, nutrients), and the 
supply of these needed to cnable the historie al pattern of growth to reCUL The pattern obtained 
is adjusted then accordancc with the resource limit at ions to growth under higher than expected 
resource conditions,e.g. the FORECAST model, (Kimmins et al. 1999). 

It is important that dynamic models be applied to many difficult environmental and pollution 
management issucs where they can be usdu!. Various problems of the acidifieation of forest 
soils are coupled with other problems. The most important of these are the problems of nutrient 
irnbalance in forest soils ami its impact on forest ecosystems and surface watcrs, of sustainability, 
and of the feedbacks from the inerease in carbon dioxide to the climatc. Nitrogen deposition 
is continuing, whereas the sulphur deposition is presently deereasing. Important couplings 
have not yet been made. The understanding of the systems here and of the responses involved 
which an integrated systems analysis can provide will be significantly different from the answers 
provided by analysing each problem alone, although we are already aware of many of the effects 
that can be shown in this way. Changes in precipitation pattern temperature pattern ami the 
biodiversity are likely to deerease dramatieally. 



5.2. MODELLING THE FOREST SYSTEM 65 

5.2.5 Scaling 

One of the major eompromises in model sealing we are required to aeeept is the need hold 
details to aminimum. This has the advantage of redueing the eomplexity of a model, but it 
requires that one gain insight into whieh ecosystem properties are eritical and then determine 
how they ean be measured, eondensed, and integrated on a progressively larger seale. Problems 
of pattern and of seale are eentral problems in ecology (Levin 1992). IvIoreover, as Levin (1992) 
ernphasised, the seale at whieh a pattern is obscrved is often much larger than the seale at 
whieh the proeess is studied. There are two eornponents to the problem of scaling: identifying 
the seales that are irnportaIlt and produeing an algorithm far relating proeesses across scales. 
There are three dimensions along whieh a scale ean be delined: organisation, time and spaee, 
all of them having two properties: extent and resolution. A reasonable world view envisions a 
hierarchie al system in whieh material causation works upwards and set-point constraints works 
downwards. This view has led to two different approaehes to model construetion. Bottom-up 
models attempt to prediet high-level phenomena on the basis oflow-Ievel processes. Such models 
are deterministic, meehanistic, and process-based, explaining higher-Ievel system performance 
as being the outcome of systems on lesser spatial and time scales. Such explanations can be 
error-prone due to error propagation of knowledge beyone! the scales on whieh it was acquiree!. 
Top-down models attempt to deseribe system behaviour as being the result of relations between 
system variables ami external driving variables (Jarvis 1993). Temporal scaling is important 
as weil, sinee many processes that take plaee are temporal-seale-speeilic, e.g. rapid proeesses 
not being noticeable at longer time perspectives, even if the result of a proeess is obvious. Siow 
proeesses, in eontrast, are not detectable if the time perspeetive is short, and may thus not be 
obvious at all. Accordingly, the ehoice of temporal seale is dependent on which proeesses one 
focuses upon. In the present research project, the ultimate foeus is on issues of sustainability, 
wh ich we have delined as being pro ces ses taking plaee over live forest generation cycles, i.e. 
around 300 years. Not all processes are measurable at this time perspective, which is still very 
short for eertain critical processes such as weathering. As one increases the temporal extent 
of analysis, the spatial seale also increases; events timt oeeur uniquely on a small seale spa
tially occur more quickly than those that occur on seales of larger si",e. In addition, biologie al 
properties covary with spatial and/or temporal scales although the outcome is eomplex, such 
as sealing of plant photosynthesis on ascale ranging frorn biochemical reactions to global pri
mary production. The problem of scaling across spaee from an existing low-Ievcllllodel ean be 
addressed by four different approaehes (King 1991, Hinckley, Sprugel, Brooks, Brown, IvIartin, 
Roberts and Sehaap 1998): Lumping is probably the simplest and most common approach to 
changes in seale. It involves retaining the original mathernatical lllodel, lmt sclccting new pa
rameter values applieablc to the larger seale. An example of this is the "Iarge leaf' approach 
in whieh an upsealing is made from a single-leaf-based physiological model of photosynthesis to 
primary production of the forest canopy. This is the forest modelling approach we have chosen 
for the upsealing of primary production elements. Direct. extrapolation is another approach, the 
moders inherent spatial unit being replicated a suflieient number of times to provide the larger 
spatial seale appropriate information and material flow between units. This is the approach 
we have used in the soi! weathering models. Extrapolating by expected value is a furt her ap
proach timt seales loeal output to a wider region by multiplying t.he area of the larger region 
by the expeeted loeal output. One problem with this approach is that of delining wh ich of 
the loeal outputs to use and how to combine thelll to form an aggregated variable. Finally, 
explieit integration is an analytical solution that requires mathelllatical integration of the loeal 
function over two- or three-dimensional spaec, an approach we used partly in some the Boil 
model approaches. Most. of the models presellted above have been used for scaling from a single 
forest stand to the watershed level by use of direct extrapolation met.hod of replicating the area 
rnodelled over larger areas. Major cfforts have been made in recent years to model spatially 
explicit lands capes involving variable soil, hydrology, plant cOllllllunities, and human impacts. 
These models are cornplex, since they integrate so many non-linear mechanisms and processes. 
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Figure 5.4: A conceptual diagmm of a biodiversity Bystern as it could be handled by a model. 

They are collectively known as process-based, as opposed to individual-based. These models 
usually solve the scaling problem by direct extrapolation, moving from small grid cells to larger 
regions. 

The area our models need to be upscaled to is the southern Swedish region, which has a size 
of approximately 200,000 km2 . Flexibility between upscaling and downscaling of the input data 
and of the model employed is also needed for two major aims of the SUFOR project: supplying 
individual forest owners with a forestry-planning tool and improving methods of regional forestry 
planning. These aims are guidelines when selecting an appropriate grid size. Climate models 
usually use a grid size of 100 km x 100 km, or 250 km x 250 km. The models SAFE and 
PROFILE have been used in grid sizes of 100 m2 up to 150 km x 150 km. 

5.2.6 Different model approaches 

Forest models can be divided into three groups: physiologieal, architectural and mass balance 
based. Models within the three groups are structured in similar ways. A model can also be cat
egorised tree-, stand- or landscape-Ievel oriented. A physiological model has plant-physiological 
relations as its main determining structures in calculations; the model's relations describe in a 
biologically correct way what is happening in the plant or plants. Architectural models describe 
plants or ecosystems by use of a hierarchy of geometrie al models. TI'ees are described as being 
polygons with specific growth characteristics. A mathematical model is thought to predict tree 
or forest development by use of empirical mathematical equations. A model can also be cate
gorised on the basis ofresolution level. Stand-Ievel-based models are constructed on the basis of 
information at a stand level, such as tree density or total basal area. Individual-based models 
describe trees as being unique entities, that become established, grow and die. Landscape and 
ecosystem models take not only trees but also other elements of vegetation into account. 

Succession models or gap models are usually employed for describing ecological patterns and 
pro ces ses of forest dynamics over long periods of time (Liu and Ashton 1995). Gap models are 
used to describe the physiological ami ecological behaviour of trees over time. The lifespan of 
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an individual tree can be divided into three phases: establishment, growth ancl decline to death. 
Tree regeneration can occur through replantation or natural regeneration. In gap models, the 
conventional way to introduce new individuab is from an external seed source (Shugart and 
Noble 19S1). The success of the seeds that are released depends on the site conditions and 
such species-specific factors as seed phenology, seed longevity, dormancy periods, seed dispersal 
mechanisms, the amount of viable seed produced and shade tolerance. A general assumption 
for gap models is that the elimatic conditions are within the framework 01' the degree-day 
concept (Shugart ancl Noble 19S1). The species selected to initiate succession in the model and 
its juvenile numbers are assumed to be chosen stochastically from a specified external source 
(Liu and Ashton 1995). Tree growth is expressed as increase in diameter, height, basal area, 
root weight and crown size. Most models are designed for simulating diameter growth, height 
and basal area can be derived from species-specific functions (Hilt and Teck 19S8). Growth 
rates are strongly influenced by site conditions and by interactions between individual trees. 
The initial gap model of Botkin et al. (1972) assumes the diameter of a tree to increase at a 
maximum rate under optimal conditions. The increase in diameter is influenced by such factors 
as life history charaeteristics, maximum age, maximum diameter, maximum height ami the 
fact that the tree growth is influenced by a tree's abiotic and biotic environment. Mortality 
can be elassified as being regular or irregular. Regular mortality is caused by suppression or 
competition for limited resourees. Irregular mortality occurs due to density independent forces 
such as inseet and pathogen attaek and catastrophic faetors such as hurricanes, floods or fires 
(Liu and Ashton 1995). Irregular mortality is treated in models as being a stochastic process. 
Gap models simulate the mortality caused by suppression, random factors, harvcsting and aging 
(Botkin, Janak ami Wallis 1972). In gap models, the aging mortality for an individual over a 
given period of time is a function 01' the maximum age of the species. Sudden catastrophic 
cvent-mortality is integrated into many gap models. 

In contrast to gap models, growth-yield models often simulate forest prodllction in a shorter 
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time perspective, regeneration by plantation. They usually describe growth rate as being a 
regression function of such variables as site index, basal area and tree density. The site index, 
a measure of si te quality, is gene rally expressed as the expected height of the dominant and/or 
co-dominant trees at a specified age (Clutter, Fortson, Pienaar, Brister and Bailey 1983). The 
primary assumption made is that the factors influencing growth can be integrated into single site 
index (Mcldahl, Bolton and Eriksson 1988) expressing is the outcome of interactions between 
different environmental factors such as nutrient and water availability rather than the envi
ronmental factors themselves. It is used 1,0 evaluate the maximum growth rate or the growth 
potential. The maximum growth is modified by factors such as tree si~e and density. Not 
only the site index but also the competition indices influence growth rate appreciably. Many 
growth-yield models use competition indices to measure the competitive impact of adjacent 
trees, incorporating these competition indices into predictive models for estimating individual 
tree growth. Competition indices are based on such factors as: diameter at breast height, stem 
position or total basal area. The growth functions vary with respect both to the type of func
tion involved and with respect to the variables that are included. Growth-yield models do not 
simulate death duc to aging, since there is no need to do so for timber trees harvested prior 1,0 

senescence. Lin (1974) used a regular mortality rate that varied with the growth space index. 
Another way of modelling mortality is to use a logistic mortality function. There are two ways 
of harvesting, selective harvesting and clear-cutting. Sclective harvesting involves cutting trees 
greater in diameter than some diameter decided or on the basis of some other criterion. Clear
cutting me ans a11 trees being harvested. Death caused by insect pests is a major contributor 
1,0 mortality in managed forests, the use of proportional ha2ard models being a way of dealing 
with this. 

5.2.7 Overview of selected models 

Many models are available, the following not being intended as an exhaustive list or review. 
Rather, it represents some of the models we have used as a source of inspiration and experiences 
in our own efforts at model development. 

JABOWA 

The origin of gap models was a model developed by Botkin et al. in 1972 ca11ed JABOWA. A 
model of the JABOWA family and its ancestor FORET consists of one or more spatial ce11s 
occupying 0.01-0.1 ha. There are many trees in each cell,their spatial arrangement not being 
determined. The model eonsists of sub-models for the growth, mortality amI recruitment of each 
tree and of the available resources. The model is based on current physiological knowledge. It is 
capable of predicting critical features of natural forests. In the JABOWA model, trees compete 
for light, soil water and soil nitrogen. In the growth sub-model of JABOWA, individual trees 
show sigmoid growth under ideal conditions, the final asymptotic size being species-specific. A 
tree's actual growth rate is obtained by lllultiplying the tree's ideal growth rate by aseries of 
species-specific growth modifying functions describing the effects of resource availability and 
climate on growth (Pacala, Canham and Silander 1993). A limiting factor in the model is shade 
tolerance. A tree is placed in one of three shade tolerance classes and is given a specific light 
index. In .JABOWA, Lambert-Beer's law governs the light availability. Most models of the 
.JAI30WA type involve mortality being based on empirical relationships. Resource-dependent 
mortality is initiated when the growth rate slows down to less than 10% of the growth rate 
under ideal conditions. The trees in the model do not produce juvenile trees, but rat her are 
drawn from a fixed list in each iteration. Dispersal and abundance-recruitment feedbacks are 
not included. In some models, the herbivory influences recruitment. JAI30WA II and III are 
two recent vers ions with improved capabilities. 
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Treedyn 

Treedyn is a physiology-based process model. It consists of ten ordinary non-linear different.ial 
equations, one for each st.ate variable. The st.ate variables are leaf biomass, fine-root. biomass, 
wood biomass, fruit. biomass, carbon in t.he forest litter, carbon in t.he soi! organic matter, 
nitrogen in the forest lit.ter, nitrogen in the the soil organie matter and nitrogen in the soil avail
able to the plant. The major processes governing these variables are radiation input, canopy 
photoproduction, respiration, leaf and fine-root. renewal, carboll allocation and increment, litter 
fall, nit.rogen denland and supply, decomposit.ion, and nitrogen mineralisation (Bossei, Krieger, 
Schäfer and Trost 1991). Daily changes in canopial solar radiation, seasonal maximum noon 
radiation input, length of t.he day and temperature are modelIed as time functions. These 
functions are parameterized with regional parameters. The canopy is divided into several leaf 
layers. Thc number of layers is related to the leaf area index, which is determined by the net 
primary photosynthcsis of t.he lowest leaf layer. The full daily photosynt.hesis and respiration 
is simulated to obtain the net respiration rate at any given time. For each simulated time 
of the day, the current radiation over the canopy is determined first. The light received by 
each leaf layer is found by assurning exponential attenuation, the light-extinguishing coefficient 
being species-specific. The currcnt photosynthesis of each leaf layer at the current radiation 
level is then det.ermined from the species-specific net photo-productivity curve. The exponential 
approximat.ion of the phot.o-product.ivit.y curve is parameterized in terms of maximum photo
productivit.y at. light saturat.ion, the light saturation point, light compensation point and the 
dark respiration. 

The current total canopy production rate is obtained by integrat.ing over the leaf layers and 
the hours of the day for a full daily cyele. Respiration of the wood, the fine roots, and the 
fruit, and nightt.ime respiration of the leaves are considered as drainage of the assimilation. 
The wood respiration is related to the sapwood fraction, wh ich is determined by gcometrical 
relationships in the tree. Hierarchical assimilation employed in the model, subsequent alloca
tion being assumed. Respiration needs have highest priority, leaf and fine-root. replaccment the 
second priorit.y. Above a cert.ain nutrient level t.hat. is nceded for incidents, fruitification can takc 
place. If the assimilation reserves are sufficiently large growth occurs. Construction allocation 
is accounted for in these allocations. To avoid excessive nu trient loss through litterfall, a certain 
withdrawal of these nut.rients occurs prior to shedding. Some ca rb on and nitrogen is also lost 
by fruitification aud wood removal. The model deterrnines eurrent nitrogen availabi!ity aud 
compares it with demand. If the full nitrogen demand cannot be met by relocation, uptake and 
fixation, the growth of the fruit and of the leaves and both the increment and the photopro
duct.ivity of the canopy are changed accordingly (Bossel et al. 1991). In the litter composition 
process, a fraction of the carbon in litter is transformed into stable humus compounds, the 
rest departing as carbon dioxide. Nitrogen from the litt er is released at a rate proportional to 
the soil C IN rat.io in the humus. The decomposition ami mineralisation are temperature- anel 
site-depenelent. Only eco-physiological parameters are inclueled in the model. The parameters 
can be divideel into tree-specific, region-specific and scenario parameters. The model has been 
applied to a Norway spruce stand in central Europe under various management regimes. 

FORECAST 

FORECAST NAVIGATOR consists of the ecosystem model FORECAST combined with the 
user-friendly PC-interface Navigator for Windows. The package was developed at the University 
of British Columbia, Canada by Hamish Kimmins ami co-workers (Kimmins ami Scoullar 1994, 
Kimmins et al. 1999). FORECAST is based on t.he former FORECYTE-ll. The model is 
adapted to t.he ecosyst.em level, its being a hybrid bet.ween a process-oriented and a higher-Ievel 
simulation model. It has been applied to Douglas fir st.ands in British Colurnbia, Canada. The 
FORECAST forest ecosystem management simulation model combines a traditional bioassay 
modelling approach with process-based simulation l1lodelling to provide a method for projecting 
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future forest biomass yield and a variety of other eeosystern variables and social values under 
a range of management conditions. The major driving funetion in the model is shade-corrected 
foliage nitrogen efficiency, which in turn is limited by the specific site quality. Prior growth 
records are used 1,0 dcterrnine the site quality. Many of the representations of soil processes 
in FORECAST are simplistic. The model is based on four basic assumptions, which if not 
met, reduce the applicability of the results. The first assumption is tlmt a historical bioassay 
provides the best estimatc available of the growth potential of the species being sirnulated. The 
next assurnption is that the best method to simulate the consequences for growth allocation and 
biomass turnovcr of environmelltal changcs over time is to use data on patterns of alloeation amI 
turnovcr frorn environments with a range of values applicablc to the environment al variables of 
interest. The third assumption is that the initial conditions of the plant comnmnity and the 
soi! can be accurately defined. The last assumption is that the rnethod used to estimate certain 
process rates indirectly from input data pro duces acceptable estimates of these. 

The Pinogram model 

PINoGRAM stands for PINe GRowth Area Model. It predicts the proportions of each individual 
tree within an even-aged stand at a continuously changing degree of interaction with neighbours 
at any given age. The tree coordinates, tree height, crown length amI crown width in several 
directions are calculated amI are drawn. The model also computes classical yield data. It 
does not use data on either tree arehiteeture or forest stand level. The attainable height of a 
tree is determined randomly within a range entered by the user amI is considered as being the 
result of genetic and environmelltal influences (Leersnijder 1992). Height growth is calculated 
by use of an equation that describes the mean height of Scots pine in the Netherlands, which is 
derived from statistic~al measurements of growth. The Pinogram model acts on a level between 
that of the organism and of the eco-unit, the output being expressed in dimensions compatible 
with both. The growth factors used on this level are the genotype, the site and the growing 
space. Eaeh factor consists of several sub-factors and of their interactions. These sub-factors 
are treated as black boxes. 

TREGRO 

TREGRO is a forest model at level of the individual tree. It is a deterministic simulation 
model, which describes the cycle of water, carbon, amI nutrients throughout the forest ecosys
tem (Weinstein, Beloin and Yanai 1991, Tiktak and van Grinsven 1995). The model can be 
classified as being process-oriented physiological model. Atmospheric deposition is considered 
an important boundary condition. Throughfall is another of TREGRO's boundary conditions. 
Soil water transport is numerically integrated by means of a sub-model which includes Richard's 
equation. In addition, TREGRO includes a module for the simulation of macro-pore water flow. 
Solute transport is calculated as the product of soi! water flux and chemical concentration. Evap
otranspiration drives the uptake of water ami nutrients and reduces the leaching of water and 
solutes. The conductance of the forest canopy is explicitly modelIed by the Penman-Monteith 
equation. The stomatal conductance needed as a function of time is derived from the net pho
tosynthesis, the vapour pressure deficit and the foliar water status. The root water uptake flux 
is simulated by use of the hydraulic conductivity of the soi!, the average distance from the bulk 
soil 1,0 the root surface and the hydraulic gradient from the bulk soi! to the root surface. The 
average distance from the bulk soil to the root surface is calculated from the fine-root density. 
Although the tree growth relations considered are physiologically based, they are often lumped 
together. The boundary condition for the model is that of carbon avai!ability. The daily canopy 
photosynthesis is cakulated by integrating the carbon assimilation over a number of layers in 
the canopy, over a numbcr of ages of leaves, and over the course of the day. The photosynthesis 
rate is calculated from ratio of the carbon dioxide concentration in the air to timt in the leaf 
interior. Thc rate of carbon fixation is proportional to the ratio of the conductance of the carbon 
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dioxide flow into the leaf at. t.he st.omat.a, to timt at. the eell membrane. Respiration is divided 
into maint.enanee respiration and growth respiration. Maintenanee respiration is dependent. on 
the temperature. lt. is proportional 1.0 the earbon content and dry weight of each eompart.ment 
eonsidered. Growt.h respirat.ion is the eost of the mnversion of glucose int.o st.ruet.ural biomass. 
Growth respirat.ion is calculat.ed from knowledge of t.he biochemical eomposition and is esti
mated as a fixed fraction. When maintenanee respiration becomes greater than photosynthesis, 
the needles fall. Low magnesium cont.ent in the needles rednees photosynthesis. Carbon and 
nu trient alloeation is calculat.ed on a daily basis. A pool of non-struet.ural earbon reserves is 
available for bud flush amI repair needs. Respiration needs must be met. bcfore assimilates 
ean be alloeated to growth or t.o non-structural earbon storage. The leaves have first aceess to 
assimilates. Although the tissue of highest priority is given first opportunity to use the carbon 
available, growth is limited by a maximum daily growth rate whieh ean be obtained from the 
allometric relationships that. are measured. Nutrient allocation is mainly the opposite of car
bon allocation. The fine roots have first aecess 1.0 the nutrients. Alloeation is influenced by t.he 
environment al eonditions, whenever a resource is scaree. The fOot uptake is modelIed meehanis
tic:ally. Root density, root geometry ami root function are aecount.ed for by assigning a voillme 
of soil to the individual root. TREGRO contains a sub-model for the transport. and exchange 
phenomena, oc:curring at root level (Tiktak, Bredemeier and van Heerden 1995). It. takes into 
consideration air pollut.ants sueh as ozone. Ozone is modelIed as injuring the mesophyll cells 
when above a eert.ain level. 

FORGRO 

FO RG RO is a stand level physiology-based earbon-balance model of forest growth. U sing a time 
step of one day, 150 yem long suecession modelling can t.ake plac:e. The biomass of a stand is 
represent.ed in the model by the total dry weights of foliage, branches, stems ami roots. The root 
biomass is separated int.o fine and marse roots. The model calclllat.es the stand characteristics 
and the yield of the grollnd surface area (Mohren, Bartelink, Jorrist.ma ami Kramer 1993.). The 
leaf area index is ealculated from the total foliage dry weight. The foliage of eonifers is divided 
into 10 different age dasses. Canopy assimilation is estimated from the photosynt.hesis rate of 
individual leaf layers inside t.he eanopy. The gross photosynthesis for different leaf layers in the 
eanopy is ealculated by use of a negat.ive exponential eqllation, t.hat describes the relationship 
between the photosynthesis per unit. of leaf surfaee amI t.he amount of photosynthetieally active 
radiation absorbed. The photosynt.hesis rat.e decreases with increasing needle age. Dailyeanopy 
assimilation is modelIed by integrating the photosynt.hesis-light response eurve over the leaf 
layers in the canopy allCl over the day, Ilsing a Gaussian integration scherne. Growth respiration 
is det.ermined by the approach of Penning de Vries, in which three biosynthetic pro ces ses are 
assumed to be associated with growt.h: the conversion of glucose into organie components, the 
translocation of assimilates 1.0 the growing site, ami the redllction of t.he nitrogen, as part of 
protein synthesis (Penning de Vries, Jansen, ten Berge and Bakema 1989). The efficiency of 
conversion from assimilat.es t.o dry matter can be ealclllat.ed from knowledge of the biochemieal 
eomposition of the structllral biomass. In t.he model is it assurned thaI. maintenance respiration 
is linearly related to the mineral ami the nit.rogen content. lvIaintenance respiration has been 
fOllnd to increase exponent.ially wit.h the temperature (Penning de Vries ei al. 1989). The dry 
weight. of the stern is eonverted int.o stern voillme, Ilsing the average densit.y of stemwood. The 
increment in stem diameter is calculated from a taper function or germine volume funetion, 
using such parameters as form, height and volume increment of the stern. Phloem and bark 
are ineorporated into the estimate of the dry weight of the stern. The tree eharaeteristics 
that are calclllat.ed are for an average tree in a forest. st.and. The abilit.y for thinning is also 
incorporat.ed int.o the model. The photosynthetie alloeation to variolls biomass components 
and tissues is an important process in whole-tree carbon balance models. Allocat.ion to various 
parts of the t.ree is simlliated by use of an empirie al distribution key. Fixed sets of assimilate 
distribut.ion fllnctions are applied. Forest hydrology is included in the model through keeping 
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track of the soil moisture on a day-to-day basis, distinguishing betweell different soil layers. 
The soi! moisture is depleted by root uptake, whieh in turn is determined by transpiration, and 
it is replenished by infiltration of the nct preeipitation. Leaching to deeper soil layers oecurs 
when the soil water eontent exceeds the field capacity. Uptake by roots is decreased when soil 
moisture content approaches the wilting point. Interception loss is estimated by subtraeting 
an amount of canopy interception determined by the leaf area index, LAI. Transpiration is 
deterrnined using a Penman-Monteith evapotranspiration equation, the stomata 1 conductanee 
being derived from the net photosynthesis and the vapour pressure deficit of the air, and foliage 
water status being determined by the eombination of water loss through transpiration, soil 
water availability and tree water uptake. The effeets of gaseous air pollutants are modelled 
on the basis of experimental results eoncerning their infiuenee on physiological process rates. 
Minimum and maximum requirements for the uptake of nutrients are calculated by taking into 
ac count the minimum requirements of new tree tissue that is formed and of reallocated amounts 
of dead tissue nutrients. Nutrient uptake is modelled with help of the HuLrient eoncentration 
in the soil, the root architecture and the root functioning. Transport and exchange phenomena 
are modelled at the rhizosphere level. FORGRO has been applied 1,0 the German Solling spruce 
site for evaluating the effects of air pollutants on spruce forests (Mohren et al. 1993.). 

Forest-BGC 

FOREST-BGC (Forest-Dio-Geo
Chemie al simulation model) is a 
model developed by Steven Run
ning and collaborators (Running 
and Gower 1991). t origi
nated as a stand-level model 
of forest biogeochernical cycles, 
and is designed for multi-seale 
applications to explore ecosys
tern interaetions. The model 
has both daily and annual time 
steps, recognising differences in 
the responses of different ecosys
tem processes. Hydrologie and 
eanopy gas exchange processes 
are calculated daily, whoreas 
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Figure 5.6: The BGC family of ecosystem simulation models. 

eeosystem carbon anci nitrogen processes are eomputed annually. Different tree species are not 
explicitly identified, although speeies-speeific physiological characteristies ean be represented. 
Geometrie complexities of different tree canopies are reduceel to simple quantification of the sum 
of allieaf layers as the leaf area index (LAI). Internal tree physiological pro ces ses such as carbon 
anel water transports are sirnplifieel. The below-ground root system and soil processes are also 
treated in a simplified way to reduce the requirements on data. Only standard meteorologie al 
data, such as daily maximum and minimum temperature and precipitation are needed. SOllle 
parts of FOREST-BGC has been thoroughly tested, partieularly the hydrologie anel carbon 
cycle cornponents (Korol, Running and Milner 1995). An interesting aspect of model, which it 
shares with the next model PnET, is the existenee of exteneled versions of it, in which the moelel 
has been upscaled in time, viz. mOME-BGC (Running anci Hunt Jr. 1993) and the spatially 
scaled RHESSys (Band, Patterson, Nemani and Running 1993). The spatial up-scaling in par
ticular makes it possible to apply the model at alandscape level, with broael-scale data input. 
A global model has also been derived from the FOREST-BGC model: GESSys (Waring and 
Rurming 1998). 
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PnET 

PnET is a lumped-pararneter model of carbon ancl water balances in forests. It was developed 
on the basis of two principal relationships: the maximum photosynthetic rate is a function of 
the foliar N concentration, and the stomatal eonductance is a function of the realised photo
synthetic rate (Aber and Federer 1992). Monthly LAI, and carbon and water balances are 
predicted by combining these relationships with standard equations describing the light atten
uation in canopies ancl photosynthetic response in diminishillg intensities of radiation, along 
with the effects of soi! water stress and of vapour pressure deficit. The model is developed in 
Visual Basic and has a user-friendly interface. Several versions uf PnET has been developed 
for different purposes: PnET-Day, PnET-lI, PnET-CN, PnET-CHESS, whereof the last three 
mentioned operates with a monthly time-step, ami have no specified spatial dimension. CHESS 
is a soil chemistry model developed by Santore and Driscoll (1995). The soil pro ces ses in PnET 
are represented in a simplistic way. PnET-Day uses foliar mass, specific leaf weight, foliar N 
concentration, temperature and radiation flux to predict daily gross and net photosynthesis of 
entire forest canopies. 11, has been validated against daily summaries of eddy-correlation carbon
balance measurements from the Harvard Forest (Aber, Reich and Goulden 1996). PnET-lI adds 
carbon allocation ami respiration terms, as well as a full water balance to predict NPP, transpi
ration and runoff. Empirical soil respiration terms permit the prediction of the total ecosystem 
carbon balance nnder ambient conditions. This version has been validated against annual 
NPP and monthly water yield data from the Harvard Forest and Hubbard Brook ecosystems 
and is used to predict the combined effects of climate change and increased atmospheric CO2 
on these processes (Aber, Ollinger, Federer, Reich, Goulden, Kicklighter, Melillo and Richard 
G. Lathrop 1995). PnET-CN adds compartments for woody biomass and soi! organic matter, 
as well as algorithrns for biomass turnover and of litter and soi! decompositiun to permit the 
calculation of complete carbon ami nitrogen cycles. This version maintains the predictions of 
NPP and water balance used for the validation in PnET-II, and also compares well with field 
data in predicting the total annual, mean seasonal, and actual time series rates of nitrate loss 
in streams (Aber, Ollinger and Driscoll 1997, Aber and Driscoll 1997). An additional version 
of the model (PnET-BGC) is under development. 

FORSANA 

FORSANA is a tool for estimating major pools and fluxes uf carbon, nitrogen and water within 
a forest, including the trees, the ground vegetation ami the rooted soi!layers (Grote and Erhard 
1999). Only broadly avai!able forest inventory data are required as initial stand variables. For 
the soil data, information about the profile is needed, which can be obtained from soil mappings 
or on the basis of standard soi! properties for specific types of soil profiles. Daily climate data 
are used as driving variables. Nitrogen deposition and air concentrations of S02 can also be 
used as optional inputs. The forest stand itself is assumed to be homogeneous horizontally. 
All information is scaled upwards from average stems to the stand area. The canopy and the 
rooted soil are divided into horiwntal layers, characteri:.led by their specific leaf and root mass, 
respectively. For the soi!, the thickness of the layers is derived from the soi! profile of the site, 
whereas the canopy layers are of equal thickness. The aboveground parts of the herbaceous 
vegetation are modelIed as aseparate layer of foliage beneath the canopy ami share a number 
of initialised soi! layers with the tree roots. FORSANA was developed within the framework 
of the project SANA ('Sanierung der Atmosphäre über den neuen Bundesländern'), which was 
launched in 1993. The dai!y processes were verified by field measurements from three sites, 
different in age ami pollution history, the verification of stand development was done with the 
use of inventory data (Grote, Erhard and Suckow 1997). 
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5.3 The Integrated ForSAFE model 

The review we eoneluded of different models led to many new ideas and inspiration concerning 
how to bui!d the FarSAFE model, the model specially tailared far many of the SUFOR Pro
gramme's specific questions. It was realized that present models either focus on growth and 
biotic pro ces ses , largely ignaring geoehemistry and soil chemie al conditions, ar foeus on soi! 
chemistry and tend to treat growth and biotie processes superfieially. None of the models sur
veyed actually had a good balance, and many of them were used by simply calibrating essential 
parameters. Both the lack of balance between foei and the somewhat uncritical calibration rou
tines were feit to bc a problem and to be a severe obstaele for a-priori predictions based on first 
principles. Thus, the deeision was made to develop ForSAFE. Different version of the PnET 
and FORSANA models in particular were useful, since the souree codes were easily avai!able 
and the authars of these models were very open to co operation and to disCllssions on further 
developments. The philosophy was to take good parts of these models and eombine them with 
the best parts of our own models, fitting them together into a single soi!-tree model system. 
Some parts were missing and these needed parts had to be developed speeifically for FarSAFE. 

The FarSAFE model consists of several sub-models, some of which have existed far some 
time as separate models, partieularly the soi! chemistry model SAFE. Models eurrently being 
developed are a browsing model, the decomposition model far soi! arganic matter DECOMP, a 
model far growth and a soi! profile hydrological model based on a suceessful earlier model, the 
PULSE variant of the HBV model (Bergström 1991). The following is a list of the sub-models 
contained in FarSAFE: 

1. The growth sub-model: 

(a) Tree growth (prineiples taken from PnET (growth drivers) and FORSANA (alloeation 
to tree compartments, age coharts and stem diameter dasses )): far stemwood, leaves, 
litterfall, and roots 

(b) Nutrient allocation (principles taken from PnET and FORSANA) 

(c) U ptake processes for base cations (Sverdrup-Warfvinge critieal uptake concept, in
eluding thc BC / Al retardation functions) 

(d) U ptake pro ces ses far nitrogen 

2. SAFE: 

( a) Ion exchange 

(b) Soil solution equilibria 

(c) Chemie al weathering 

(d) Soil nitrogen transformation processes 

i. Denitrification: Sverdrnp-Ineson concept 
ii. Nitrification: Michaelis-Menten kineties aecording to Sverdrup-Warfvinge 

3. DECOMP: 

(a) Deeomposition of organic matter 

(b) Release of ni trogen 

( c) Release of dis sol ved arganie car bon 

(d) Nitrogen immobilisation 

4. The stress sub-model: 

(a) Soi! acidity: BC / Al concept 
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(b) Ozone, dose-response regressions, AOT 

(c) Root rot 

(d) Frost 

(e) Drought. 

(f) Insects and pest.s and their effects 
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5. The biodiversity models (FORSAFE-VEG, SUMO-MOVE, BIOSYS): A general biodiver
sity model is envisioned, but the basic concept and the scope of the model are still under 
development. The model will take account of insects found on dead wood, tree species 
found in the landscape and the ground vegetation classes that may be functional. 

6. The hydrological model for a soi! column with optional number of layers adapted from the 
HBV /PULSE-model 

7. The wi!dlife-browsing model: A forest. browsing model which includes natural regeneration 

(a) Regeneration feedback 

(b) Fauna populat.ion dynamics and impacts of hunting 

The decomposition of soil organic mat.ter is an important process that contributes to the soil 
development. processes and to the acid-alkalinity balance in the soil, besides being of great 
importance for the recycling of carbon, nitrogen and nutrient salts in thc ecosphere. The pro
cesses involved have important implications for such matters as global climatc change, forest 
management practice, soil podzolisation, acidification processes and soil conservation. Inte
grated soi! chemistry models for calculating soil acidification and lake, stream, groundwater 
and forest sai! acidification sensitivity have been developed for the Swedish Environrnental Pro
tection Agency. The steady-state PROFILE model (Warfvinge and Sverdrup 1991, Sverdrup 
and Warfvinge 1992) is being used as one of the tools to map criticalloads for streams and for
est soils in 15 different European countries. SAFE, the dynamic version of PROFILE, is being 
applied to different. Sweelish fielel research sites, for assessing t.he effects of future acid deposit.ion 
scenarios. SAFE will be modified through biomass decomposition and forest. growth pro ces ses 
bcing incorporated into it. in greater detail, so as to describe the effects of acid deposition, forest 
management practices, podzolisation and soi! genesis on the ecosyst.em. SAFE and PROFILE 
differ from all other models in the weathering rate and t.he production of base cations from 
this process not being subject t.o the usual calibrat.ion procedures, but being calculateel explic
itly from the soi! mineralogy and first principles. Several carlier soil and water acidification 
models, including a soi! biomass decomposition module, are known: ILWAS (Chen, Gherini, 
Hudson and Dean 1983) and its derivate NuCM (Johnson, Swank anel Vose 1993, Johnson, 
Binkley and Conklin 1995), RESAM (de Vries and Kros 1989) and SOIL-N (.Jansson 1991). 
The present approach is based on the Walse-Berg-Sverdrup concept (WaIse 1998) and several 
on new developments. 

Devcloping the dynamic forest. ecosystem model ForSAFE is a process that. will comprise 
five major steps, the first t.wo of which have already been carried out. The different steps are: 

• Finding a suitable forest growth model. 

• Merging it with the DECOMP model. 

• Adding new models amI changing undesirable sub-models in the forest growth/DECOMP
model. 

• Merging the forest growth/DECOMP model with the SAFE model. 

• Adding to sub-models for e.g. economic calculations amI wildlife influence. 
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Figure 5.7: Str'udural view of the model system. 

Carhon sequesfralioll 

Further developments oI ForSAFE, beyond what is mentioned above, would include development 
of a spatial version and of a tool for uueertainty analysis of the output data of the model. 
Although in ForSAFE the soil module consists of the SAFE and DECOMP models, the soil 
model in is ignored here since SAFE is considerec! better suited for simulating the soil chemistry 
inside ForSAFE. 

5.3.1 Finding a forest growth model 

Four different eriteria for a forest growth model to fit in the ForSAFE model eouglomerate were 
established: 

• The model should be based on physiologie al processes and be driven by climate faetors 
anc! tlms respond to climatic aud nutritional ehanges. 

• The time and spaee seales used should meet the modelling conditions statcd by SUFOR. 
The initial conditions for the SUFOR modelling task were those of a 300-ycar time horizon 
on the temporal seale and the stand level on the spatial seale. 

• The model should, insofar, require only the standard climatic input data measured at any 
weather station, and the parameters ShOllld be easy, or at least not costly, to obtain. 

• Thc model should be transparent in a modelling sense, and use of the source code should 
be without restrietions. 
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After a thorough survey of several different forest growth models, various of which were men
tioned earlier in the chapter, the choice was made for the PnET-family of models, also deseribed 
earlier in this chapter. The CN-version (where CN stands for carbon ami nitrogen) of PnET 
satisfies most of the conditions above. PnET is based on the assumption tlmt maximum pho
tosynthesis. which in itself is driven by climatic factors, of course, is a function of the foliar 
nitrogen eontent. The PnET-model uses foliar nitrogen concentration to calculate maximum 
instantaneous rates of gross and net photosynthesis which are then reduced for sub optimal tem
perature, radiation, and vapour pressure deficit (VPD). Sincc the CN-version also has closed 
loops for both carbon and nitrogen, as weil as water, it clearly meets the first criterion. The 
temporal seale of a model timt is to simulate over a time-horizon, such as in the SUFOR-project, 
is very important. Too short a simulation time-stcp requires large, cumbersorne and hard-to
get indata files, the aetual runtime of a simulation bcing, of course, mueh longer. There are 
climate generation modeb tlmt generate daily climate data files from monthly average values, 
but it seems pointless to introduce still Illore uncertainties in a moelel, aggregation analyses 
also suggesting that mean monthly climatic data will do niccly (Aber et GI. 1995). On the 
other hand, if the time-steps are too long, the model does not consieler even seasonal dynamies, 
something thaI, undoubtedly will be important in future clima.te change scenarios. Accordingly, 
a monthly time-step was considered appropriate für the task. On a spatial scale, PnET is de
signed for the stand-to-small-watershed level. There is also aversion of PnET that inclueles 
spatial distribution, but since there is no connection between two contiguous grids, these do not 
affect each other. PnET requires monthly average data on maximum and minimum tempera
ture and monthly sums of precipitation and photosynthetically active radiation (PAR). PAR, 
or even global radiation, is not a standard measure at most weather stations. Nevertheless, 
PAR can easily be derived from global radiation measurements (Aber and Freuder 2000) , and 
global radiation can be estimated fairly weil from sunshine duration (Grote and Suckow 1998). 
Slightly less than 50 parameters were needeel to run PnET-CN in its original version. A few 
of them are species-specifie, others are site-specific anel still others are both site- and speeies
specific. Many parameters, however, are specific for a forest type, deciduous or coniferous (Aber 
et GI. 1995, Aber et GI. 1997). The site- and site/species-specific parameters are usually fairly 
easy to obtain or elerive from general forest inventory data. The core of PnET is largely based 
on recogni7,ed physiologie al relationships ami processes, which makes it transparent and rela
tively easy to grasp. Since the disturbance and climate/pollution change scenarios are critical to 
PnET-CN, care should taken in developing them für a new site. When this crucial work is elone, 
the model works uncalibrated, however. PnET is an open model, the results, data files, compiled 
program files ami source code are all being made available free of charge to anyone interested 
in working with or modifying the model. The model ean be downloaded from, anel the PnET 
statement of open development can be read on the Internet, http://www.pnet.sr.unh.eduj. 

5.3.2 Merging PnET, SAFE and DECOMP 

As mentioned before, there are several ways to model forest growth. One way is the old statistical 
way in which one look at a number of species- and site-specific variables and compares them with 
growth records. Such modelling methods work fairly weil when the climate anel soil conelitions 
are constant. They eannot take account of climate change, nutrient depletion or increasing 
deposition however. Another way to model forest growth is the physiological way, in which one 
tries to elescribe every process in the plant in detail. This kind of model is usually very complex, 
difficllit to grasp, slow 1,0 run anel neeels much detailed input data. A third, and in the present 
case preferred, way of Illodelling forest growth is a so-called hybrid moelel. A model of this kind 
cornbines the two models just mentioned above without having their disadvantages. This is 
driven by statisticalor empirieal data anel the predi(:ted growth is based on the simulation of the, 
for the purpose, most irnportant processes. This provides a model with a believable foundation 
thaI, is still flexible in the face of change (KiIIlmins 1997). A forest growth model is also a 
quest ion of scales, both temporal and spatial, sec Fig. 5.6. The rates of the processes in a forest 
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ecosystem vary, depending on the spatiallevel one looks at, from minute~ for the photosynthesis 
rate to decades and even centuries for large-scale changes in a forest landscape. Thus, a forest 
growth model has to be multi-scaled in both time and space (Waring and Rllnning 1998). 

As a first step in the construction process of ForSAFE, PnET and the decomposition model 
mentioned earlier developed by Waise et al., henceforth termed DECOMP, were merged into 
a single model, termed PnET-SUFOR. Since decomposition in itself is a very important part 
of the carbon ami nitrogen cycles in a forest ecosystem, the two models were not combined or 
linked to each other, hut DECOMP was actually programmed into PnET-CN as a subroutine. 
Since DECOMP was designed to be integrated in the SAFE soi! chemistry model, it has many 
simplifications in common with SAFE. The most important are (Alveteg 1998): 

• The soi! is considered to be aseries of continuously stirred tank reactors in which each 
tank reactor represents one soi! layer. 

• It is assumed tImt all changes in physical ami chemical characteristics with depth are 
discrete. 

• The water fiowpath is assumed to be downwards only. 
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DECOMP require, as it stands at prescnt, four different input variables: soil pH, soi! temper
ature, soil moisture content alld litterfall. In order to not increase the amount of input data 
needed, a goal was to have the climatic input used in PnET somehow generate input data to 
DECOMP. PnET is a forest eeosystem model that concerns mainly aboveground processes, 
without any soil chemistry being bui!t in. At present, the soil pH and solution chemistry of 
all four soil layers need to be found in the input data file together with the climatie data. In 
ForSAFE, the soi! chemistry is calculated using SAFE. In SAFE and DECOMP, all processes 
are formulated as differential equations. In PnET and some of the other models we have been 
inspired by, this is not the case, their having been formulated as update equations or difference 
equations using uniform timesteps. The aim is to eventually have a11 the process descriptions 
converted to a differential form for better numerieal handling and better generality of the model. 

Modelling of ForSAFE internal variables 

The driving variables in physiologieally based models such as PnET ami ForSAFE are the 
climatie variables. An exposition of the employed approaches that link the three sub-models in 
ForSAFE to eaeh other is in its plaee. 

Temperature Temperature is important to almost a11 chemie al and biologie al proeesses. In 
the ForSAFE model deeomposition and weathering are two important temperature dependent 
processes. To determine whether the decomposition sub-model is sensitive to aggregating mean 
daily soil temperatures to obtain mean monthly values, a soil temperature data set with data at 
five different deptlls on a half~hourly basis was employed. The half-hour values were aggregated 
to daily and monthly averages. DECOMP was programmed in FORTRAN95 and was run with 
a11 the other input data held constant at typical early average values for Asa Research Park. 
The results showed monthly calculations to give considerably higher mass-loss rates on a yearly 
basis than daily calculations did. When the calculations were performed using a daily time-step 
but employing the monthly average value used every day of that a given month, there were only 
very small differences between the mass-loss rates generated by the daily and the monthly data. 
There are numerous soi! temperature models available, which calculate soil temperature at a 
given depth from air temperature (Grote and Suckow 1998). Many of them are complex and 
heavily laden with parameters, pertaining to physical relationships, most of them using a daily 
or an even sm aller time-step, and are for both these reasons not useful in ForSAFE. A simpler 
but nevertheless useful way to simulate soil temperature on a monthly basis is to consider the 
soi! temperature to be a damped and lagged reflection of a moving average of air temperature 
(SandEn and Warfvinge 1992). Mathematica11y, this ean be described as folIows: 

T(t ) = IX - Z . (T.aiC ('t _ T.aic) . _z_) IX - Z . T.air IX - Z . T,l'ir 
., Z D . Z t + t IX _ Z + D. Z t-I + ... + D. z t- :;~o, (5.1) 

where T(t, z) is the the air temperature at depth z on day t, 't is the long-term average air 
temperature, D is the number of days in a year and IX is an empirie al constant. The soil tem
perature is also moderated by the vegetation cover and by the forest floor. The tree canopy and 
the forest floor protect the soil from exeessively high summer temperatures through intercepting 
solar radiation and through reducing the loss of he at during the winter. Since the water in the 
soil is the main heat eonductor the soil moisture eontent is very important. During aperiod of 
drought, the water conte nt of the forest floor becomes very low, thus insulating the soil beneath. 
This is especially true if the forest floor consists of porous material, e.g. if there is a thick 
litter layer and/or a moss layer on top. This is not yet aceounted for in the present version of 
ForSAFE. The influenee on soil temperature of a snow eover is acconnted for by a routine timt 
adjusts the average air temperature to which the soil is exposed in terms of the thiekness of 
the snow cover. The routine by suggested by Sanden and Warfvinge (1992) is involved here. It 
assumes that 0.5 cm water equivalents of snow cover insulates the soil underneath tota11y and 
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that a tlünner snow covcr has less damping cffect if air tcmpcrature is below freezing (since 
the density of snow varies considerably with the conditions it is difficult to state the actual 
thickness of such a snow covcr, but for typical Swedish cOllditions this would be around 5 cm 
of dry snow). If a snow cover is totally missing and the air temperature drops bclow O°C, this 
would me an the soi! temperature dropping below freezing, at least in the upper layers, and soil 
frost forming. This is not taken ac count of in ForSAFE. However, since the soi! temperature 
data from Asa Research Park show that the soi! temperature only rarely falls below freczing, 
even at 10 cm in dcpth, this is not considered to be a problem. Tempcrature reconb are usually 
easy to obtain, most of them contain both maximum and minimum tempcratures. ForSAFE 
requires averagc daytime and nighttimc temperatures. Thcse are calculatcd from maximum and 
minimum values (Running, Ramakrishna and Hungerford 1987) as folIows: 

(5.2) 

T avg = T max _ 0 29 . (yrnax _ T min ) 
an'day alT • (111' a'17' (5.3) 

T avg . = Tavg _ (Tavg _ Tavg) 
atTn~ght air aZT day atr 

(5.4) 

Radiation The sun is thc source of energy for trces ami for the hydrologieni cyclc. The 
allllmnt of ellergy that reaches a given spot on earth is dctermined by four faetors: the solar 
output, the distance from the sun, thc angle to the sun and the length of the day. Global 
radiation data from weather stations usually comes as the sum of the radiation per time unit, 
MJj(m2 ·day) or MJj(m2 ·month). Not all of the radiation that rcaches the biosphere is used by 
plants for photosynthesis, but only the photosYllthetically active radiation (PAR) in the wave
length range of 0.4-0.7 J1m. The photosynthesis routine in ForSAFE requires radiation inputs 
as PAR ~Lmolj(m2·s). A eonvcrsion equation derived by Aber and Freuder (2000) and Ollinger 
et al. , (1995) is employed. Thc length of the day needed in these ealculations is calculated 
employing an equation suggcstcd by Penning de Vries ami Laar (1982). The length of the day 
depends on the latitude and the declination of the sun angle, which in turn is a function of 
the season (Spitters, Toussaint and Goudriaan 1986). There are also routines avai!ablc for 
calculating PAR from sunshine duration only, if necessary (Grote and Suckow 1998). The 
routine for light absorption in thc canopy makes use of the Beer-Lamberth law (Monsi and 
Saeki 1953): 

(5.5) 

where I i is the radiation at level i, 10 is the the radiation at the top of the canopy, k is the light 
attenuation coefficient and LAIi is the cumulative leaf area index above level i. The calculation 
of light absorption in the canopy is implementeel in thc same way as in the FORGRO model 
(Mohren 1987). This model separates direct radiation from diffuse radiation anel distributes it to 
sunlit anel to shadeel foliage, respectively. The light attenuation coefficient is calculated for cach 
fraction of the radiation separately, since these fraetions change with total raeliation anel eanopy 
depth. A cluster factor is introdueed since foliage is structured according to the branchiness 
of the trees, and it is calculateel using species-specific parameters (Oker-I31om, Kaufmann ami 
Ryan 1991). 

The soil water sub-model Soil moisturc content is important for all processes that occur 
in the soi!: biological, chemical and, as mcntioned above, physical. Thc fact that the soil 
water content affects both the weathering proeess and the decomposition proecss, both directly 
through the mass-loss-rate-regulating relations hip parameterized by Waise et al. (1998), anel 
inelirectly through its effect on the soil temperature, rnakes it very important to moelel the soil 
moisture as correctly as possible. In the original PnET-CN model, the soi! is consielereel to be 
mono-layered and to have the same characteristics throughout the layer. That might provide 
a satisfactory picture of forest ecosystems of shallow to moelerate soil elepth and with bedrock 
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underneath. In other forest soi!s, where the soi! characterist.ics can change considerably with 
depth, a somewhat more det.ai!ed hydrology sub-model should be employed. Sinee the soil wat.er 
flow is an import.ant. factor in t.he SAFE model too, t.he idea of implementing a simple vertical 
hydrology model in ForSAFE seems appropriat.e. The standard configuration of SAFE normally 
uses 3 or 4 soi! layers, dictat.ed mostly by the propert.ies of the majorit.y of Swedish soi!s. Sinee 
the hydrologic:al properties of t.he litter layer and of the humus layer are very different from 
those of the mineral soi!, the organie layers should be t.reated separately from the mineral soil 
layers. 

When modelling soi! water movements on a monthly basis one is never able to capt.ure 
the fast dynamies eontained in t.he water eyde. Two or three days after a rain storm, most 
Swedish forest soils are drained and are at field capacity again. Since one only has mont.hly 
dat.a t.o work with one does not know whether the precipitation reported eame as one big 
storm involving heavy rainfall or as seattered, light showers during most of the days of the 
month. One way to deal with this is to apply a pseudo-daily time step, tlmt. is to distribute 
t.he summarized precipitation evenly to each day 01' the month, and to t.hen ealculate the water 
balance daily, but. this approach fails to reflect the fast dynamics of the water cycle needed in the 
decornposition sub-model. This is avoided in t.he ForSAFE model by employing an algorithrn 
where the precipitation falling during a month is distributed over the days in accordance with 
a pattern established by empirical observation. The exact day in the month of hard rain is not 
so important as the number 01' days it occurs and to what extent, as weil as the number of dry 
days. The latter approach showed significantly bettel' performance when simulating with t.he 
DECOMP model than the former. 

The soil water sub-model employed in ForSAFE is a simplification of the PULSE model 
(Bergström 1991). Certain relevant terms can be defined as folIows: 

• Wa.teT holding ca.pa.city (W HG) or field ca.pa.city: the soil water remaining after long-t.erm 
free drainage. 

• Wilting point (W~VP): the water content of the soil that plants eannot utilize. 

Water transport in a layer only takes place if the water content (W) in the soil layer is 
greater than field capacity. The change in t.he water content over time, in view of plant uptake 
(U), soil evaporation (E) and infiltration by percolation from previous layer, (Pin ), is deseribed 
by a differential equation: 

d 
-d W = Pin - U - E - Pont 

t 

where t.he downward percolatiorl Pont is: 

( 
W-W~)P )ß 

Pont = P;n' W HG _ W~wp 

(5.6) 

(5.7) 

ß is an empirical model constant. E being zero if the layer is furt.her down in the profile than the 
assumed evapotranspiration depth, ZE. Infiltration by percolation from layers above is assumed 
zero at temperatures below 0 °C. When the air temperature is negative, precipitation is stored 
as water equivalents in a snow pool. The release rate from this pool is a function of the average 
air temperature (Weise ami Wemlling 1974). 

(5.8) 

Melt water is added to t.he uppermost soi! layer. If the precipitation beneath the canopy is 
insuffieient to rneet the demands of potential evaporation, water down to a certain depth is 
taken up from the soil. Water vapour pressure deficit, V PD, is needed in order to calculate the 
evapotranspiration. 

VPD = Vpsat - VP (5.9) 
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The saturation water vapour pressure in the air, V p sat , is calculated from (Murray 1967) 

( TaVg) 
17.2694. at1'day 

Tflvg 27~ '~ Vp"at=6.1078.e (aHdag+ ,,) (5.10) 

There are several methods of calculating the the evapotranspiration: hydrologie, climatological, 
micrometeorological and combinations thereof (Rosenberg, Blad and Verma 1983). Both thc 
Penman-equation, wh ich is a combined method, and a modification of it by Montieth are widely 
used (Rosenberg et ai. 1983). It is not trivial to employ this type of equation (Bengtsson 1997). 
Many equations of this sort have been derived and parameterized for agricultural crops of fairly 
homogeneous character (Ventura, Spano, Duce and Snyder 1999), Forest are generally more 
heterogeneous than this and the parameterization of them is difficult (Rosenberg et al. 1983). A 
simpler approach is used in the PnET-model family (Aber and Federer 1992, Aber et al. 1996). 
A constant fraction of the precipitation is intercepted and evaporates; this includes both rain 
interception evaporation and sublimation from snow in the canopy and at the ground level. 
The rest is put into the available soi! water pool. Transpiration is calculated on the basis of 
water use efficiency (mg carbon fixed per g transpired water), WUE. WUE only varies with 
CO2 and with the water vapour concentrations in the air. If the CO2 concentration is regarded 
as eonstant, it becomes a function of the vapour pressure deficit only. This provides a direct 
connection between carbon gain and transpiration. 

WU E = WU Eeonst 
VPD 

(5.11) 

WU Econst is found to be 10.9 for deciduous trees (Aber and Federer 1992) and 7.3 for Picea 
abies (Kram, Santore, Driscoll, Aber and Hruska 1999). The potential daily transpiration is 
calculated as: 

P T PotGrossPsn 
ot TlLnSd = WU E 

From a dai!y water balance that is calculated, a water stress factor is derived: 

Trans; = PotTTansd when W ater; ~ POITian"d 

Trans; = W ater; . f when Wateri < PotT;a'''d 

(5.12) 

(5.13) 

where WateT; is plant available water day i of the month and f is a soi! water release faetor (the 
fraction of plant available water that can be removed on one day without causing water stress). 
A water stress factor used in the calculations of photosynthesis (see eq. 7.32) is calculated as: 

Dwater = TTanSi 
r PotTTanSd 

(5.14) 

This very handy and user-friendly solution to the water balance problem is implemented in the 
ForSAFE model. Since interception depends on the species, age and stand density (Kimmins 
1997) the interception storage capacity should be calculated dynamically. An interesting ap
proach, based on the morphological variables leaf area index (LAI) and crown area index 
(GRAI), to predicting rainfall interception, suggested by Liu (1997), and is being considered 
for inclusion in the ForSAFE model. 

Int = TVspe . LAI. 1 _ int . 1 _ e - - the . W;:f,"-LAI ( 
W ) ( ((1 F ) peec.GRAI)) 

mt Wi~t . LAI 
(5.15) 

where W;;'te is the specific canopy interception capacity, for Picea Abies 0.34 mml LAI, as cited 
in Eckersten et al. (1995), and Wint is the already wetted fr action of the canopy. Fthr is the 
fraction of throughfall. Since ForSAFE is run on a monthly time step, using the sum of one 
month's precipitation as input data, the inter-monthly distribution of precipitation is needed 
for the calculation of lV;nt. Thus, the waterbalance is calculated on a pseudo-daily basis. 
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5.3.3 The SAFE model and soil chemistry 

SAFE is based on a conceptual model of a forest soi!, represented either as a profile or as the 
whole catchment. SAFE is closely linked to the PROFILE model, PROFILE being the steady
state version of the dynamic model SAFE, which takes the gradual changes in soil state over 
time into account. 

SAFE contains the following chemical subsystems: 

• The deposition, leaching and accumulation of dissolved chemical components 

• Chemical weathering reactions of the soi! minerals with the soil solution 

• Cation exchange reactions 

• Reactions of the nitrogen compounds: nitrification and denitrification 

• Nitrogen uptake 

• Base-cation uptake 

• Solution equilibrium reactions involving carbon dioxide, aluminum species and organic 
acids 

These processes of course only represent a selection of the chemical reactions in the soi!. Among 
the pro ces ses that have not been included are sulphate adsorption and, aseries of reactions that 
can change the CEC of the soil matrix, store sulphur irreversibly or affect the ANC balance 
in certain soils. All the pro ces ses included in the model have been subject to a necessary 
simplification in some respect. The obvious principle is to divide the soil into compartments 
that correspond to the natural soi! stratification, as the soil horizons are the largest ehemically 
isotropie elements in the system. This stratification results in a marked difference in chemical 
properties between the different Boi I layers. 

5.4 Summary 

The three stand-alone models PnET-CN, DECOMP and SAFE are being merged into a new 
model termed ForSAFE. Some of the connections between the models are shown in Fig. 5.8. 
The same climatie drivers as used in PnET are used to calculate the neeessary soi! temperature 
and soi! moisture content employed in both the DECOMP and the SAFE modules. PnET 
provides both above- and belowground litterfall inputs to DECOMP. DECOMP calculates the 
decomposition of the soil organic matter and the avai!able nitrogen for uptake by the trees in 
PnET. SAFE provides pR and base cation concentrations to DECOMP and to PnET for uptake. 



Chapter 6 

Models of the risk of windthrow and 
frost 

Kri8tina Blennow, Mattia8 CaTlsson, B,.ik Johansson and Ola Sallnäs 

6.1 Introduction 

Several hazards for forest production can be identified, such as damage caused by wind, frost, 
insects or pathogens. Modelling efforts of ours have been concelltrat.ed upon t.he risks of damages 
by wind and frost, landscape level models fm which will be presented below. Alandscape is 
defined as an area of anywhere from a few km2 to several tens of km2 . 

6.2 The risk of windthrow 

Windt.hrow is one of the major disturbance factms in south Swedish ecosystems amI although it 
is considered a hazard in terms of fmest.ry production, it has positive implications for biodiver
sity. Wind and snow cause damage to production in Sweden corresponding to 4 million m3 each 
year, representing an armual cost of about 150 million EUR. (Valinger and Fridman, 1997). 
During two recent stmms, 
on November 30, 1999 and 
December 3, 1999, ab out 
5 million m3 of fmest was 
windthrown (damages of 
200 million EUR.) in south
ern Sweden alone (Swedish 
Board of Forestry, 1999). 
As shown by the fig
ures just cited, windthrow 
varies both in time and in 
space. Consequently, the 
proportion of damage done 
to a particular forest es
tate may be much larger 
than the average figures for 
large areas indicate. In fu
ture regional clirna tic sce

Terrain JI 

Regional wind "'" Wind ~ /la\lIlent ~ 
c1imate Ieteh / ~ 

\ '/ 

Stand r\ 
density Rooting , 

. 1. . eonditions Tre'. 

/ ./peclcs 

'VI/jnd 
cxposurc 

_______ Risk I"~ 
\\'indthro\\ 

, , 
\ 

Figure 6.1: A causalloop diagmm 8how'lr!g the relationship among 
the factors affecting the risk 0/ 'Windthro'W. 

narios for Sweden, the windiness in many places increase significantly as compared with the 
present climatic conditions (Blennow et al., 2000), so that the risk of windthrow can be expected 
to increase. Our risk assessment model involves several cornponents. It is designed fm assessing 
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the risk of windthrow at alandscape level under condit.ions such as t.hose found in southern 
Sweden. In its present configuration, the model calculates the risk of windthrow at at least 
10 m high cdges of wind-exposed stands. In southern Swcden, the topography of the ground 
surface is gentle and, most of the forest stands are small (a few ha to tens of halo Norway 
spruce, Scots pine and birch are currently the most. frequent trec spccies. In the recent storms 
described above, the wind damage was conccntrated to the edgcs of stands, to stands that were 
recent.ly thinned, to seed trees aml t.o shelter-wood (Swedish Board of Forestry, 1999). In the 
area in quest.ion, strong winds often OCCU1' connectcd with the occurrcnce of cyclones, which is a 
large-scale weat.her syst.em. Wc assurne t.hat within a given landscape the weather is basieally 
the same, i.e. caused by the same weather syst.em. Such large-scale weather events are mod
ulated, however, by the terrain. Consider a sit.uation involving strong wind. The wind varies 
across the landscape, mainly as a result of variations in the terrain. The terrain includes not 
only the topography of the ground surf'ace but also the forest. cover. Thus winds are affected 
by the forest conditions (Fig. 6.1); a tal! forest is aerodynamically rougher, for example, t.han 
open ground. The st.ability of a stand is also affected by forest management measures, such as 
the choice of tree spccies and the t.hinning regime (e.g. Persson, 1975; Lohmander and Helles, 
1987; Valinger and Fridman, 1997; Jellesmark et al. , 1998; Peltola et al. , 1999; Gardiner and 
Quine, 2000). If the wind load is great.er than t.he resistance of t.he trees, trees will uproot or 
break. The risk of windthrow is the probabilit.y of the wind load exceeding the st.ability of the 
t.rces. 

6.2.1 Model 

The input data to the model designcd for assessing the risk of windthrow consisted of forest 
inventory data and a digital elevation model (DEM) stored in a geographie al information system 
(GIS) for the area and surroundings, as weil as data on climate from a nearby meteorological ob-
servation station (Fig. 6.2). Data on the forest cover 
(tree species, tree height., 
stern diameter at breast 
height, ami nurnber of 
sterns per ha), which could 
be 0 btained from the land
scape projection modeL 
was t.he input to a model 
component timt identified 
exposed edges of stands 
and parameterised the aero
dynamic properties of thc 
t.errain (roughness lcngth 
and zero-plane displace
ment height.). Calculation 
of the aerodynamie param
eters was carried out in ac
cordance with the GALES 
model (Gardiner et al., 
2000) and is based on the 
work of Mayhead (1973) 
and of Raupach (1992; 
1994). Weightings of these 
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Figure 6.2: Calculation 8equence in the model fOT assessing the 
T'i8k of windthmw. (Blennow and Sallnäs, 2000. 

were made (Mortensen et al., 1998) in front of exposed edges where also calculations of the wind 
fetch were made. These weighted parameter values and wind fctch values together with forest 
cover data served as inputs into the Finnish model HWIND (Peltola et al., 1999), that was used 
for the response component. This component concerns the st.ability of t.he exposed edges of a 
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stand in terms of the wind speeds timt are critical far stem breakage and up-rooting. Thc model 
includes routines tor handling the effects the immediate surroundings have on the wind speed 
at the edge of a stand (see description of exposure component below). H\VIND was modificd to 
handle as variables the parameteriscd acrodynamic properties of the terrain in front of exposed 
cdges. The critical wind speeds are given as one-hour averages. In caleulating these values, the 
model takes account of the gustiness of the wind, using empirie al relationships established in 
wind tunnel experiments (Gardiner et al., 1997). The Danish exposure model \Vind Atlas Anal
ysis and Application Program (WASP) was used 1,0 distribute the wind elimate over the terrain 
within the landscape. Climatic data on winds timt was obtained from a nearby rneteorological 
observation station, together with data on the topography ami the parameterised aerodynarnic 
properties of the landscape thaI, was studied and of its surroundings was fed into thc program. 
The risk of windthrow is the probability the critical wind speed for uprooting or stern breakage 
that was calculated being exceeded. 

6.2.2 Evaluations 

Data from two cases of windthrow 
in the Asa Experimental Forest 
thaI, occurred in January 1993, 
were used 1,0 evaluate the model 
(Blennow and Sallnäs, 2000). 
Thc windthrow observed was 
cornpared with the windthrow 
predicted for the corresponding 
wind conditions ami state of the 
forest cover. The modelIed dis
tribution of wind speeds in the 
Asa area is partly a function of 
the wind direction (Fig. 6.3). 
The block diagram is overlaid 
with moelelled values of the zero 
plane displacement hcight, el. d 
is used as a zero plane for mod
clling of the wind field over rough 
surfaces, such as the torest ter
rain, and is elepcnelcnt on the 
aerodynarnical properties of the 
grounel. Roughly, it corresponds 
1,0 70-80% of the height of the 
vegetation. Stacked on top of 
the block eliagrarn: Two contour 
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Figure 6.3: Bottom: Block diagmm of the termin in Asa 
Experimental Forest and immediate sv.rronndings. Sta.eked 
on top of the block diagmrn: Two eontmir' maps of the gen
emli8ed modelled windspeed at 10 meter above the zero plane 
JOT two windthmw oecnrrences in Jannary, 1 g9S. 

maps of the generalised mode lied windspeed at 10 meter above the zero plane d for two 
windthrow occurrences in January, 1993. (Blennow ami Sallnäs, 2000.) The terrain also has 
a strong inftuence such as shown in speed-up effects over the wind ward siele of thc rielge west 
of lake Asasjön during conelitions of westerly wind. In a grounel-based field survey, winelthrow 
was observed in 39 of the 310 farest stanels altogether. The numbers of windthrown trees per 
stanel varied between 1 ami 502 (0.1-13.5%) (Fig. 6.5). In thc field survey, no discrirnination 
was made betwecn uprooting anel breakage. Since the moelel in its present configuration only 
tests for windthrow at the exposeel eelges of stands at least 10 rn in height, only 199 of the 
310 stands were tested. Windthrow was observed in 32 of these stands. The model predi(:ted 
windthrow to occur in 21 of the stands, 12 of which were ones in which windthrow was ob
served. These preliminary results of the evaluation show good agreement between prcelicteel 
ami observed windthrow (Fig. 6.5). 
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RELATIVE RISK 

Figure 6.4: Digital elevation model covered with model estimates of air tempemtnre in :1 classes 
at 2 m above clear fe lied gronnd. The model estimates the air tempemtnre for an area of a 
size corresponding to the size of the forestr'Y nnits, had one such area been cleared of trees while 
s'urTo'unded by remaining fm·est. 

6.2.3 Discussion 

Thc preliminary results just referred to show rat her close agreement between prcdicted and 
observed windthrow. A sensitivity analysis of the model will be carried out. The model will 
also be couplcd more closely to the landscape projection model, making it possible to explorc 
whether and to what extent the risk of windthrow can be reduced ami what it would cost. 
Tentative management measures for reducing thc risk of windthrow are the appropriate choice 
of location, of species and of thinning regime. The model will be used to quantify and evahJate 
management measures in terms of the risk of windthrow und er changed dimatic conditions 
(Blennow et al. , 2000). 

6.3 The relative risk of frost 

Frost (temperature bclow 0 C) during the growing scason can be critical for the bud develop
ment, regeneration and survival of plants (Sakai ami Larcher, 1987; Blennow, 1998; Blennow 
and Lindkvist, 2000). Frost also re duces growth ami may act as a stress agent, prcdisposing 
plants to other types of damage than cold-related damage and affecting the cornpetitivc capacity 
of thc plants (Langvall ct al. , accepted). During the growing season in southern Sweelen, low 
night-time temperaturcs, frost included, can develop dose to the ground duc to radiative cooling 
(Blennow, 1993). On such occasions, the weather is often dominated by an anti-cyclone that 
promotes radiative cooling and a low elegree of mixing of the layers of air close to the groulld in 
the case of deal' skies and of low windspeed, respectively. Within a given landscape, some parts 
of the terrain are more prone to low temperature than others, since variations in topography, 
ground eover ami soil conditions affect the energy balance, resulting in strong variability in the 
ternperature close to the ground (Geiger, 1965). On clcar and calrn nights, this spatial temper
ature variability is of a magnitude sufficient to have significant differences in biological impact. 
In a complex terrain, spatial temperature variability on a micro-scale may even over-shadow 
effects on a local scale (connected with variations with a horizontal extent of anywhere from 100 
m to 10 km) (Blennow anel Lindkvist , 2000). Models have been construeted to enable different 
parts of the terrain to be elifferentiated in terms of the effects of frost on the early developmcnt 
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of forest stands (relative risk) (Blennow ami Persson, 1998; Söderström, 2000). 

6.3.1 Model 

The modelling methodology employed, developed by Blennow and Persson (1998), is applied 
here to the Asa area (Söderström, 2000). It involves fitting a linear regression model to spatially 
distributed temperature data, using independent variables derived from a GIS. The GIS indudes 
a DEM and information regarding the tree cover. Air temperature data ofhigh spatial resolution 
used as the dependent variable, were collected 2 m above the ground from a moving road vehide. 
For tedmical reasons, rneteorological data were collected within a li mi ted part of the study area 
only (Asa Experimental Forest). 
Although the predictor variables 
per se are basically independent 
of the weather conditions they 
inftuence the spatial pattern of 
temperatures on dear and calm 
nights. On such nights, the air 
temperature generally increases 
with an increase in height above 
the ground (inversion). Conse
quently, altitude was tested in 
the model as an independent 
variable. In analogy with catch
ment area in hydrology, the per
centage of the area of a 9x9 pixel 
moving window that potentially 
contributes cold air by means of 
drainage to the central pixels was 
also tested as a variable (C) in 
the model. This variable was 
calculated from the DEM. Af
ter resampling, each pixel in the 
DEM eorresponded to an area 
of 125x125 m on the ground. 
The drainage of cold air drainage 
due to gravity is less pronounced, 
however, in ftat areas in which 
the air may be stagnant. Large 
differences in elevation also en
hance the dynamic turbulence, 
diluting the skin layer of cold air 
dose to the ground (Kalma et al., 
1992). For studying the inftuence 
of these features, use was made 
of a measure of the loeal relief, 
expressed as the maximum dif

o 0.5 Kilometers 

Figure 6.5: Forest stands in Asa Experimental Forest with 
the number- of windthrown trees markcd, as observed in a 
ground-based field survey after two windthrow events in Jan
uary, 1993. In addition, tho8e forest stands are marked out 
for which windthrow was predicted by the model, as are those 
with no wind exposed edges identified. (Blennow and Sall
näs, 2000.) 

ference in altitude found within a radius of 250 m. The distance to the large body of water that 
was closest was also tested as a variable, as was soil type, expressed in terms of the presenee of 
sediment or till. In modelling the air temperature inside a forest, the inftuence of the forest on 
the produetion of cold air need to be considered. Surfaces that are exposed to the cold night-sky 
cool because of net radiative energy losses which are followed by cooling of the air. In open 
areas, this leads under calm wcather conditions to the development of a ground inversion. For 
forests, however, most surfaces exposed to the sky are located sorne distance from the ground, 
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which rewlts in there being active surfaces that are elevated. Air which is cooled in contact 
with such surfaces sinks due to cold air being of higher density. This leads to an inerease in 
mixing and to a less degree of stratification of the air inside the forest than that over open 
ground (Odin et a!., 1984; Kaimal ami Finnigan, 1994, Blennow, 1998). The radiation exchange 
that takes place between the forest floor and the sky depends on the height ami the density of 
the forest ami can be parameterised by the sky view factor (Reifsnyder, 1967). Dozier and Frew 
(1990) developed an algorithm for the calculation of the sky view faetor from a DEM used in 
GIS applications. By use of this algorithm, the sky view factor was calculated for the floor of 
a canyon formed by a road that traversed the forest-covered terrain. 

6.3.2 Results 

The model was able to explain 70% (p<O.OOOl) of the spatial air temperature variation. It was 
validated by predieting the air temperature for each measurement point along a separate vali
dation transect which was not included in the model construction. The predicted and measured 
air temperatures compared weil (R2 =60%). The distributed output of the model is presented as 
a bloek diagram in which areas more prone and those less prone to low temperature and frost 
after small-scale elear felling are dclineated (Figure 5). The diagram provides a comparison 
of the air temperature 2 m above the ground in clear felled areas of representative size (corre
sponding in size to that of the individual forest stands) if areas of this size had been felled in 
different parts of the otherwise undisturbed terrain 

6.3.3 Discussion 

The model developed here provides a means of classifying the terrain into areas that are more 
and those timt are less prone to frost (relative risk) during the growing season and after felling. 
As can be seen in Fig. 6.4, flat and low-Iying parts of the terrain are those areas most prone 
to low temperature and frost after felling. In these areas, cold air may collect or become 
stagnant. Least prone to low temperature ami frost are the upper parts of steep slopes, where 
air movements lead to higher air temperatures elose to the ground. The distance to large bodies 
of water, as weil as the type of soil involved, also moderate this temperature pattern, however. 
Caution should also be taken in interpreting results for areas outside Asa Experimental Forest, 
where data for construction of the model were collected. In addition, the model is eonstructed 
for a heterogeneous forest cover ami is not rcpresentative of conditions after extensive c:lear 
felling. Although the methodology does not provide quantitative assessments of the risk of 
frost damage, the risk classification obtained corresponds weil with the distribution of observed 
frost damage among spruce seedlings within the Experimental Forest (Langvall et a!., aceepted; 
Langvall, 2000). The response and the frequency of frost would need to be incorporated into 
the mcthodology, however, in order for it to be able to provide a quantitative risk assessment 
of frost damage. 
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Chapter 7 

Biogeochemical processes and 
mechanisms 

Hamld SverdT'up, Anna Hagen-Thom, Johan Holmqvist, Patrik Wallman, Per Warfvinge, Char'
lotta Waise, Matt'ias Alveteg 

7.1 Introduction 

The modelling adapted in the SUFOR programme attempts to take a large step forward. This 
chapter describes some of the biogeochemistry processes needed in the next step biogeochem
ical modelling taken in SUFOR. There are several models for nutrient dynamics and growth 
available, however, development of these have in some respects moved in old tracks for the last 
decade. We see several drawbacks in these older constructs with respect to operationality ami 
several new steps are necessary, especially with respect to nitrogen ami carbon cycling, but also 
with respect to developing models that opera te on observable parameters. Wh at is described 
in the following is the result of several theme groups that have been operative in the SUFOR 
Programme. The groups have been multidisciplinary, which was a great help for innovation. 

For tree health ami vitality, and for predicting the effect of air pollution on forest health, 
the research dimate was largely hostile towards any modelling attempt, despite the evident 
shortcomings and failures of the existing linear empiricism. Apriori proof was demanded for 
every risk assessment or scenario, often in open contempt of thc precautionary principlc. During 
the years of acid rain research, large interest and effort was dirccted towards prediction of air 
pollution cffects on forest ecosystems. Significant progress was also made by internationally 
and multidisciplinary researcher teams, sometimes overtaking the traditional forestry research 
cfforts on their horne ground. 

The time period from 1988 to 1999 brought large changes in pollutant clirnate. European 
negotiations under the UN/ECE LRTAP convention focused on criticalloads for deposition of 
sulphur and nitrogen brought models into the negotiating room. Not only predictions for crit
ical loads ami exceedances, but predictions of effects and environment al benefits of emission 
reductions was demanded. With the demand for predictions, modelling based on robust inter
pretation of experimental data become a necessity, overruling thc earlier scientific conservatism 
and lack of system perspectives. New actors entered the modelling scene and performed the 
desired tasks. We have developed new models for the nitrogen and embon cycle wit.hin SUFOR, 
trying to step one step back and rest art our model formulat.ions on a firmer mechanist.ic basis. 
These go back to discoveries for several of t.he component.s made several years ago, then they 
were too new and too much conflicting wit.h the prevailing paradigm, and because of this they 
could not. be published t.hen. Since then, times have changed and the acceptance and under
standing of of modelling has grown significantly. \Vhat was started then reflect what we need 
now and what the data then and now tell us we should be doing. In the following, a review is 
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Figure 7.1: A genemlized causalloop diagmm for the uptake system of a tr-ee. The uptake system 
is show 'W'ith drivers in the canopy, in the mots and ho'W this intemcts with the mot function and 
possibly with myeoT'rhiza. The effeet of exudates and the benefits of mycorrhiza infections are 
mther uncertain, beyond many stout statements about theiT' impOT·tance, very little quantitative 
information is actually ava'ilable. 

made of all these advances. 

7.2 Aspects of growth and nutrient uptake 

7.2.1 Plant growth and nutrient uptake regulation 

Much of the knowledge we have about relationships between plant nutrition and growth has been 
attained from experiments with agricultural crops and cultivatcd plants. Many experiments have 
shown that even those plants, which could lmve been bread and selected for high yicld and may 
he against efficiency in mineral nutrition (Epstein, 1983) have some mechanisms which help thern 
to cope nutrient limitations. Some of those adaptations are species or even genotypes specifics 
and sorne are commoH for maHY species. Wild plants, which are used to grow in soils wit.h usnally 
much lower nutrient. concent.rations in the soil solution compare to agricultural soils should be 
even bet.t.er adapt.ed to nnt.rient limiting condit.ions. From what we now know plants are not 
only trying to adjust t.heir growth, nutrient uptake and nutrient use to nutrient availability in 
the soil in a best way, hut they can also increase t.he amount of available nutrient.s at the root. 
surface (oft.en with the help of mycorrhi7,a) by nutriellt. foraging, changing rhizosphere chemistry 
(Marschner, 1995) and using organic nutrient. pools. Forest. trees and plants, growing in the field, 
are often mycorrhizal. However most of the kllowledge we have about plant growth and nutrient 
uptake comes from laboratory experiments, often with plants growing in artificial subst.rat.es and 
without mycorrhizal infection or only wit.h t.hose mycorrhi:.ml fungi, which are easy to cultivate in 
this t.ype 01' conditions. Causalloop diagram (Fig. 7.1) shows possible feedbacks helping plant 
to compensate for decreasing amount of available nutrients in rhizosphere. Nutrient transport 
in the soi! and rnycorrhizal infection is not included in this picture; contribut.ion of these fact.ors 
to nutrient. supply ancl uptake in pOOl' soi!s will be discussed later. For simplicity we have 
tried to generalise the picture without distinguishing between different nutrients. In realit.y 
the situation could be different for different elements, far example when it comes to biomass 
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allocation patterns, nutrient re-t.ranslocation wit.hin t.he plant. or changes in root cxudation, but 
that. could be accounted for later for examplc by put.t.ing different coefficient.s in thc model. Plant 
growth and eonsequently the plant. biomass is dependent on nllt.rient concentrations within the 
plant in accordance wit.h Liebig's low of minimum. Thus root and shoot growth (1) and (2) is 
a function of nutrient element (amount or coneentration) in thc plant. Different nutrients are 
nceded in special proportions, whieh were shown to be quite similar for different tree species in 
la bora tory experiments with small seedlings (physiologieal reqllirements) but collid be different 
for trees growing in the field (ecological amplitude). Tree species differ in the absolut.e amount.s 
of nut.rient.s needed to produee the same amount of biomass, the biggest difference being between 
decieluous anel eoniferous species. 

There are elifferent terms to eleseribe 
biomass production in relation to nutrients in 
the plants. Nutrient use efficiency and nutri
ent proeluetivity (Ingestad, 1979) are most of
t.en used. Nutrient. use cffieieney (as elefineel 
in Lambers et al, 1998) take into eonsielera
t.ion mean residence time of the nutrient in 
t.he plant. anel t.herefore is better suiting for 
our purpose as we are not looking separately 
on nutrient loses from the plant. Nutrient use 
efficiency as well as nutrient proeluctivity ele
penels on plant genotype anel environmental 
factors. Nutrient use efficiency at a whole 
plant level also includes re-translocat.ion of 
nutrients from older leaves ancl roots to grow-
ing meristems, which occurs with nutrient. 
shortage. As re-translocation is a typical re
action to nutrient eleficiency at. least for mo
bile nut.rients, it can post.pone growth reelac-

+ 

+ 

Figure 7.2: Causalloop diagmm for the nitrogen 
uptake system of a tree. 

tion. Thus leaf or needle lose in eonelition of severe nutrient deficieney ean oecur. That will 
reeluce t.ree crown, amount of fixeel carbon and tree growt.h. Until other environment al fac
tors will limit. growth more nutrients in the plant will produce more biomass even if plant also 
have to use nutrient.s for other purposes. Nutrients can also be stored for later usage ami so 
calleel "luxury consumption" (Chapin, 1980) often occurs. Used nutrients have to be compen
sateel by nutrient uptake. Nutrient uptake depends on plant nutrient demancl (here element 
in the plant.) , nut.rient absorption surfaee, cfficicncy of this surface in t.aking up nutrients and 
nutrient availability at the root surface. In case of nutrient deficiency in the plant all these 
components ean be ehangeel. As al ready mentioned, growth and nutrient. demami could be de
creaseel, it will happen quicker in response to defieiency of so me elements than the others (see 
part II of my text) and thus some nutrient imbalances colliel occur. Nutrient absorptive surface 
can be enlarged by increased biolllass allocation to the root, alteration of the root structure 
and, for mycorrhizal plants, increased degree of mycorrhizal colonisation. The balance bet.ween 
root or shoot growth ancl as the result root:shoot ratio is dependent on nutrient eoncentra
tion in the plant. It is well known timt root./shoot ratio is increascel under condition of N, P 
and very likely S eleficiency (Ericsson, 1995; Lalllbers et al. , 2000 anel rcferences therein). In 
stridly controlled nutrient condit.ions the opposite tendency was observed in slllall birch plants 
eleficient in Mg ami Mn and also K (Ericsson, 1995). Thc author has mentioneel, however, 
that elifferences between different species in the way pot.assiuIll affects growt.h are likely to ex
ist. In experiments with kohlrabi, for exalllple, different reaetion to potassium limitat.ion was 
observed: K elefieiency altereel the source:sink relationship in favour of the roots (Singh anel 
Blanke, 2000). Structure of the root. system is a gcnetically dpfined plant charact.eristics, but. 
it. could be considerably modified by nut.rient lilllitat.ions a, well as by root growing meelia (soil 
compaet.ion, for eXC1mple). Increase in number of root Imirs amI increased specifie root lcngth 
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are often observed in plants under limited nutrient supply. When amount of available nutri
ents at the root surface and the nutrient concentration in plant decrease root uptake kinctic 
parameters could be changed in a way to ('ompensat.e t.his deerease (Marsdmer, 1995). Plant 
capacity to absorb element in shortage increases in response to deficieney of this uutrient due 
to increase in abundance and specific activity of transport pro teins in the plasma membrane -
carriers. This change could happen very quickly: days and hours, which allow plants to regu
late its nutrient uptake rapidly (Lambers ct al., 1998). This response is found in many different 
species (Robinson, 1996). Plant ability to adjust root uptake kinetics parameters allow them 
to take up nutrients at extremely low concentrations, and according 1,0 Berendse et al., (1999) 
"in most specics the value of Km (the concentration in the solution where influx is equal to 
half of the maximal one) for N. P and K is so low trmt thc conccntration of theses uutrieuts 
at the root surface can becollle virtually zero". Timt meaus trmt plant uptake capacity at 
least for these elements is very uulikely to he a uptake rate limiting step aud nutrient transport 
to the root surfaec will dcfine the rate of nutrient uptake. Plants are directly or indireetly 
influencing the availability of the nutrients in the root zone. The movements of nutriellts to the 
root surface are dependant on plant water and nutrient uptake, and root nutrient interceptioll 
depends on root growth into nutrient reach patches. Root exudation is strongly influencing 
rhizosphere chemistry, and composition and amount of root exudates is dependent on plant 
nutrient status. Exudation of organic acids, carbohydrates and amino acids stimulate microbial 
activity. In some cases, depending on cornpetition for nutrients with microorganisms, it can 
provide more ready available nutrients at the root surface (Zak ct al., 1994). There are also 
indications thaI, P and Fe deficient plants can exude more organic acids in order to increasc 
P availability in the rhizosphere, hut this far it was shown to be important only for plants 
growing in calcarious soils. (Ström, 1998). In some forest species organic acids can neutralise 
Al, which inhibits plant nutricnt uptake in acids soils (Schöttelndreier, 2001). It is not likely, 
however, timt this lllechanism is of any considerahle importance for forest trees. Heim et al. , 
2000 have concluded that at least for Norway spruce, Al tolerance could be rather attributed to 
immohili~ation in the root apoplast than complexation of Al by root. exudates. Most. of comrnon 
Swedish forest species found in the forests are colonized by ect.omycorrhizal fungus. Hyphal 
mantles around the fiue root tips could block the nutrient uptake by root. itself (Smit.h anel 
Rcad, 1997). Mycorrhiza hyphae take funct.ion of root hairs. They have smaller diameters and 
grcat.er surfacejvolume rat.io than plants roots or root hairs and can the nu trient absorpt.ive 
surface can increase enormously. That's why mycorrhizal symbiosis is most. important. for 
acquisition of immohile nutrients, especially phosphorus, though mycorrhiza can be iuvolved in 
plant uptake of several other elements (George amI lVlarschner, 1995; Smith and Read, 1997). 
Ec:to-mycorrhiza can take up organic nut.rients (N, P) (Marschner and Deli, 1994) and like plants 
root. it call produce exudates. In return for received nutrients plant is supplying assimilates far 
mycorrhizal growth and respiration, which is a ('ost for plant.. That means that. for plants 
growing in good soil condition, the mycorrhizal syrnbiosis will be t.han less profitable t.han for 
plants growing in POOf soils. It could also have different. upt.ake capacity per surface compare 
to plant root). It is not totally clear in which ext.ent. forest trees an regulate t.heir rnycorrhizal 
infection and once establishcd 1,0 get read of. A degree of mycorrhizal infect.ion is dependant 
on root growth as it takes some time for rnycorrhiza t.o infect amI cover thc root. Big long 
roots of forest trees are left non-mycorrhizal, but. probably t.hey do not contribute this much t.o 
t.ree nut.rient uptakc compare t.o fine root.s. The reasonahle way of modelling nu trient uptake 
of forest. t.rees growing in the forest is to look at roots and its mycorrhi,m as a whole without 
distinguishing bet.ween those two. The scope of the CLD discussed, do not include several other 
question t.lmt could influence nutrient. availahility at the root. surface which related to exchange 
between rhizosphere anel bulk soil and het.ween different nut.rient. pools in the soil and. Spat.ial 
soil nutrient variability is also not. considered. Localised nut.rient supply may, in reality, influence 
structure amI physiology of t.ree root systems at least in condit.ion of nut.rient deficiency, hut. 
the response could be different for different species, and at least. for coniferous trees it. was lest 
pronounced (George et. al, 1997) than for non-tree species (Robinson, 1996). 
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7.2.2 Nitrogen tree uptake processes 

Several sources will supply N 1,0 the BOi! un-
der present natural conelitions in Northern 
Europe. The most significant quantitative in
put to natural ecosystellls is today frorn the 
atmosphere as deposition of NHt and NO;]. 
Under natural unpolluted conditions, the N 
cyde will be in or elose to balance, giving rise 
to no large net fluxes of acielity or alkalinity 
in the ecosystcm. This is however changed if 
large sources such as deposition and fertiliza
tion or sinks such as enhanced forest growth 
are createcl in the system. The decay of litter 
anel organic material will also be able to pro
cluce NHt ions. Apart or all of the available 
N will be taken up by the root systems in the 
soil and simultaneously unelergo nitrification 
to N03. Uptake of NHt is generally caused 
by adsorption/ion exchange mechanisrns at 
all the root cell membranes, anel the influx of 
NHt ions are balanceel by the olltflux of an
other cation, H+ or potassiurn. When NO;] 
is taken up, this is through simi!ar pro ces ses 
for anions, where the charge balance is kept 
by the excretion of another anion, HCO;] 
or OH-. NO;] is also thought to be taken 
up passively by mass flow of water through 
root tips, and that this occur at a rate per 
surface area approximately ten tirnes faster 
than the ion exchange rnechanism acting on 
all root surfaces. For 1Il0st plants the up
take of NHt is energetically more favourable 
than uptake of NO;]. Taking up NO;] is less 
advantageous as compared to NHt ' because 
the plant must first convert the N03 to NHt. 
The preference for NHt would be dependent 
on the chemical energy potential, anel accorel
ingly also elepend on the relative soi! solution 
ratio of NHt to N03. This woulel be con
sistent with the empirical observation that N 
uptake appear in the elatabase of the Swedish 
forest survey to be proportional to the total 
N soil solution concentration. N uptake in
crease along the north to south axis in Swe
den is stronger than the temperature depen
dence of uptake of base cation would indi
cate, indicating thaI, the uptake of N is also 
driven by the N concentration. On the aver-
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Figure 7.3: The relation between nitrogen depo
sition and forest net nptake in Sweden, nsing the 
Forest SnTvey data. The data show a distinct Te
lat'ionship betwem N deposition and growth. The 
effect of tempemtnTe has been Temoved. Data 
from 1884 sites weTe nsed. 
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Figure 7.4: The relation between Teconstructed 
avemge soil soilltion N and net llptake of total 
nitrogen in Swedish forest soüs, using the Far'
est InventoTY data. The line TepTesents the r-un
ning avemge. It can be seen that the CllTVe show 
typical Micha.elis-Menten behaviouT, with a first 
ordeT paTt and a zero oTdeT part at high con
centmtions. The effect of tempemt'are has been 
removed from the data befor'e plotting. 

age the net uptake is in the range of 0.1-0.2 kcq N ha -lyr- 1 in the far north where the average 
tcmperature is in the range of -1 to +1 °C, and the precipitation 500mm. In the south the 
uptake increase to 1.4 keq ha -lyr- 1 , the annual average temperature is 8°C and the precipita
tion. If the uptake has the same temperature elepenelence as the uptake of base cations, then 
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the temperature elepenelence from north to south woulel elrive the uptake of 0.20 keq ha- 1 yr-1 

up to 0.40 keq ha-1yr-1. The elifference would be the uptake promoted by increased nitrogen 
deposition, ami suggest 30 first order relation with respect to total N cOllcentration. 

U ptake kinetics 

The uptake kinetics far 30 tree population on 30 per average tree basis appear to follow (Sverdrup, 
\V arfvinge and Rosen, 1991): 

[N] 
Tuptakc = kN . K N + [N] . rr fi 

, 
(7.1) 

where f; is different Illodifying functions taking account of the effect of soi! chemistry (Al, 
(Ca+Mg+K), pR, heavy metals) and climatic factors (Soi! moisture, temperature). A very 
simplifieel version of this equation would be; 

T - k*· N dep rr f uptake - N K* + N . . i 
N dep 

(7.2) 

assurning that soil concentration und er a high nitrogen pollution load become to a large degree 
controlled by the aIllount of deposition. From this we have that when: 

K N » [N] (7.3) 

then: 
[N] kN k N 

kN . K [N] --+ J(": . [N] and Tuptake = K N . [N] N+ tv 
(7.4) 

ami when: 
K N « [N] (7.5) 

then: 

kN· KN[:][N] --+ k N and Tuptake = kN (7.6) 

In order to parameterize the expression, we will use the soil database available within the 
Swedish Forcst Inventory (NFI). This is 30 continuous survey of key parameters at 27,000 loca
tions in the Swedish forest, in oreler to monitor forest state, vitality ami proeluction capability. 
Of these, weathering rates for Ca, Mg anel Kare available at 1884 locations. In the soi! survey 
uptake figures for N is available. Swedish forest ecosystcms appear not to decompose litter at 
the same rate as litterfall is generateel at present. This may however be a transient phenomenon, 
leading to increased lcaching in the future. The relation in Fig. 7.4 anel N deposition ean be 
used to calclliate the concentration in the rooting wne of the soi!. N uptake to plants in Sweelen 
is shown in Fig. 7.6 along with the observed deposition, ami if this is converteel to concentration, 
as in Fig. 7.6 versus the calculated soil concentration for total N. The average soi! conccntration 
was calculated as: 

D D-U -Im 
[N] = 2. P + 2. Q (7.7) 

The correlation between the parameters is evident. The values have been filtereel in Fig. 7.4, 
and a running average has been fitteel to the data. Then thc typical Michaelis-Menten curve 
appears. This allow UR to paramcterize the uptake rate equation from Fig. 7.3 anel 7.4: 

Driving force 

Deposition baseel kinctics 
Concentration based kinctics 

0.8 
0.3.10-3 

keq ha -1 yr- 1 

keq ha -lyr-1 
1.23 

1.5.10-3 

keq ha -1 yr- 1 

kmolm-3 
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Figure 7.5: The effect of nitrogen uptake, nitrijication, denitrijication or leaching on the ANC 
balance in the soil. 

Retarding faetors have been applied to several types of processes, and are sometimes used 
in industrial reaction engineering scienee (Sverdrup et al., 1984, 1991; Levenspiel, 1968). Here 
the retardation function is composed of different elements: 

rr fi = f(BC lAI) . f(e) . f(T) (7.8) 

where f(BCI AI) is the function taking the effeet of pH, AI and Ca into aeeount, f(e) the effeet of 
soi! moisture and f(T) the effect of temperature. The soil rnoisture function for N uptake would 
probably be similar to the function for base eation uptake (Sverdrup, Warfvinge and Rosen, 
1992), the acidity-heavy metal function has not yet been eletermineel, but is known for base 
cation uptake. In general the limiting nutrient is the overall limiting growth faetor, anel the 
tree will be limiteel by eithcr the N, P or base cation (BC) supply. This allows U8 to write the 
general expression: 

U . _ . (UCrdN UcritCa UrritM 9 UcritK. UCritP) 
CTl,L - nlln , , , \ 

XN Xc" XMg XK Xp 
(7.9) 

Xi is the stoiehiometric ratios for phosphorous, nitrogen anel base eations in the tree. This is 
complicateel by the fact that the tree will not utilize more nitrogen for buileling biomass thall 
the supply of other nutrients can permit, but uptake may still be larger, anel the excess exereteel 
over the leaves anel leacheel by rain to the ground. For most forcsts in Sweelen so far, the uptake 
and forest growth has been limiteel by the nitrogen supply. The uptake of NHt and NO;;- can 
be considered as being separate mechanisms amI both elependent on substrate concentration. 
NHt a is a rnonovalent ion and would eompete with H--ions and K- -ions at the root surface 
when they are present in high eoncentrations. NO;;- is also monovalent negative anel woule! 
adsorb mainly in cotupetition with OH- and HCO:l , while Cl- is poorly adsorbed in soils, 
depending on selectivity and concentrations. Presuming normal ion exchange behaviour, thc 
surface concentration would be linearly proportional to the soil solution coneentration. This is 
an assnmption however, and needs experimental verification. Under extreme depositions of NHt 
or N03 the additional N does not promote further inerease in growth, inelieating tImt there is 
some threshold above which the uptake becomes eoncentration independent. This is the typieal 
bchaviour of Michaelis-lvlentell kineties, often seen in kinetics of microbiological processcs: 
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Figure 7.6: Total N deposition to Swedi8h forest related to tree uptake to stern biorna"s. 1.0 
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uptake projected to becorne T'ernoved in stern haTvest in the Swed';,sh fOTest. The data corne the 
Swedish FOTest InventoTY, based on actual rneasuTernent of tTee growth. 
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kNII+ . [NHtl 

Tu.NHt = K 1 ~ [NHtl . IJfk (7.10) 

where frepresents the damage functions to the pro
cess. The carresponding expression far nitrate up
take is: 

(7.11 ) 

The uptake preference far NHt would then be only 
partial, and in most soils only occurring in the top 
layer of the soil where thc NHt concentration is 
high. The damage functions depending on BC(AI 
rat.ios have been determined earlier (Sverdrup et 
a!., 1992) and data far the dependence on pH is 
shown in Fig. 7.8. The long-t.erm uptake of N is 
defined as the N uptake that can be balanced can 
be balanced by a long-term supply of base cations. 
This amount is referred to as the critical upt.ake 
Nerit. The calculations are tlms not based on the 
prescnt uptake rate, since the present growth may 
be enhanced by artificial ar time-limited supply of 
nutrients, mobilized from exchange sit.es by acid 
deposition. The critical uptake is calculated from 
mass balances far the nut.rient. cations Mg, K alld 
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Figure 7.8: The dependency of N uptake to trees and or:qanic matter decornposition in the soil as 
a function of the moisture saturation degree in the soil (Sverdmp et al., 1992). The dependence 
of the decornposü'ion of organic matter expressed as 10g{1/r-1) and tree gTOwth in fOTest soils 
on soil solution pH(H2 0). The logarithmic expression was derived fTOm the kinetics and nsed to 
obtain a linear' relationship to extmct the water dependency coefficient. 

Tree species CajN MgjN KjN PjN BCjN 

N orway spruce 0.4 0.13 0.17 0.08 0.7 
8cots pine 0.4 0.10 0.15 0.08 0.65 
European beech 0.4 0.2 0.2 0.08 0.8 

Table 7.1: Appr-oxirnate nutrient ratios, based on uptake in eq/ha YT, to be applied in calculat-ions 
to pTevent long term nutrient imbalanees. The values have been deteTmined by studying the 
distribution of nutTient rat'io" at 1884 sites in the Swedish FOTest Inventory soil survey program, 
as weil 0.09 nutrient defieiency studies fTOm the litemture. 

Ca separately. If weathering as separate ions are not available, then the total base cation 
weathering and a BCjN ratio can be used. The production of different cations from weathering 
can be calculated with the PROFILE model, from total analysis or estimated from soil type, 
parent material, temperature, texture alld soil wetness. BC weathering rates are available in 
the 8MB input data files. Taking deposition and weathering as the sources of these nutrients, 
and uptake and leaching as the sinks the mass balance for a species i becornes: 

(7.12) 

where UCrit,c critical uptake of base cation c 
D c atmospheric deposition of base cation c 
Wc production of base cation c from weathering The limiting concentra-
Q water flux from the bottom of the rooting zone 
[elz;m limiting concentration for uptakc of nutrient c 

tion is the level when the trees no longer can extract a nutrient from the solution. In thc 
calculations, the limiting concentration for Ca and Mg has been set to 5 meq m-3 , and to 0 
for K. Frorn the critical base cation uptake, the corresponding N uptake can be calculated, by 
introducing thc ratio between each cation ami N in the biomass: 

N '. - . (Ucrit,Ca Ucrit,K Ucrit,M g .. Ucrit.P U . ) 
u,cnt - ffilll ---, ---, ---, ---, N,pTf'SenL 

XCa/N XK/N :J:Mg/N Xp/N 
(7.13) 
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where Nu,c,-it critical N uptake I . d I k t t IS assurne t mt upta e canno 
Xi/N ratio of nutrient i to N during uptake 

he larger than at present, if present is set hy standard yield tahles or actual field measurements. 
Ascries of conditions must be obeyed for this approach to work. Uptake and immobilization duc 
to retarded decomposition of litterfall cannot be larger than deposition. If there is no more N left 
after uptake and retarded decomposition immobilization, then both microbial immobilization 
anu denitrification is set to zero. Both terms require concentration of N, but have lower priority 
than uptake by trees. At steady-state the, and with a balanced nutrient supply, the N leaching 
should amount to the naturalleaching from N-limited stands. In the calculations performed for 
Sweden, initially the basic assumption behind the critical uptake concept was N1=0. However, 
not all ecosystems are neccssarily domina ted by trees. 

Uptake rate modifiers 

The relation between forest yield and soil moisture classification has been derived earlier (Sver
drup et al. 1992), and is nearly identical to the relation observed for hiomass decomposition in 
the upper soi! layers, having the appearance of a Freundlich adsorption isotherm: 

(7.14) 

() is the soi! water content and (}rn is the maximum content, kw is the value of the Freundlich 
adsorption isotherm water adsorption coefficient and nw is the Freundlich adsorption isotherm 
adsorption order. The data are shown in Figure 7.8. k'l!ater = 110 and nwater = 2.4. The 
appearance of the Freundlich adsorption expression makes it tempting to interpret the soil 
moisture saturation dependency as a rcsult of a water adsorption to the tree roots and organic 
material in the soil profile. The near identical function for biomass decomposition and forest 
yield (presumably closely correlated to nutrient uptake), indicates that this may have to do 
with the basic mechanism for mechanical wetting of the soil constituents. The temperature 
dependence of growth is following an Arrhenius relationship: 

'g1"Owth = '0 . lOA/(273+T)-A/281 (7.15) 

Data from the literat ure (Sverdrup et al., 1992) indicate timt A=5200-4800. At temperatures 
below 2°C, growth is assurned to mme to complete halt. In Fig. 7.7, the temperature dependence 
as observed in the field data from the Swedish Forest Survey is shown. The uptake rates were 
normalized to the average soi! solution concentration for all Swedish forest soils, in order to 
remove the deposition promotion effect overlying the ternperature cffect. The conclusion is less 
certain than the data fromlaboratory experiments, but Fig. 7.7 represents 1884 field estirnates 
of growth from the Swedish Forest Inventory. In the field data, the growth appear to have an 
Arrhenius faetor of approximatcly A=4240±900. The data may have been slightly underbiased 
by the normalization and the use of thc base cation data, indieating that the real ficld value lie 
between the value derived from literature data on tree growth A=3100 and the value obtained 
here for base eation uptake, A=4240. The N soi! solution eoneentration along the country is 
considerable stronger than the base cation gradient, and correcting for this and separating out 
brown soi!s with deeiduous trees, is leading to a value of approximately A=3700 for nitrogen 
uptake. This indicatc that the value for deciduous tree may bc somewhat higher, A=3900-
4100. The obtained values are signifieantly less than the value observed for organie matter 
decomposition in the wi!, A=5200. 

7.2.3 Base cation uptake processes 

Uptake of any nutrients to plants is a multi-stage proeesses. Several different types of pro ces ses 
are involved, anti the slowest step in the process chain will determine the total uptake rate. The 
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rate limiting step may eliffer for the same plant, depending on the conditions. For plant growth 
Liebig's law IllUst be obeyed; The nutrient in least supply will determine the maximum growth 
rate Gmax . Growth of plants and proeluction of biomass is directly proportional to nutrient up
take, since different elements are incorporateel in biomass in relatively fixcel conccntrations anel 
proportions. 
Uneler normal unelisturbed or unpolluted 
ecosystem conelitions, plant growth is mainly 
eletermined by water, nitrogen, temperature 
or light availability. In terms of the uptake 
process flowchart in Fig. 7.10, it can be seen 
timt water availability influences soil solution 
concentrations ancl mass flow as weil as sap 
flow in the plant. Under rare optimal light, 
water anel temperature conditions, growth 
may consume nutrients to the elegree where 
diffusion in the root vicinity can become rate 
lirniting. Root ion exchange of nutrients is 
normally not rate limiting in normal soil con
ditions, with little anthropogenie acielifica
tion. For most natural European forests, the 
normal conelition is that the forest shoulel be 
nitrogen lirniteel. Then N availability in the 
soil solution anel the sohlte flow of N will be 
the growth rate limiting step. Historically, 
N input to European forest ecosystems were 
1/5 to 1/10 of the present 1990 input. Base 
cations uneler most conditions are available 
in sufficient supply. However, uneler soil acid
ification conditions, other positively charged Calcium 
ions besieles Ca, Mg anel K start to appear in ionexchange 
the soil solution in high concentrations (Al, leaching 
H, Fe), anel the ratio of these ions to base 
cations anel P is greatly changeel. Fig. 7.9 
show the causal loop eliagram for Calcium 
and Magnesium uptake to a plant anel the 

Figure 7.9: Causal loop diagmm for· the base 
cation uptake system of a tree. 

feedbacks connected to that process. The changeel solution concentrations and ion ratios will 
result in a different surface composition of aelsorbeel ions on the root surfaces. The transport 
mechanisms taking ions through the root membrane into the sap in the root, depend on the 
availability of necessary nutrient ions on the outer surface of the root membranes. With uptake 
of base cations like Ca or Mg severely restricteel due to low root surface concentration, uptake 
of base cations anel phosphorus rnay become growth lirniting insteael of nitrogen. This leaels to 
a number of statements concerning the rnechanisllls of the uptake process: 

• Base cation uptake occur in several steps 

Solution transport to the root 

Diffusion in the rhizosphere 

Ion exchange to bind at the surface 

Active uptake through the root membrane 

• A 3+ , Ca2+ anel Mg2+ cornpete for the same sites at the root 

• H+, NHt anel K+ cornpcte for the same sites at the root 
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Figure 7.10: Uptake of nutrients necessar-;y for growth of plants ocC'ur- through aseries of pro
cesses, each of which ma;y bc mte limiting, depending on the conditions in the soU and the 
geometr;y of the root bowular;y la;ycr·. 

• The uptake capacity is finite 

• The transport rate t1mmgh the membrane is clependent on the concentration at the root 
membrane surface 

• The role of water is to set thc activity of the root surface 

This implies that the uptake process is considered to be independent of the water uptake and 
water flux into the root. Fig. 7.10 show a conceptual model for tree growth a process. According 
to this view, maximum growth is ultimately limited by plant physiology. The first regulator 
of growth is light, since this is significant for total energy available to the plant. Temperature 
will rnodify the chemical processes involved in photosynthesis and energy conversion. Water 
will affect the efficicncy of the root apparatus as weil as transport of substance internally in 
the plant. These factors will modify physiological maximum growth to a maximum possible 
growth given the light, temperature and water conditions. Availability of nutrients as applied 
in "Liebig's law" regulates potential growth to real growth, ignoring environmental retarding 
effects. Undcr acidification, soil aluminium ami acidity may further limit growth. 

Earlier model approaches considered 

Earlier models for trcc growth (Ägrcn, 1983; Aber et a!., 1991: van Dam, 1992; Nye and Tinker, 
1977) have tended to model growth as a function of mass flow and availability of nitrogen, water 
and light. This concept will work weil in forest stands only affectcd by such factors, untouched by 
pollution, climatc change or large soil chemistry changes over time. The light/nitrogen limitation 
concept has however failed to predict or explain forest decline caused by soil acidification, due 
to the fact that important pro ces ses and couplings to soil chemistry are missing in these earlier 
models. Ineorporating such connections lead to predictive capability concerning soil acidification 
effects (Bossel et a!., 1985). The concept of Nye and Tinker (1977) assumes ion exchange at the 
root surface to be the step preeeding uptake. The next step is uptake of adsorbed ions from the 
root surface aceording to first order or Michaelis-Menten kinetics: 

k Xnc 
r up = 'up' X + K 

nc AI 
(7.16) 

This expression include the base saturation explicitly, but left the capacity CEC to be non
explicitly included in the constant. Uptake from the outer root surface through the eell wall 
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into the plant is activcly regulated by the plant. But transport from the bulk of the liquid to 
the outer root surface is passive with respect to the plant and governed by physical processes 
such as flow, convection and diffusion. COlllbining this with surface concentration control by ion 
exchange as outlilled earlier, or by a simple Langmuir (z=l) ur Freundlich (any z) adsorption 
isotherm for base cation adsorption: 

[BC]Z 
AdsBC = Adsma..r . =--=-'-----,:'-:--

[BC]z + KadsßC' 
(7.17) 

We can derive an uptake expression, used by several authors earlier (Nye and Tinker, 1977; 
Gherini et a!., 1990; van Oene, 1993), by inserting in the Michaelis-Menten expression. This 
traditional view of uptake does not envision any drastic variation in AI in the soil, nor timt there 
rnay be interactions between ions at adsorption sites on the root. It cannot predict what would 
happen if AI were to change significantly, ami it cannot predict what increased AI in soils would 
do to tree growth. This implies thaI, these traditional uptake models cannot predict any change 
in growth duc to soi! acidification. They simply assume that soi! acidification does not occur. 
In unpolluted soi!s, there will be much AI in the exchange complex, but very little in solution. 
When there is a significant increase in soil solution AI, then the basic assumptions concerning 
BC uptake are no longer valid. Under such conditions, adsorption of AI to the root will increase 
and this will change the amount of adsorbed BC at a certain soil solution concentration. The 
amount of adsorbed BC lllust share space on the root with AI, the fraction of adsorbed BC: 

AdsBC 
X Be = ----=-:=---

. Adsßc + AdsAI 
(7.18) 

This can be inserted in the Michaelis-Menten expression for uptake traditionally used: 

(7.19) 

KM is the Michaelis-Menten half~rate-saturation cocfficient. The full Michaelis-Menten expres
sion of Nye and Tinker (1977) rnay possibly not he necessary, the first order approximation of it 
rnay suffice, because uptake willlcvel off when the surface is saturated with BC. At this point it 
is not reasonable to continue with purely empirical and linear only adsorption isotherms, when 
ion exchange express ions derived from thc law of mass action are avai!able, also accounting for 
non-linearities (Vanselow, Gaines-Thornas, Gapon e.t.c.). 

Model assumptions 

It is assumecl that base cation uptake can bemme uptake rate limited in severely acidified soils, 
and soils recciving high nitrogen deposition. It is assumed that this c:an be described by a 
model where uptake is dependent on ahsorbed amount of thc ions taken up on the root. The 
surface ion exchange effect can be expressed 1,0 a large part hy using the soil solution ratio 
between the clivalent base cations Ca, Mg, K and Al. (This is often referred 1,0 as the "Ca:AI
ratio" in the literature, even if it is understood that it shoulcl cOinprise Ca, Mg and K, as "AI" 
should rather be understood as the sum of all inorganic chargeel AI-spec:ies (Bonneau, 1990)). In 
the continuation we will sometimes use the notation BC=Ca+Mg+K. It becomes inc:reasingly 
more difficult for the plant 1,0 take up the llecessary base cations from the soil solution when 
soi! acidific:ation occur, due to the increased concentration of H+ anel AI:l+ in relation to base 
cations. The following assumptions form the basis of the (Ca+Mg+K/ AI)-response functions 
extracteel frorn the experimental elata: 

• Uptake of base cations is proportional to the adsorbed amount of Ca, Mg ami K on the 
root surfaces active in uptake. 



104 CHAPTER 7. BIOGEOCHE2\IICAL PROCESSES AND j\IECHANISMS 
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Figure 7.11: Conceptual model fOT tTee growth as a process. Growth is ultirnately limited by 
plant physiology. The fiTst TegulatoT of gTowth is light, since this is significant fOT total eneTgy 
available to the plant. TempemtuTe will modify the chemical pTocesscs involved in photosynthesis 
and encryy conveTsion. Water will affect the efficiency of the root appamtus as well as tmnsport 
of substance intemally in the plant. These factoTs will modify physiological maximum growth 
to a maximum possible growth. Availability of nntTients as applied in "Liebig's law " Tegulates 
potential growth to Teal growth. Unfavoumble soü chemistTY may fUTthcT limit growth. 

• Al may disturb the llptake mechanisms at the root surface, by competition at adsorption 
sites, in the root membrane and cytoplasm. 

• The concentration at the root surface is controlled by an adsorption mechanism, analogous 
to ion exchange between the major soi! solution constituents A13+ , Ca2+ , l'vIg2+, K+ amI 
H+ ions. 

The ion exchange analogy is proposed with special rcference to Asher, (1987); Bolt (1982); 
Cronan, (1991) and l'vIorris et al. , (1989) but also with respect. to earlier studies (Sverdrup 
et al., 1990, 1992) and results presented by Cronan et al., (1989); Cutler and Rains, (1974); 
Eriksson (1988, 1989); Goyer, (1988); Hiitterman and Ulrich (1984) and Ulrieh, (1983, 1984). 

• Growth is reduccd if the possible llptake of BC is lower than what is required to physi
ologically match the potentially available uptake of N (i.e. Liebig's law applies to trees 
amI BC and N uptake). 

In addition to the causes given above, high soil solution concentrations may cause denatural
ization of extracellular and intracellular em~ymes and by immobi!i,mtion of P in the soi!. This 
is not incorporated in the assumed mechanisms and the kinetics derived thereof. The value 
of the (Ca+l'vIg+K)/ Al-ratio in the soil solution is coupled to uptake of base cations, chemical 
weathering, base catioll deposition and acid deposition. Uptake will tend to make Ca+l'vIg+K 
srnaller in the soi!, wcathering and atmospheric deposition of Ca+ l'vIg+ K will tend to increase it, 
whereas acidification will tend to increase Al. Thus the net effect of forest growth and acidifica
tion may be similar with rcspect to the (Ca+l'vIg+K)/ Al-ratio, even if the damage mechanisms 
are very different on the molecular level at the root-soil solution interface. In the short term 
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perspect.ive, (Ca+ Mg+ K) / Al rat.ios and soi! acidificat.ion aspects are of int.erest. for forest. stand 
health and vitalit.y, in t.he long term for forest. product.ivit.y and hence commercial value. 

U ptake kinetics 

The uptake of Ca, Mg and K here represented as BC, is governed by a kinetic equation based 
on soil solution concentrat.ion of base eations, usually a Michaelis-Menten expression. When 
base eations are limit.ed in supply, but under conditions favourable for uptake, t.hen uptake 
will be concentration dependent, approaching zero order when base cations are avai!able in 
large supply. When growth is restrieted by some other nutrient, uptake will also be zero order. 
However under acidic soi! conditions the availability of base cations may become restriet.ed 
by supply 01' by the chemical eonditions in the soi! which would allow other constituent.s of 
t.he soil solution to compete for root receptor sites. Uptake U is expressed as a funct.ion of a 
plant physiologically deterrnined maximum uptake, modified by soil moisture and soil chemist.ry 
functions. Growth is proportional to nutrient uptake, limit.ed according t.o "Liebig',5 law" and 
regulation by climatic factors such as light, temperature and soil water availabilit.y: 

G min = Ulirnit . f(light) . f({}) . f(T) 
Xlimit 

(7.20) 

f({}) is the soi! water availabi!it.y funct.ion, which has been described elsewhere (Sverdrup et al., 
1992). Modifiers taking into ac count. the effect of temperature (f(T)) and light f(light) have 
been omitted for simplicit.y in t.he following t.ext. When N or P is present in large quantities, then 
this can temporari!y affect the growth capacity of t.he plant, for Ul irnit , Liebig',5 law prevai!s, in 
the long run. 

Under growth conelitions rest.ricteel 
by soil acidification, uptake become de
pendent. on the amount of base cation 
adsorbeel at t.he t.ree root.: 

U = k· BGads (7.21) 

where U is t.he upt.ake rat.e, k is the 
uptake rat.e coefficient. The amount 
of aelsorbeel base cation at. the root 
is given by t.he adsorpt.ion capacity 
GEGr·oat , t.he available root surface 
and the base cation sat.urat.ion at. the 
root exchange sit.es: 

BGads = A raot ' GEGroat ' XBc (7.22) 

BGuds is t.he adsorbed amount. base 
cat.ions, Araot is the t.otal aet.ive surfaee 
at. full wet.t.ing of the roots, Xnc is the 
fraction of the adsorption sites on the 
root occupied by Ca anel Mg, G EGraot 

the adsorpt.ion capacity (keq/m2 root.) 
and U t.he uptake rat.e. The effect.ive 
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Figure 7.12: The soi! moi8ture dependency of nutri
ent uptake to different type8 of trees. The diffcrent 
moi8tur'e isolines were derived by sealing from NOT'way 
sp7"Uce as a T'efe·rence. The equation f = k . {}n / (1 + 
k . (}n), wheTe n=2.4 and the coeffieient k vaT'Y with 
tTee species; For' drought-tolerant speeies, Seots pine 
and Oak, k=400, fOT' inter'Tnediately sensitive, NOTway 
spr"uce k= 11 0, foT' dmught intolerant tTees, Beeeh and 
BiT'ch, k=50 and for the tTees veT'Y sensitive to dmught, 
Ash and AldeT', k=30. 

root. surface is defined as t.he root surface exposeel to wat.er in the soil t.o t.he degree where the 
wat.er is also in contact wit.h other soil constit.uents supplying nutrients. The maximum uptake 
Um(n; as limit.ed by the Michaelis-Ment.en expression only, is occurring at full base cation satu
rat.ion at the root nurface, whell X Hc=1.0. Umax is basically dependent on the cat.ion exchange 
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capacity, specifie aetive surfacc arca and thc transport ratc through thc membranes of the root. 
If the proper cxpressions are combined, the kinetic uptake equation is derived: 

Changes in root mass over time as the tree 
grows imply a change in Araot over time. The 
non-speeifie divalent adsorption is assumed to oc
eur analogously either to Gapon, Vanselow cqui
librium ion exchange, or valence unspecific ion ex
change. Uptake of Ca, Mg and Al and their soil 
solution scem to bc strongly coupled, the uptake of 
K and NH4 affect cach other mutually, but are less 
sensitive to Al interferencc. Phosphorus as PO.! 
ancl N03 are also takcn up in aseries of similar 
events, mainly as negative ions. In multi-layer as
sessments, it will be neccssary to consider timt the 
BC / Al value is not uniform down through the soil 
profile. This will allow the plant to partially reallo
cate uptake to other soillayers, if the eonditions bc
come adverse for uptake in a particular laycr. How
ever if the PROFILE model is uscd (Svcrdrup ami 
Warfvinge, 1988; Warfvingc and Sverdrup, 1992), 
uptake in any layer will be lirnited by actual sup
ply. In a long term perspective, nature will limit 
this to the amount available frOln weathering in 
that particular layer plus any percolate in excess 
of 15t.tcq/1. Under conditions where base eation 
supply is limiting growth, the lirniting uptake will 
be: 

layers Be 
Ulirnit =. mjn.. 2..= 1J.crit,i(j)· f( -A )i 

J=N,P,Ca.Mg,K . I 
I=l 

(7.24) 
llcht.i is maximum uptake possible in layer i of nu
trient j. Thc critical uptake is deterrnined by avail
ability of the nutrient in the soil. For N, deposition, 

(7.23) 
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Figure 7.13: The dependence of growth on 
rmtT'ient solntion concentration be inves
t'igated by nsing da ta from Arovaara and 
Ilvesnierni (1990) and Ilvesniemi (1992). 
The data shows that plants ean take np 
nntrients down to a eertain limiting soln
tion concentration. This shows that np
take depend on concentrations in the so
lution and not available finx as sometirnes 
stated. It also Sh0111S that these concen-
trations may actually occnr llnder' special 
field conditions. 

fixation and decomposition of organie matter is thc most important sourees. For P and base 
cations, weathering and atrnospheric deposition are most importarlt in the long term, in a 
shorter perspectivc, ion exchange may be an irnportant source. For eonsiderations of long term 
availability, i ex; and idecornp must be set to zero. 

(7.25) 

where "} is the root cfficiency, i w is release rate due to weathering of nutrient (i=N, P, Ca, 
Mg, K), idep is input of i from the atrnosphere, i L is the amount leached at the bot tom of the 
root wne of nutrient i. The effeet of the abovc dcscription of uptakc kinctics is that the tree 
will compcnsate for a lowering of BC/Al ratio in the B-laym, by incrcasing uptake frOln other 
layers. Finc root mass will be reallocated in thc soil over longer time periods to soil layers 
with bctter BC/ Al ratio as long as this is possible. Whcn thc amount availablc in a certain 
layer is not corresponding to thc amount uptake reallocated to tlmt layer by the plant, and no 
other layer can supply the missing arnount, then growth is reduced. Thus thc plant will try 
to optimize its uptakc. \Vhen one investigator reports significant growth changes at 2.5 mg/I, 
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whereas another reports no change until 15 mg/I AI or more, then this difference ean often be 
traeed hack to differences in Ca, Mg ami K coneentrations of the soil solution of the bioassay. 
More often than not, K coneentrations will be several orders of magnitude larger than seen in 
nature. This is eaused by the use of "Ingestad" or Clarke" or Hoagland" nutrient solutions or 
similar eompositions, rat her than something similar to the natural soi! solution composition. 
This implies timt K and Ca concentrations may be in the range of 100-20 mg/I, whereas in 
the soi!, hut more than 1-2 mg K/I and 2-6 mg Ca/I is seldom observed uneler field conditions. 
The use of abnormal K-Ievels in many experiments are is a major confounding factor in the 
evaluation of these partieular experiments. A best fit to the data in Fig. 7.13 would yield: 

[ECj2 
f(BC) = 0.9· ([ECP + 0.0007) (7.26) 

when the concentration is expressed as multiples of Ingestad solution strength. In the Asa 
study, such a rclationship between soil base saturation and content in needles of Ca, and Mg 
was found. If we assurne that the base saturation of the soil is correlated to the base saturation 
of the roots, the rclationship appear to be very probable. In Asa study, the root efficiency eould 
also be determined by rnass balancing in a number of stands. 

7.2.4 Modelling forest growth 

Modelling of forest growth is based on principles from the PnET ancl FORSANA models. Much 
of wh at follows describes the phi!osophy used in these modek Before any physiological calcula
tions can be done in the PnET sub-model, the biomass content of the different tree compartments 
rnust be updated. The tree is eonsidered eonsisting of seven eompartments, foliage (divided into 
a user-defined number of crown-Iayers ami up to six different age classes), branehes, sapwood, 
eoarse roots, fine roots (in eaeh of a user-defined Illlmber of soillayers), regenerative tissuc and 
frecly available carbohydrates. There is also a compartment of heartwood. It does not have any 
influenee on the physiologieal processes, the heartwood compartment inereases when sapwood 
dies, hut its own mortality rate is zero. The updating process is a simple mass balance: 

E;(t) = ß;(t - 1) + Gdt - 1) - M;(t - 1) (7.27) 

i denotes the different compartments, B, G and ]1;[ are the biomass, growths and mortalities, 
respeetivcly. The leaf area index (LAI) is neeessary for ealculation of photosynthesis and a 
number of miero-climatie estirnations. It is eonnected to foliage biomass by the specific leaf 
area for each eanopy layer (LAPpe (eq. 7.49)) 

LAI = Bjoliage' LAI"pe (7.28) 

The development and senescenee of foliage depends on the temperature sum above a certain 
minimum value as in the PnET-model (Aber et al. 1996). All common plant species demonstrate 
a linear relationship between foliar nitrogen concentrations and CO2-assimilation rate which 
makes the photosynthesis-N relationships a very useful approach in modelling (Aber et al. 1996). 

A max = A nwxA + A maxB . Njoliage (7.29) 

Since the enzymatie speed of the photosynthesis proeess, Anax depends on the nitrogen con
centration in the foliage the lower assimilation rate for old nee(lles is aecollnted for as they 
have lower nitrogen content. AmaxA and Ama'TB are parameters speeific for either deciduolls 
or coniferolls trees (Reich, Kloeppel ami Ellsworth 1995). The maximum photosynthesis rate 
is considered limited by three factors, temperature, vapour pressure deficit and water stress 
(see eq. 5.14). The temperature dependency of the assimilation rate, Dtemp, is derived from an 
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optimum function suggested by Bossel (1994). 

{ 
( Tavg _Tmin) 2 2 aU'day A 

. 7'5tpt _ TA'in 

Dtemp - 1 SLO (T::i'~~ay -TA.ai.TI ) 2 

0
- AT' -T5t t - T;t(n 

if T avg < TAoPt 
atrday 

if T ovg > T opt 
azTday - A 

if T avg < T;\min 
a1,T day 

(7.30) 

The effect of vapour pressure deficit (air dryness), V PD, is cakulated with apower function 
(Aber et al. 1996). 

(7.31) 

The maximum photosynthesis rate are not maintained throughout the entire day. To get a daily 
average value the factor A{,;:;:; is set to 0.76 (Aber et al. 1996). Hence, the gross assimilation 
(indllding basal respiration of leaves, see paragraph ??) is calculated 

A;;;:-~~s = (Amax . Ar:::;:; + ResPjOliage) . D VPD . Dwater . D1emp (7.32) 

Basalleaf respiration is calculated as a fr action of Amax . 

R - AR' jrae .CSp faliage - max' esp juliage (7.33) 

Daytime and nighttime leaf respiration is calculated separatcly with a QlO-function. 

((Tuny _ Topt ) /10) 
Re8P1~riage = ReSp!oliage' RespQIO day A • DAYL 

R night R R Q((T~~:ht-T;tt)/lO) NIGHTL ,cSPjoliage = eSPfaliage' esp 10 . 

(7.34) 

The same temperature dependency is used for calculation of rnaintenance respiration of the other 
living compartments of the tree. This respiration is also dependent on the nitrogen and mineral 
contents of the compartment aß suggested by Penning de Vries (1989). It is also reduced if the 
freely available carbohydrates are below a certain threshold. The dependence on physiological 
activity is accounted for by adding a cer ta in percentage of photosynthetic productiorl distributed 
to each compartment (Grote and Suckow 1998). Growth respiration is calculated as a constant 
fraction of available carbohydrates for allocation, see section 7.2.5. 

The mortalities in the living compartments are calculated by multiplying a biomass base 
value with a mortality fllnction that depends on environment al conditions. This procedure is 
used for all compartments except regenerative tissue that dies completely within a given time 
frame. 

(7.35) 

B~~f. is the biomass at the beginning of the year. The mortality factor for foliage is based on 
folwge 

a longevity parameter specific for each age dass and a mortality development state calculated 
from the sum of all monthly respiration and assimilation. B~~f is the actual mass of the 

!tnfOroots 

compartment. The mortality rate depends on the maximum and minimum daily turnover rates 
and a water stress factor. The water stress factor is derived from available water, field capacity 
and wilting point. Thc daily turnover rates for fine roots are poorly known, ami should be 
further investigated. 

( ( ~ )2) max ma.x min W soil - W,soil 
FM'in,roo', = Mjineroots - (lvIfineraals - lvIjinernats)' 1 - Wfe _ Wwp 

sml sozl 

(7.36) 

The sapwood mortality is derived from the difference between last years actual sapwood mass 
and sapwood demand. The actual sapwood mass depends on the amount of carbon allocatcd 
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the previous year and the sapwood dernaml depends on the annual height growth and the 
upwards shift of the crown. No explicit function far sapwood lIlortality is implemented but the 
distribution is supposed to equal that of foliage lllortality. The martality far coarse roots and 
branches is derived the same way. The martality of regenerative tissue is calculated using the 
same eoneept as far foliage, but the process is supposed to he 1.5 times faster. 

7.2.5 Allocation and growth 

Research at the process level in earbon allocation (and fine root dynamies, far that matter) has 
been sadly neglected to the benefit of research on photosynthesis, respiration ami leaf growth. 
The lack of understanding of the earbon allocation meehanisms is now the lirniting factar in 
process-based rnodelling of whole trees (Cannell and Dewar 1994). One of the care issues in 
the SUFOR project is sustainable farestry under changing environmental conditions. These 
conditions include clirnate change and changes in anthropogenie impact such as pollution and 
management. All of the above have substantial impact on both carbon and nitrogen allocation 
(Grote 1998b). Thus, the carbon allocation model should eonsider: 

• Climatie factors 

Temperature 

Water supply 

Light 

CO2 supply 

• Nutrient supply 

Nitrogen 

Phosphorous 

Potassium 

Magnesium 

Manganese 

The work is started to develop a new allocation model that will consider as much as possible of 
the above. The allocation algorithm used in the present version of ForSAFE is based on a sink 
strengtli eoncept (Grote 1998b). The sink strength of a certaill plant compartment, Drei, is the 
amount of earbon the compartment lacks to be of optimum size. 

(7.37) 

The earbon available for growth equals assimilated earbon minus total respiration. The growth 
respiration is almost the same in all kinds of tissue and the loss can be deseribed by a constant 
faetor. 

The growth of each compartment is calculated according to their specific sink strength. 

Drei 
Gi = POOL· -.-.;-

1. 

2:= Diel 

(7.38) 

(7.39) 
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The optimum ~iL~es of the compartments are derived from their functional balance ratio (see 
eq. 7.40) to foliage biomass. These relations will only be briefly discussed here, the interested 
reader is directed to Grote (1998, 1998b). 

FR Bjoliage 

""'1'=( ( ) B eone - B eoTe )' 1 + FeoaTse + Fbranch 
(7.40) 

Berme ami B eoTe are the biomass of sapwood and heartwood, respectively (see section 7.2.5). 
Fcuarse ami Fbraneh are species specific parameters timt express the coarse root and branch 
biornass relation to sapwood. Reserve biomass (freely available carbohydrates) is part of other 
living tissue amI therefore impossible to measure and Ums validate. Two assumptions are made: 

• All reserves are storcd in the foliage ami the sapwood . 

• The carbon store capacity is equal to the optimal biomass relation. 

The optimum reserve biomass i'elates to foliage and sapwood biomass by the sum of two de
mands; the first is thc need to fill the storage capacity with carbohydrates needed for flushing 
30m! the second is activated during growth of regenerative tissue and represents carbohydrates 
needed to build new regenerative tissue. The allocation to folia ge is determined by the phe
nological status, whieh develops cumulatively, and a predetermined amount of foliage biomass, 
calculated from the adual foliage mass at the beginning of the year, the maximum foliage lllass 
ami the fraction of expected foliage loss until the end of flushing. The allocation to fine roots 
is determined by the ratio of optimum fine root lllass to foliage mass. This ratio increases with 
inereasing demand for water and nutrients (only nitrogen, at this stage). The allocation to 
sapwood depends on tree dimensions. The required ratio between sapwood and foliage also de
termines demand for branches and coarse roots because of fixed (coarse roots) or stem diameter 
dependent (branches) relations. Nitrogen uptake follows the process formulations diseussed in 
the process chapter. 

Carbon and nitrogen budgets 

The decomposition submodel DECOMP accounts for carbon ami nitrogen budgets in the soil in 
ForSAFE (WaIse 1998). The modeloperates with reservoirs, see Fig. 7.14, of organic matter 
and rate equations for their change. These have been formulated as kinetic equations, depending 
on state variables and rnodified by boundary eonditions. The decomposition model DECOMP 
is discussed in detail in the process chapter. In polluted areas the uptake through the canopy 
is a signifieant source of nitrogen (Lovett and Lindberg 1984, Skeffington and Wilson 1988). 
The higher deposition in forested areas comparea to open fields (Bergmann and Flöhr 1989) is 
accounted for and depends on leaf area ami stand density. If historie deposition data is missing 
the deposition history can be reconstructed with the MAKEDEP model (Alveteg, WaIse ami 
Warfvinge 1998). It is a tool developed for reconstructing historic atmospheric deposition for 
forests using pre~ent days vallles. The ba~ic principle of the reconstruction model is to seale 
deposition and emission trends in the literat ure to fit measurements of atmospheric deposition 
at the studied site. The model divides the the deposition of compounds into into wet ami 
dry categorie~ and scales them with canopy si~e. The dividing into wet and dry deposition is 
necessary because it is mainly dry deposition that is affected by vegetation change. The marine 
and non-marine fractions are necessary to handle separately at sites elose to the sea since sea 
spray give these sites a characteristie deposition pattern. Standard curves for N03 ' NHt 
and SO~- deposition for Northern Europe have been derived for the period 1800-2000 (Alveteg 
et al. 1998). These curves are used to scale the non-marine deposition, in ease of dry deposition 
together with the canopy biomass relationship. see Table 7.2 
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Proportional to Proportional 1.0 

Deposition Element canopy biOlllass st.andard curve 
Dry marine BC, Na+, Cl , SO~ yes no 
\Vet. marine BC, Na+ , Cl- , SO~- no no 
Dry uon-marine BC, Cl- , SO~- yes SO~-

N03 yes NO-
3 

NHt yes NHt 
\Vet non-marine BC, Cl- , SO~- no SO~-

NO:) no NO;;-
NHt no NHt 

Canopy exchange BC yes no 

Table 7.2: Rcconstruction of different deposition categorie.s. BC ar'e base cations Ca2+, Mg2+ 
and K+. 

PnET yearly processes, building of the stand 

The st.and propert.ies are calc:ulat.ed Ollce a year. The annual changes in the stand are calc:u
lated separately for each social tree c:lass. First of all the increase in height ami diameter is 
calculat.ed, as ment.ioneel above. Then t.he other dimensions and stand properties are updated. 
The functional balance rat.io (F R sap , see eq. 7.40) between foliage and sapwood, mentioned 
in the allocation chapter, cannot. be considered constant. because of the increasing dist.ance be
tween roots and crown. From sapwooel growt.h of t.he previous year, the height and diameter 
increase is derived anel other st.and properties have t.o be updated considering tlmt.. Average 
stand height, H avg , stern volume withollt. bark, V,tern anel diameter at breast. height., DBH are 
obligate initialisat.ion variables. 

The nurnber of trees per hectare is calculat.ed from t.hese initialisation variables ami the 
reverse equat.ion yields t.he st.ern volurne every year, considering new tree dimensions and t.he 
decreased number of st.erns. 

Vstem ( ) 
TI = Havg. D 2 . 2I. . 1 7.41 

o 4 3 

The total annual sapwood growth 01' the stand is divided by the number of t.rees in the stand 
t.o get the average st.em growt.h. Diamet.er and height. growt.h are calc:ulat.ed as suggested by 
Bossel (1994). 

6.D = 4· Gstern 
o DENS. 7r' Qilb· D6 

(7.42) 

Q'l:b is an optirnurn height./diamet.er rat.io relat.ed to crown a.rea index, CRAl. The normal 
stand density (uumbcr of st.ems per area unit) does not t.ake int.o ac count. the widt.h of 1.he 
branches ami is t.hus insufficient to est.imate changes in allocatiou and growt.h after changes like 
thinnings or ot.her dist.urbances in t.he st.and. Also the impa.ct of canopy on throughfall and light 
penetrat.ion are better estimated if the crown area index is used. CRAl describes the vertical 
projection area of t.he tree crowns per hedene (Bossel 1994). The rat.io betweell crown diameter 
and DBH, QCD is Ilsed as weil as maximum and minimum height/diarneter ratios (species 
specific paramet.ers). 

C RA! = D B H . Q . 1J D + Hf).~. . _T_! _ ( 
(Qrnax Qrnin)) 2 

Cf) 2. QHD 4 10000 

When thc diameter growth is calculated, the height growth, 6Havg , can be deterrnined. 

6.H,,·ug = 6.Havgma.c • (1 _ 6.Do ) 
6.DgWJ· 

(7.43) 

(7.44) 
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Figure 7.14: Flowchart oJ the two uppermost layers in the DECOMP model. The second layer 
is T'epeated in layers three and Jour. 

6.Drnax = 6 . G stcrn 

o DENS'Ir.Do.Havg 
(7.45) 

6.Ho.ugmax = 12· G stern 

Ir' D6 (7.46) 

The tree~ in the model are represented as a cone for stern anel a cylineler for crown, see Fig. 
7.16. The stern is divided into sapwood emd heartwood, where the heartwood constitutes of a 
core cone inside the stern cone. 

The foliage biomass is obtained by dividing LAI by average specific leaf area. 

B . _ LAI 
folw,ge ~ LAspeavg (7.47) 

The potential LAI is given in the initialisation process anel the median of the specific leaf area is 
given as a parameter. The actual LAI is calculated from potential LAI reduced by the expected 
growth of the first age dass and CRAI, until maximum foliage is reached. About a fourth of 
the neeelles in the first of the age dasses is supposed to die eluring t.he expansion phase and 
hencc, the starting LAI must bc increased. 

LAI = LAIpot . GRAl· (1 + 0.25 . Fage(l) ) 

1 + LFagC(a) 
(7.48) 

The specific leaf area is calculateel from specific leaf areas of each canopy layer, derived frorn 
empirical investigations (Kellomäki anel Oker-Blom 1981). The developed function neeels the 
median of specific leaf area and it~ dependellcy of canopy depth as parameters ami is therefore 
easily parameteri7,ed für different species or age dasses. The average specific leaf area is obtained 
by weighting the specific leaf area in each layer with the relative foliage distribution (eq. 7.50). 
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Figure 7.15: Interactions between daily and yearly processes. 
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(7.49) 

(7.50) 

:r 
J 
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There are four cornpartrnents of woody biornass, sapwood, 
heartwood, branchwooel anel coarse roots. The fraetions of 
heartwood and sapwood in the stern are e1eterrnineel as the eore 
of the eone ancl the outer shell of the cone, respectivcly. 

Co> 

3 

Havg. D 2 . 7r' DENS 
B - 0 

cone - 12 

Heore ' (Do - Dcore )2 . DENS· 7r 
Beare = ---.:="-----'--'------"-'--'------

12 

(7.51) 

(7.52) 

LAI'nax 
Heure = Herown + Ferawn . LAIpot . GRAl' (Hovg - Hcrol1m) 

(7.53) 

Figure 7.16: The stem in 
the model is represented by 
two coaxial cones, the sapwood 
cone and the heartwood cone. 

The peak of the eore inside the eone is calculateel to take into 
aecount the ehanges in foliage biornass. That is beeause sap
wooel e1ernand is e1epenelent on the foliage biornass that has to 
be supporteeI. This is irnplemented by weighting the variable 
for relative eore height within the crown (Fc1'Own) with the de
gree to whieh the potential LAI was actually reached the pre
vious year. The coarse roots are consielereel a constant fraction 

The crown is represented by a 
cylinder. 

of sapwood while the branch wood fraction (Fbranehes) is developing according to a relation with 
stern diameter anel crown diameter (Bossel 1994). The sapwood anel heartwooel fractions of 
branches and coarse roots are consielereel eqllal to the relations hip in the stelll. 

F; - F min (_ F rnin ). (-10. Dffl~!;{ax) 
branches - branches + 1 bTancl~es e (7.54) 
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The fine root di~tribution is an object of current research within SUFOR. The results from this 
investigation and the new allocation algorithm that is being developed will be the basis of a 
new algorithm for fine root distribution. 

The annual reduction of the nurnber of stems is due to either a vitality function or thinning 
events. The vitality index characterises tree health and is calculated by dividing annual net 
production by total annual mortality of the compartments, ineluding exudation losses. 

VI= 'LPOOL 
'L(Mi ) 

The rernoved fraction 01' biornass is calculated with a slope parameter, SLOVI. 

{
I - V ISLoVJ 

FVI = 0 
,ifVI<l 
,ifVI~l 

(7.55) 

(7.56) 

All biomass compartments, nitrogen pools and stem number are reduced by equal proportions, 
rneaning there will be no change in average tree dimensions. If thinnings occur, a disturbance 
routine replaces the mortality function. The thinning does not randomly select trees. Whenever 
a defined height has been reached or the height growth interval exceeds a certain level, stems 
will be rernoved. The intensity of the thinning is de~cribed by PS N, a parameter that can be 
set differently for each thinning event. The stems removed can be set as bigger or smaller than 
the average stem by varying the parameter T HIN. 

F n = 1 _ e(-PSN.TlIIN.t!. Hav 9) 

FVI = 1 _ e(-PSN.t!. HaV 9) 

7.3 Decomposition of organic matter 

7.3.1 Introduction 

(7.57) 

(7.58) 

This model is apart of the efforts needed to build the model tool being developed for the 
Sustainable Forestry in Southern Sweden Program (SUFOR), the ForSAFE model. This impor
tant model involve a tree growth and physiology submodel of the PnET-FORSANA type (Aber 
and Melillo 1995, Fichter 1999), a geochemical submodel derived from SAFE/PROFILE and a 
carbon-nitrogen submodel which is described here. This submodel will be ineluded in the For
SAFE at a later stage. The scope was to computerize the Walse-Berg-Sverdrup model (WaIse 
et al. , 1998) and to explore the properties of such an integrated model. This rests on a long 
term goal of enhancing the SAFE model with components for carbon cyeling and mechanistic 
growth of trees to develop ForSAFE. We want to explore the results with respect to the standard 
reference behaviour amI explore the dynamics of this model. This is the preparation necessary 
before this model can be integrated into our larger forest ecosystem model under development. 

The rnechanism concept presented in this study is based on the work of Mindermann (1968) 
and Tenney and Waksmann (1929). Our model concept has basic characteristics in common 
with several others, such as the models described by Dunell et al. (1977b), McGill ei al. (1981), 
Parton ct al. , (1987), Molina et al. (1983), Parnas (1976) and van Veenen et al, (1984), as 
well as developments by the authors (WaIse et al. 1998). These models are all process-oriented 
in that they operate with the separate influence of environment al factors such as temperature 
and moisture on the decornposition process. They differ in time resolution of calculations, the 
type of ecosystem modeled and in the number of different substances accounted for (carbon, 
nitrogen, phosphorus, etc.). The models differ also in the number of pools of organic matter 
accounted for. Moisture and temperature are frequently accounted for in decomposition models. 
The idea that pR would affect decornposition rate is well established and certain models have 
included an impact of pR on decomposition rate, e.g. the NICCCE model van Dam and van 
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Breemen (1995) hut 1,0 our knowledge this is the first time such a large selection of experimental 
data is synthesized into rate-regulating model functions. A ilIlmher of factors may infiuence 
deeomposition, and they may be classified into eategories sueh as: 

1. External conditions 

(a) Water 

(b) Temperature 

(c) Soi! solution chemistry 

i. Soi! aeidity 

ii. Concentration of calcium, magnesium and potassium 

iii. Concentration of heavy met als am! toxie contaminants 

(d) Inorganic oxidation 

2. Substrate quality 

(a) Substrate type 

(b) Nitrogen concentration in organic matter 

(c) Phosphor coneentration in organic matter 

(d) Manganese and iron concentration in organie matter 

(e) Heavy metal concentration in organic matter 

3. Microbial conditions 

(a) Composition and relative importance of fungal eormnunity 

(b) Composition and relative importance of hacterial community 

(c) Cornposition and relative irnportanee of heterotrophie eommunity 

7.3.2 Objectives 

The objective is to review and synthesize some of the qualitative and quantitative information 
available on the relationships between organic matter decomposition rate and soil chemistry and 
environment al faetors. The principal objective is to outline and parameterize a decomposition 
sub model. The purpose of this study was to compile a unified data set for a range of soi!s thaI, 
have been used for deeornposition experiments by using previously published data and convert 
them. This was aehieved by estimating some unreported background data from other models 
or methods of estimation. The deeomposition data were then evaluated using a variety of 
moisture indices, including soi! rnatric potential, soi! moisture content relative to field capacity 
and volumetrie soi! mo ist ure content. 

Our aim was 1,0 find a model function valid for an soi!s suitable for use in a more com
plex decomposition model, that would also include the effect of temperature ami possibly other 
environment al parameters such as soil acidity or heavy metal eoncentration. The scope was 
twofold: (1) find which moisture index that most aceurately describes the relation between 
soil moisture and decomposition; and (2) compare the moisture indices from a data require
ment point of view, to find out whether there is a moisture index thaI, with a minimum of 
measurements reproduces the relation decomposition-moisture with an acceptable accuracy. A 
model based on such a moisture index would be very valuable in the context of regional/global 
decomposition modelling, where data availability is limited. The range of soil moisture con
ditions whieh we considered were dry to nearly saturated soils, as decomposition of organic 
material in saturated soils is governed by different pro ces ses from the ones in unsaturated soi!. 
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The scope of this is to review 
the cffects of temperature, mois
ture, soil solution acidity amI soil 
solution concentration of base 
cations (Ca2+ , Mg2+ and K+) on 
decomposition rate. The model 
is intended to be applied prim ar
ily to forest soi!s in Northern Eu
rope. It is recognized that other 
factors than the here studied 
may be irnportant for the decom
position rate. Some of thc more 
studied such factors are sub
strate quality, heavy metal con
centration and concentration of 
phosphorus and nitrogen in soil 
solution. An important assump
tion in this conceptual model is 
that the soil rnicroorganisms are 
the fully responsiblc for dccom
position. Larger soi! animals are 
of some importance for the de
cOlnposition of organic material, 

Nitrogen 
+ depositIOn 

,~C_~",) 

\ ~~"m"":""m" ~ , ~ _, m."" ~~, -------, 
+ j+ ~- + Acid rain 

Soil moisture ~ B [OjCJ ) 

W+~ 
+ 

Figure 7.17: Causal loop diagmm of the decomposition pro
cess in the soil. This represents ou,r mental understanding 
embedded in the Walse-Berg-Sverdmp conceptfor the decom
position dynamics in the soil. The system is chamcterized by 
seveml feedback loops. The intemal TeinfoTcing loops have 
additional balanC'ing loops, pr'eventing the system from esca
lation. The causal loop d'iagmrn TepTcsented her'e is applied 
in the computer' model used later- in this study. 

but bacteria and fungi have been estimated to cause 80% ofthe carbon circulation (Wood 1989). 
For nutrient-poor northern European forests, Persson et al. (1980) estimated the corresponding 
figure to 90%. Therefore, the influence of the larger soil animals is considered to be mainly 
fractionation. Moreover, earth worms, one of the more important groups of soil animals in this 
sense, occur sparsely in the acid podsols that are of most interest for this study. The biomass 
of bacteria and fungi is in this paper rcferred to as the microbial biomass. An important 
simplification in the model is that soil solution chemistry and climatic factors are affecting the 
activity and functional composition of the microbial biomass. The soil is regarded as entirely 
homogeneous, so that the difference between conditions at micro-sites when compared to condi
tions in the bulk solution are ignored. The division of the soi! into severallayers is an important 
feature of the geochemical model (SAFE) for which the decomposition submodel is developed. 
At present, however, the decoruposition model is developed for a single soillayer, corresponding 
to the litt er layer plus the organic horizon. 

7.3.3 Model concept 

The model is in its present state formulated for the transformation of carbon only. Figure 7.17 
shows a conceptual view of the model. In nature, thc laws of competition will allow an increase 
in one specics duc to a superior property in a given situation, when another species competing 
for the same ecological niche is weakened or eliminated. This reasoning is applicable also for the 
ruicrobial biomass. In most cases many different species, possibly with different environment al 
requirements, can cause the same or simi!ar chemical transformations. A few soi! processes 
are quite specific, however, and may only be performed by one or a few species. For example, 
nitrification is believed to be performed by two specific bacteria, nitrosornonas and nitrobacter 
(Wood 1989). The dccomposition of the lignin amI the resistant material, is believed to be more 
spccialized than the decomposition of the easily decomposable material and of the holocellulose. 
The white-rot fungus Coriolus versicolor and the soft-rot fungi Chaetornimn globosmn are two 
weil investigated species of lignin decomposers. Today we rnay see at least 40 species of fungi 
that may degrade lignin completely (Eriksson et aL (1990). It is possible that bacteria also play 
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Figure 7.18: Flow pattern of car'bon in the soil according to thc Walse-Berg-Sverdrnp model. Im
portarä is the division of new mganic matter into fonr types and the feedback from soil chemistry, 
temperat'ure and soil wetness. This scheme was applied in weh soü layer. 

a part in the degradation of lignin, but it is not known to what degree they contribute to the 
lignin dec:omposition rate (Kirk and Zeikus 1978). We hypothesize that total decornposition rate 
will be limited hy the activity of hac:teria and fungi. It is also assumed that fungi are rclatively 
more important for the decomposition of lignin and resistant compounds while bacteria are 
more important for the decomposition of the easily decomposable material. The decomposition 
of the substances in the holocellulose pool is assumed to depend equallyon bacterial and fungal 
activity. The relative importance of fungi and hac:teria for the decomposition of a c:ertain soi! 
organic matter pool can then be defined as: 

and 

Re!. BD = rBD 
rBD + rFD 

Rel. FD = rFIJ 
rBD + rFD 

(7.59) 

(7.60) 

where rBD denotes bacterial decomposition and rFD denotes fungal decomposition (g m-2 yr 
-1). Specific rate regulating fadors for fungal ami bacterial growth can be separated in some 
cases, as will be shown further Oll. As a first assumption, we will go cven further and assume 
fungi to he solely responsihle for the decomposition of lignin and resistant material, whereas 
hacteria is assumed to be solely responsihlc for the dec:ornposition of the easily decomposable 
material (table 7.:3.5). Since the lignin and the resistant material pools hoth are assumed to be 
decomposed by fungi only, the rate regulating functions will he the same for these two pools. The 
only difference in model parameters between these two pools is thus the potential rate constants 
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(kpot:l and k pot4 ). For eaeh organie matter fraetion i we have the kinetic rate expre""ion: 

7"i = ki · 7ni' j(w)· g;(pH)· fi(T)· z(N)· u(At) 

The action of soil ehemistry is expressed either by a simplified expression; 

1 
g(pH) = 1 + kH . [H+]n 

or a more elaborate. the "fuU expression": 

[Bc 2+]m 
9 (B C / Al / H) = 7:[ B::-CC=2c;-"+~]n~1 +-", N~l~' -;-;( [C--;A-0013-:-+ ]~+--=-3 --Co [C::-H:;-;+-;-;])~n 

The action of water i" expressed using; 

K w ' W V 

j(w) = -:--~-~ 
1 + Kw ·w" 

and the effect of temperature is expressed by u"ing an Arrhenius expression: 

j(T) = 7"0 . lQA/(273+T)-A/281 

7.3.4 Data and Methods 

(7.61) 

(7.62) 

(7.63) 

(7.64) 

(7.65) 

Data was obtained Irom the literat ure ami analyzed on the basis of the assuIlled rate-regulating 
functions. The maximum relative reaction rate was set to 1.0 at optimal conditions, which were 
assumed to be: (i) llloi"ture content at field capacity, (ii) pR 6 and (iii) maximum ßC2+ to 
(AI3+ + p' R+) ratio in cach experiment, provided that it was above 1.0. Experimental data 
include a variety of rneasurement techniques and materials used, from mass loss rates in field 
litterbag experiments mea"ured for up to "everal year" to laboratory experiments of bacterial 
growth rates. The COlnmon faetor of the data coUected is the ability to teU us something ab out 
how deeomposition rates may be affected by the three selected environmental parameters tem
perature, moisture or acidity. None of the experiments include aU three of these parameters. 
however, some experiments incluele two of them, ami some include only one. The activation en
ergy was obtained as thc slope when plotting In (k) versus -l/T. Rcferences ami key information 
on the experiments are listed in table 7.:~. The model parameters for the rate regulating func
tion" other than the one for temperature (i.e. functions gl-g4 ami B1-B4) were obtained through 
the use of a computerized curve fit proceelure. Reference" anel key information on the experi
ments are listed in tables 7.7, 7.12 and 7.11. Experimental data on the relation between pR 
and Al Oll mierobial process rates were divided in two; (i) experiments inclueling measurements 
of pR, Al and base cation concentrations and (ii) experiments where only pR was measureel. 
The former group were Ilsed to extract model parameters for the "fuU" ion exchange expression 
(7.63) and the latter grollp was used to extract model parameters for the simplified ion exchange 
expression. The ion-exchange eon"tant K ami the n and m parameters in the "fuU" ion exchange 
function wcre obtained by analyzing data on bacterial growth and fungal growth as dependcnt 
on pR, Al and BC concentration in several steps. First, an empirieal fllnction of the same type 
as equation 7.63 was fitted to the data, letting the n anel m exponent" vary freely to obtain the 
best possible fit. This was done using the data from each experiment, to investigate whether 
the n anel m exponents were in the range of the ones assumed in the Vanselow, the Gapon anel 
the valence unspeeific ion exchange functions; 

Mechanism n m p 
Valenee unspeeifie 1 1 1 
Gapon 0.5 0.33 1 
Vansclow 3 2 3 
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It also gave the maximum correlation to be expected whcn applying t.hese t.heoretical ion 
exchange expressions. It was repeated for p values ranging from 0 t.o 6, t.o find out wh ether the 
theoretical p values assumed were appropriate. Thereafter, the t.hree theoretical ion exchange 
funct.ions were applied to data from each experiment ami the correlations between data ami 
function were evaluated. Finally, the experimental data were grouped according to the measured 
process (bacterial growth or fungal growth) and model paramet.ers were calculated using all dat.a 
within each group in cornbination with the selected ion exchange func:t.ion. Fm the simplified ion 
exchange expression, only the valence unspecific ion exchange fllnct.ion was evaluated (simplified 
version of Eq. 7.63). An empiric:al func:tion of the same type as equation 7.62 was fitted t.o the 
data, letting rn vary freely to obtain the best possible fit. This empiric:al function was then 
compared t.o the valence unspecific ion exchange function. A serious problem in t.his type of 
analysis is t.hat. all experiments were not. performed over the whole range of environment al 
conditions. If, for example, a moisture experiment is performed over a range of 0-50% of 
field capacity, the highest. relat.ive process rate should not be scaled to 1, but to somewhere 
between 0 and 1. This kind of data is alm ost impossible to use, as long as one does not 
have another experiment, involving the same proc:ess and usillg the sallle method, to use as a 
guide. In the c:ase of BC2+ /(AI3+ + p·H+) values, this problem c:ould not be ignored, as no 
experiment was performed over exactly the same experimental interval. Therefore, t.he maximum 
13C2+ /(Al:l + +p·H+) value in each experiment was assumed to allow maximum growth, provided 
t.hat it exceeded 1.0. Finally, potential rate constants (rate constants at optimal c:onditions) 
were calculat.ed from a number of decomposition experiments. This was done by applying t.he 
rate regulating functions for temperature, moisture ancl pH found in this study to a number of 
field experiment.s where pH, soi! moisture and temperature werc all available. 

7.3.5 Results 

Temperature 

Data on tlle impact of temperature on decomposition rat.es is abundant and only a sIllall selection 
of the available da ta is reported here. Three different experimental methods are frequently 
found in the literature: measurement of the mass loss of organic material, measurement of 
nitrogen mineralization (measured as increase in ammonium ami nitrate concentration) and 
respiration measurements. The reported experiments can be divided into two groups, medium 
ancl long-term experiments with measurements lasting from 2 weeks up to 2 years, ami short
term experiments with measurements for up to 24 hours. The short-term experiments are all field 
experiments using different types of respirometers, while the main part of the medium and long
term experiments are laborat.ory experiments of different types. The short-term experiments 
show a much stronger response to temperature ftuc:tuations. The longer experiment.s, irrespective 
of method, give a lower activation energy (table 7.3). The short-term respirationmeasurements 
are here assumed to mirror immediate responses in microbial activity, while the more long-term 
experiments are as~umed to show the integrated effect of temperat.ure on the soil processes 
leading to decompo~ition. Another reason for the difference between the t.wo groups may be 
that the short-term experiments are perforrned in the field, where carbon dioxide from root 
respiration is added to that from the decomposition. Model parameters were based on the results 
from the medium- and long-term experiment~. The range in the data from medium- and long
term experiments reftect differences in material composition and duration of the experiment. 
It. is difficult to resolve the results further, lmt a slight trend in data is seen with respect 
to the substrate used. The data from Jenny et al.(1949), suggest~ timt the decomposition 
of more easily-decomposed material, in this ca se alfalfa, i~ lesB temperature-dependent than 
the decomposition of cellulose (Donelly et al. 1990; Rosswall 1974; Rosswall ami Berg 1972). 
Moreover, decolllposition rates of pure lignin or humus Donelly et al 1990; Mnrk 1938; Sohlenius 
et. al 1976) show astronger t.ernperat.ure dependence. Thc model parameters were calculated as 
the average from those experiments where material corresponding as closcly as possihle t.o the 



120 CHAPT}<;R 7. BIOGEOCHEMICAL PROCESSES AND MECHANISMS 

Reference Material l\!ethod Duration Ea 

(kJ lllol- j) 
Med. & long-term exp. 
Easily decomp.: 
Jenny et al 1949 Alfalfa Mass lass 1 yr 17.9 
Holocellulose: 
Rosswall 1974 Cellulose Mass lass 0.3-1 yr :18.8 
Donelly et al 1990 Cellulose C02 prod. 6 weeks 59.6 
Donelly et. al 1990 Cellulose J\'lass 108S 8 weeks 56.9 
Lignin: 
Donelly et. al 1990 Lignin CO2 prod. 6 weeks 54.8 
Humus: 
Mork 1938 HUlllUS N ruill. 8-50 weeks 52.3 
Mork 1938 Humus CO2 prod. 4-16 weeks 48.4 
Sohlenius et al 1976 Humus N nÜll. 14 weeks 60.2 
Mixed pools: 
Wood 1974 Eucalypt.us lit.ter Mass lass 1 yr 30.6 
TheodofOn and Bowen 1983 Pine lleedles Nmin. 8 weeks 38.2 
Berg et al 1991 Pine needles Mass loss 1-2 yr, 57.2 
Sowden and Ivarßon 1974 Mixed litter Mass loss 4 yrs 31.7 
Sowden and I varson 1974 Mixed litter Mass loss 2.5 yrs 34.9 
Sowden and I varson 1974 Mixed litter Mass loss 2 11lonths 56.3 
Stanford ct al 197:1 Mixed litter Nmill. 2 weeks 45.3 
Chen et al 1973 Mixed litter Maßs lass 1-2 years 54.4 
Cassman and M unns 1980 Soil N min. 2 weeks :n.8 
Carnpbcll and Biederbcck 1975 Mineral soi! N nlin 2 weeks 63.9 
Macduff and Whitc 1985 Mineral soi! N rnin. 10 days 37.1 
Short-terrn exp. 
Flanagan and Veum 1974 Tundra C02 prod. 1 hr 93.7 
Anderson 1973 Beech leaves CO2 prod. 1-2 hrs 64.6 
Anderson 1973 Chestnut leaves C02 prod. 1-2 hrs 69.9 
Edwards 1975 Forest floor CO2 prod. 24 hrs 110.9 
Buyanovski and Wagner 1983 Forest floor CO2 prod. Instant 83.8 
Cast elle and Galloway 1990 Forest floor CO2 prod. Instant 84.9 

Table 7.3: Relationship bet71Jeen temperature and decomposition rate, expressed as the activation 
energy. Model parameters were calculated using all data representative for each pool. Data 
from mixed pools can be used for parameterization of a single-pool model. Data from shoT't-term 
experiments are shown as a comparison. 

defined model pools were used (tables 7.3). For a simpler model, using only one pool of organic 
material, the appropriate value of Ea would be 45 k.T mol-I, based on data from decomposition 
of mixed litter (table 7.3). 

Moisture 

Decomposition of organic matter is of great interest, especially in the light of a possible global 
warming and the subsequent increased carbon dioxide (C02 ) fluxes timt may follow, but also 
in the context of nutrient cycling in ecosystems. The soil decomposers need water for their 
metabolism, and thus this affects their activity level. It is hypothesized that the effect of soil 
moisture depend on the wetting of the soil material and wetting of the surfaces of the soil de
composer organisms. It would then be reasonable to assurne that this would follow a Freundlich 
adsorption isotherm for physical adsorption of water to a particulate solid (Sverdrup et al, 
1992). Full moisture saturation could lead to anoxie conditions, and decomposition would stop 
completely (Burl, 1985; Swift et al., 1987). Numerous studies have investigated this relationship 
for specific soils (Andren et al 1992, Campbell and Biederbeck 1975; Quemada and Cabrera 
1997) and for a range of different soils (Stanford and Epstein 1974; Miller and .Tohnson 1964; 
Myers et al 1982). The basis of such studies are usually CO2 evolution, nitrogen (N) mineraliza
tiOll, or mass loss of organic material, and sometimcs a combination of t.hese met.hods. Several 



7.3. DECOMPOSITION OF ORGANIC MATTER 121 

Site Litter AnImal Annual k 
type average average yr- 1 

temp °C clecOlup % 

Devon Isl. N.W.Territories Carex -13"C 12-19 0.12-0.21 
Barrow, Alaska Dupontia fischcri _5°C 15-18 0.16-0.20 
Finland :rvIixed deciduous~sprucc 4.5°C 30 0.36 
Finland 11ixcd deciduous-sprucc 5.5°C 42-46 0.54-0.62 
Bangor, J\.Iaine Coniferous 6.8°C 42 0.544 
Zutphen, Netherland Deciduous mull-mor 9.5°C 54-62 0.77-0.97 
Zutphen, Netherland Deciduous luull-Iuor lOoC 69-84 1.17-1.83 
Coweeta. North Carolina Mixed forest 13°C 50 0.70 
Athens, Georgia White oak-dogwood 15°C 40 0.75 
Oak Ridge, Tennessee White oak 15°C 72 1.27 
Kade, Ghana I\loist semi-decicluous 26°C 300 15.15 
Ibadan, Nigeria Dry semi-decid UUllS 26°C 300 15.15 
Nigeria, Ivory Co ast 110ist evergreen 26-30°C 350-400 15.2-20.00 

Table 7.4: D'isplay of basic reference behavio'ur, tuken frorn the litemtw·e. Litter deeomposition 
mtes, ann-nal avemge8, at different loeations in the world. k is the mte coefficient aceording to 
first order mte eq-nation, no considemtion of pH, SOÜ Tno'ist'urc 0'1' s'ubstmte qnality was made. 
The data was taken fmm the litemt-nre (Chen et al., 1983, Tietrna et al., 1991, Edwards 1975). 
The armual avemge ternpemtures were taken fmTn the National Geogmphic Atlas of the World 
(1963). 
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Figure 7.19: Relative C(h pmduction as a function of different soil moisture indices. The soils 
have been d'ivided into thr'ee gm'ups depending on soil water retention properties. 

authors have compared experiment~ on decompo~ition rate~ (Sommers et al 1980, Skopp et al 
1990; Rixon and Bridge 1968; Waise et al 1998). It is difficult to compare the re~ults of these 
investigation~, however, since they used different moisture indices. Apparent inconsistencies 
01' results are due to the different investigative goals, and interpretation of results are difficult 
because many published reports do not include all information needed to compare the different 
moisture indices. 

The data used wa~ taken from literature, representing more than 30 different types of soils. 
Most soils are fore~t ~oil~, but some agricllltural soils are also included. The experimental de
sign of the reported studies vary. Most were performed in the laboratory, with disturbance of 
the soils, although Andren et aL(192) studied ma~s loss of organic matter through experimental 
manipulations in the field. Eight experiments measured N minerali2ation, four experiments 
rneasured CO2 prodllction, ami two experiments measured both CO2 production and N miner
alization. N mineralization was measllred as the net accumulation 01' nitrate and ammonia in 
the soil over the experimental period. CO2 production was measured either as the accumulated 
CO2 production over the experimental period, or as the rate of CO2 prodllction at certain time 
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All süils BFC <20% BFC; 20-40% eFC >40% 
n=107 n=:12 n=65 n=lO 

m [2 K m [2 K rn [2 K m [ 
2 

-0.6 0.83 19 -0.5 0.89 :13 -0.6 0.87 409 -0.8 0.68 
2.4 0.83 :1.2 1.9 0.89 4.7 2.7 0.88 9.7 8.0 0.56 
2.0 0.77 75 1.9 0.87 252 2.7 0.88 9678 8.0 0.59 
1.9 0.69 180 1.9 0.89 :367 2.7 0.88 219 5.5 0.:19 
2.1 0.70 11 1.8 0.79 16 2.6 0.73 4. 108 27 0.67 
-2.5 0.45 9.10- 11 -23 0.76 0.04 -2.2 0.67 3.10-1 -6.9 0.78 

Tahle 7.5: The pammeters K and m and the coefficient of eorrelation (,.2) fOT the model fit to 
the CO2 pTOdv.ction data .. n denotes the numbeT of data points in eaeh Tegr·ession. 

Bi All soils BFCc <20% BFC 20-40% OFC >40% 
n=209 n=52u n=134b n=23 

K m T 2 K m [2 K rn 1'2 K m [ 
2 

>]i 44 -0.6 0.66 :11 -0..'; O..'i.'i 47 -0.6 0.71 :106 -0.9 0.77 
ORFC 5.2 2.6 0.70 4.6 1.9 0.47 6.8 :3.3 0.85 4.4 4.0 0.64 
eval 99 1.9 0.46 126 2.6 0.72 2.4·10" 13 0.65 
B.qrav 140 1.7 0.42 194 2.5 0.71 189 5.0 0.45 
eRB 14 1.7 0.48 15 2.7 0.72 21 4.5 0.41 
V 7·10-:) -3.8 0.46 0.1 -2.0 0.32 4.10- 4 -7.0 0.59 

Table 7.6: The pammeter's K and rn and the eoefficient of deteTrnination (,.2) fOT thc model fit to 
the N rn'lr!emlization data. n denotes the nwnbcT of data points in each TegTession. a.b 7/{)RS =40 
and 102 Tcspcetively. 
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Figure 7.20: Relative N minemlization as a funct'ion of different soil moistuTe indices '-Ir (A), 
eRFC (ß) and eR8 (C). The soils have beeT! divided into thTee gTOUpS depending on 80il wateT 
Tetention pTOpeTties. 

intervals. The duration of the experiments varied from 3 days to 3 months, over temperatures 
of 2 to 40°C. Some authors used a range of constant temperatures and some used a single 
constant temperature (Table ??). We tried to find experiments that included a wide range of 
soil moisture contents, ideally the soil moisture contents corresponding to 0 to -1500 kPa matrix 
potential (saturation to wilting point) or drier. However, few experiments use the whole range 
of moisture contcnts, and we had to settle also for data from experiments tImt covered only 
parts of that range. Because not all reports included all the background information needed 
to perform this study, some background data were estimated from other models or methods of 
estimation. The most critical estimation was that of soil moisture tension from volumetrie soil 
moisture, and vi ce versa. This was done far all data sets where either soil moisture tension or 
volumetrie soi! moisture wcrc missing. The model used to calculate thc moisture-tension curvcs 
was presented by Gregersoll et al.(1987), and is here called the GHM model. It is based on 
the log-log linear form of the soi! water retention curves in the -5 kPa to -1500 kPa matrix 
potential range (Brooks ami Corey 1964) Soil moisture experiments are often perfarmed on 
the basis of the water-to-soil mass ratio, or as a function of the soi! matrix potential. These 
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Reference l'datcrial l'vlethod Duratiorl Kw 11w N R2 

Rosswall and Berg 1972 Cellulosp I\Iass lass 8 weeks 5.6 2.8 29 0.96 
Zöttl 1960 Humus N rnin. 16 weeks 5.9 3.0 3 0.92 
Mark 1938 Humus N lllin. 16 wecks 10.4 3.5 8 0.76 
Birch 1958 Soi! N min. 5 days 9.0 3.6 10 0.98 
Robinson 1957 Soi! N min. 32 days 3.7 3.5 15 0.77 
Thcodorou and Bowen 1983 Soi! N min. 8 wecks 3.7 2.7 6 0.77 
Campbcll and Biederbeck 1975 Soi! N min. 2 wecks 17.5 3.8 27 0.76 
Andren et al 1992 Barley straw Mass lass 3 1Il011ths 9.1 3.8 3 0.71 
Group 1, all data 9.:~ 3.4 101 0.92 
Tyler 1075 Soi! CO2 prod. 24 hrs 1145 3.6 11 0.98 
Wildung et al 1975 Mixed litter CO2 prod. 24 hrs 28.4 1.5 17 0.77 
Tyler 1974 Soi! Mass lass 3 1Il0nths 24.6 1.4 8 0.96 
Goncalves and Carlyle 1994 Soil N min 2-8 wecks 16.0 1.7 30 0.87 
Group 2, all data 16.7 1.7 66 0.85 

Table 7.7: Rclationship betwcen relative soil moisture satumtion and decomposition mte. Kw 

and nw are the coefficients of the Langmuir adsorption isotherm (equation 14). N denotes the 
rmmber of measurements in each experiment and R2 denotes the coefficient of determination. 

measurements are difficult to relate between soils unless, in the case of soil matrix potentials, 
you have the hydrologie al data for the soil in quest ion to use in combination with the decom
position data. Experiments using the relative soil moisture saturation as a parameter, as we 
have chosen to model it, are less frequent but often very informative. The data can be divided 
into two groups (figure 7.21). One (group 1), including six nitrogen mineralization experiments 
ami t.wo mass loss experiments over periods of 5 days to 16 wecks shows a slower increase in 
nitrogen mineralization rate ur mass loss rate with relative soil moisture saturation. The other 
group (group 2) contains t.wo short-term respiration experiments (24 hrs), reported by Tyler 
(1974,1975) and two longer-term mass-Ioss experiments (2-8 weeks and 3 months) reported by 
Wildung et a!. (1975) and Tyler (1975). These experiments show a very strong response in 
decomposition rate in the relative soil moisture saturation interval 0-20% followeel by a slight 
increase in decomposition rate between 20-100% relative soilmoisture saturation (figure 7.21). 
It. is probable that the short-tcrm respiration experiments (24 hrs or !css) reflect the changes 
in both the microbial biomass and its activity. A elrieel-out soil receiving small amounts of 
water may show a very quick response in carbon dioxide production, but as the carbon diox
ide concentration in the soil pores increases, the carbon dioxiele proeluction will level off. It is 
also possible that the short-term experiments reflect the elecomposition of a pool of very easily 
decomposable substrate, unavailable to the microbial biomass at elrought conditions. After the 
addit.ion of water this pool is quickly elecomposed. The more long-term experiments would then 
better represent the integrateel soil processes, inclueling inhibitory reactions. The experimental 
data taken from Tyler (1974) and Goncalves and Carlyle (1994) does not corresponel to this 
theory anel no other relevant explanation was found fur these results. The medium-term data 
from nitrogen mineralization and mass loss experiments (group 1) were chosen for the extraction 
of moelel parameters. Since the experiments on decomposition of "pure" cellulose anel humus 
give very similar rat.e regulating funct.ions as experiments on soils, all elat.a in group 1 were 
used t.o create a single rate regulating function (i.e. gl (O) .. g4( 0) in equation 1-4 are identical). 
The parameters K w and nw were estimat.eel to 9.3 anel 3.4, respectively. All references anel 
parameters extracteel from elata are listeel in table 7.7. The CO2 product.ion elata used in this 
st.udy showed an increase in CO2 production over the whole range of soilmoist.ure (Figure 7.19). 
This may be surprising, because in soils near saturation, decomposit.ion decreases elue to oxygen 
deficiency or slow diffusion of CO2 (Linn and Doran 1984). Olle explanation may be timt. CO2 

proeluction continues as an anaerobic process in many soils ne ar sat.uration (Rixon ami Bridge 
1968, Rovira 1953). Another explanat.ion is t.hat. experiment.al conditions useel probably differeel 
considerably from the conelitions in the field, in that. t.he soil volumes useel were small anel the 
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Figure 7.21: Data on decomposition mtes at different valnes of relative soil moistnre satnmtion. 
The upper figw'e shows data retrieved from each author, and the lower figuTe shows the two 
gmups of da.ta. Graup 1 contains data from seveml nitmgen minemlization experiments and a 
'(Tra8., 10805 e.'Eperiment. Gronp 2 contains data fram two CO2 emission expeTiments and a mass 
lass experiment. The cnrves show the mte-regulating fanctians obtained by fitting the model 
fl1nction to the two gmups of data. 

experiment durations were relatively short, resulting in the oxygen supply being less limiting 
than in the field. As expected, CO2 production decreases with decreasing soil moisture. For 
several 01' the experiments, however, CO2 productiorl could be detected in soil with moisture 
corresponding to Ijf about -8 MPa, 01' down to a volumetrie and gravimetrie moisture content 
of only a few pereent. Data are not detailed enough to determine whether there is an abrupt 
decrease in CO2 production at a certain dryness. The model could be fitted to all moisture 
measure data with reasonable accuracy (Figure 7.19 ami Table 7.3.5). Over the whole range 
of soil textures, both mat1'ic potential and relative field capaeity are moisture indices timt yield 
good model fits to the data (r2 =0.83). For the other moisture indices, the accuracy of the 
model fit then decreases, in the order (}val, (}grav, (}RS and V. For most soils, one single model 
function describes the relation between soil moisture ami CO2 production reasonably well. Two 
soils from the studies of Miller and Johnson (1964) and Andren et al.(1992) differed, however, 
as they had to be markedly wetter for CCh production/mass loss to begin. These two soils, 
one silt loam and one clay, both show very high water retention eapacities ((}FC >42%). Fur
thermore, the two soils that show thc lowest water retention capacity ((}pc <16%, from Nyhan 
(1976) and Quemada and Cabrera (1997) both show maximum CO2 productiorl at low soil 
moisture contents. This indicates a trend in the moisture-decomposition relations hip with soil 
water retention capacity. When thc soils were divided into three categories according to water 
retention capacity, a trend in soil moisture-decomposition relation could be detected for some 
of the moisture indices. All moisture indices gave a difference in behaviour for the two soils 
with the highest retention capacity cornpared to the others. For Ijf anci (}RFC, this difference 
was only slight, whereas it was important for all other indices. The soils with low retention 
capacity did not differ much in behaviour from the middle group of soils when using the indices 
Ijf, (}RFC, (}RS and (}val (Figures 7.19). For (}grav, the three groups can be separated, (Figure 
7.19), although the soils with lowest water retention capacity still behave fairly similar to the 
soils with medium retention capacity. When the model was fitted to the data sets from the 
three groups separately, model fits improved considerably for the moisture indices (}val, (}gTaV 

and (}RS, whereas thc separation of data into subcategories had negligible effect on the model 
fit of Ijf, (}RFe or V (Table 7.3.5). The main difference between the CO2 productioll data and 
thc N minerali,mtion data is that nearly all the N experiments showecl a decrease in mineral-
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ization near saturation. Nitrification is an aerobic process, so when oxygen supply is restricted, 
it decreases and eventually stops. It appears from the dataset, tlmt maximum mineralization 
rates occur between -10 and -30 kPa soil matric potential (Figure ??). Near saturation, denit.ri
fication often results in los ses of gaseous N2 and N20 from t.he soil. These processes are more 
difficult to examine, requiring more complicated experimental designs. Few of the reports used 
in this study report denitrification and data reported on net N accumulation in the 0 to -10 kPa 
range vary greatly. Therefore, nitrogen mineralillation under conditions ne ar saturation was not 
modelIed, and dat.a derived from experimental conditions near saturation were excluded from 
the analysis. The interval for which the derived model functions are valid will also vary with soil 
type. Therefore, model functions were only derived from the whole range of data in the cases 
where soil type did not show to be important, i. e. for Iji amI BRFC. In all other cases, t.he soils 
were divided in three groups before model functions were calculated. The interval in which each 
function is valid can be st.udied in Figure 7.20. Another important difference between t.he CO2 

data and the N data is that the N data showed a larger variation, maybe because it comes from 
a larger number of experiments, covering a greater variety of soils. Another possible reason for 
the larger variation is that the N mineralization processes are much more specific than CO2 

production processes (N mineralization are carried out by only t.wo micoorganisms, whereas C 
oxidation can be carried out by a range of organisms) amI thus may be more susceptible to 
disturbances. In experiments N mineralization rates were shown to be considerably slower in 
lab experiments than in the field. Most of the experiments included in this study are laboratory 
experiments, many including considerable disturbance of the soil such as mixing and drying. 
Over the whole range of soil text.ures, the model fit resulted in a weak correlation with data for 
all moisture indices except Iji and BRFC (r2=0.66 and 0.69, respectively). When model functions 
were calculated separately for t.he soils with least. and most water ret.ention capacity (as was 
done for the C02 experiments), correlations between model alld data for the medium-range 
soils were acceptable for all indices except V (r2=0.71-0.85). Data from the two groups of soils 
with low and high water retention capacities scattered more, and yielded correlations in the 
range of r2 =0.41-0.77. The trend in mineralization with soil water retention properties was 
undetectable for the moisture index Iji, very slight for BRFC and increasingly import.ant for Bm;, 
Bvol and Bgrav (Figures 7.20). Consequently, the model fit improved relatively more for these 
indices when the datasets were divided into subcategories (Table 7.5). Nitrogen mineralization 
and CO2 production show very sinlilar trends wit.h changes in soil moisture. In fact, equations 
are practically interchangeable for the coarser (BFC <20%) and finer (BFC; >40%) soils. It is 
possible that, if the CO2 experiments had included a greater variety of soil in the mid-range 
(i.e also soils wit.h a water retention capacity of BFC 30-40%), the equation derived for CO2 

production for that group would also have been similar to the one derived for N mineralization. 
Therefore, we pooled the CO2 and N dat.a and derived one single (Iji, BRFcl 01' three (Bvol , 

Bgrav ) model functions to be used for both processes. The result.s are shown in Table 7.3.5. V 
was not used at. this point., since it generally gave poorer model fits than the ot.her indices. BRs 

was also excluded, since it requires the same level of background information as does BRFC , but 
overall gives poorer correlations with data than BRFC . The model functions resulting from the 
pooling of data are limited in range by the nitrogen data, so that these functions are not valid 
in a more narrow range than the functions bascd on earbon dioxide data alonc. 

Two indices of organic matter decomposition, CO2 production and N mineralization, can 
be mode lied as a function of moisture using the same type of model function in the range 
dry soil to -10 to -30 kPa. For soils ne ar saturat.ion, N mineralization deereases whereas CO2 

production stays const.ant for the soils in this study. If the modelling objective is t.o find a single 
moisture-decomposition rate model function valid for all soil types, it is nccessary to include 
some mcasurements of water potential. Thc most reliablc such function would be based on the 
full water potential-soil moist.ure curve, or on relative field capacity. If the objcetive is t.o find 
one or a few model functions that are as little data-demanding as possible, the best option is to 
model decomposition as a function of gravimetrie soil moisture. The similarity of the term for 
the two proeesses indicate that the limiting mechanism due t.o moist.ure is physical adsorption 
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of water to organie matter in the soi!, and that the adsorption properties of dead humus ami 
live roots are quite similar. Once adsorbed at the surfaee, plant physiologieal meehanisms will 
transfer water into the root, probably proportionally to abundanee at the root surface. The 
function was parameterized by WaIse et al. (1998) and WaIse and MeColl (1999) and the 
effeet on the decomposition rate is shown in Fig. 7.23. The first study showed some ambiguity 
in the data, but the later study used data of better aecuracy and the apparent uncertainty 
was much resolved. It appears that all types of organic material is exposed to the same effeet, 
suggesting tlmt the water effect is a physical effeet on soi! particles, regardless of internal particle 
composition. 

pH 

Data on the influence of pR on different soil mieroorganisms amI the mass loss of organic ma
terial is quite abundant, especially concerning the growth rate of fungi. Results reported in the 
literature cover a relatively wide pR interval, showing differences in sensitivity between species. 
When the valence unspecific equation was applied to data and its performance compared to the 
performance of an empirical equation, the results showed tlmt the valence unspeeific equation 
can be used to model the system behaviour with reasonable accuracy (table 7.12). Frorn the 
data reported, (table 7.12, figure 7.22), three rate-regulating functions can be extracted: (i) for 
the impact of pR on fungal growth rate, (ii) for the impact of pR on bacterial growth rate, and 
(iii) for the impact of pR on decomposition rate. According to the results, bacterial growth rate 
is more sensitive to low pR than that of fungi. The rcsults from decomposition experiments 
reflect the integrated process. This response curve lies in between the ones from pure cultures of 
fungi and bacteria (figure 7.22). Following the hypothesis that soil baeteria are mainly respon
sible for the decomposition of the more easily decomposed materiaL while fungi play the main 
role in the decomposition of lignin and humified material, the response funetions are applied as 
folIows: 

• Baeterial growth rate is used to model the decomposition of the easily decomposable 
material. 

• Mass loss rates of mixed organic material is used to model decomposition of the holocel
lu lose pool of material. 

• Fungal growth rate is used to model the decomposition of lignin amI resistant material. 

If this hypothesis can not be accepted, the intermediate funetion (4)2 (pR)) should be used for 
all pools. In table 7.3.5, the selected model parameters are given. 

Aluminum 

Data on the eombined impact of Al:l+ and R+ on soil microbial biomass is sparse and no 
reported experiments on decomposition rates in the form of mass loss, nitrogen mineralization 
or carbon dioxide production were found. Apparently, most experimental work has been directed 
towards the toxicity of aluminum to plant roots, less often towards the toxicity of aluminum to 
soil microorganisms and very rarely towards the effect of aluminum on integrated soi! processes 
such as decomposition. The analysis was therefore based on experiments on bacterial ami fungal 
growth rates. In the fungal growth experiments, a large number 01' fungal species have been 
studied. The exact response in growth rate to a certain BC2+ /(Al:l+ +3R+) value varies between 
species, but a distinet response was found in all cases. One experiment, by Entry et al. (1987), 
showed a wide variation in response and gave a very poor correlation with all ion exchange 
funetions applied. It was therefore excluded frorn the parameter determination procedure. Two 
experiments on the impact of alumirnlln on baeterial growth were reported in the literature. 
Unfortunately, the results in the two experiments do not correspond. 
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Reference lvlaterial Exp. cond. Duration k (yr !) 

Berg et al. 1991a, 1991b Leachable Field I-7°C 0.2 yr :1.0-7.0 
Berg et al. 1991a. 1991b Sugars + aluino acids Field I-7°C :1 yrs 0.3-0.5 
Berg et al. 1991a, 1991b Fats + waxcs Field I-7°C 3 yrs 0.20-0.45 
Berg et al. 1991a, 1991b Cellulose Field 3.8°C 3 yrs 0.35-0.37 
Berg et al. 1991a, 1991b Lignin Field 1-7u C :l yrs 0.04-0.2 
Bunell ct al 1977a Cellulose Field 1°C 3 yrs 0.25 
Bunell et al 1977a Fats and waxes Field 1°C :1 yrs 0.69 
Mindermann 1968 Sugars (incl.leachable) Field 1 yr 4.6 
Mindermann 1968 Hemicellulose Field 1 yr 2.3 
Mindermann 19(;8 Cellulose Field 1 yr 1.4 
Mindermann 1968 Lignin Field 1 yr 0.66 
Minderrnann 1968 Waxes Field 1 yr 0.28 
Mindermann 1968 Phenols Field 1 yr 0.13 
Tenney and Waksmann 1929 Leachable Lab 25-28°C 0.2 yr :3.4-9.2 
'renner and Waksmann 1929 Sugars+arninü acids Lab 25-28°C 1.1 yrs 0.:14-l.1 
Tenney amI Waksmann 1929 Starch + pectin + tannin Lab 25-28°C 1.1 yrs 0.67-0.84 

+ ureic acids 
Tenney amI Waksmann 1929 Cellulose Lab 25-28°C 1.1 yrs 0.77-:1.32 
Tenney and Waksmann 1929 Hemicellulose Lab 25-28°C 1.1 yrs 0.6:1-2.07 
'renney amI \Vaksmann 1929 Fats and waxes Lab 25-28°C 1.1 yrs 1.:,-3.2 
Tcnney and Waksmann 1929 Lignin Lab 25-28°C 1.1yrs 0.1:1-0.23 
'renney and Waksmann 1929 Crude proteins Lab 25-28°C 1.1 yrs 0-0.25 
Stanford ct al 1973 Forest ROOf 1 11 sites Lab 5a C 0.5 yr 0.26-0.78 

Tablc 7.8: Rate constants for' thc decomposition of substances or pools of substances in organic 
material at experimental conditions. 

Bi All soils Bpe, <20% Bpc 20-40% Bpc >40% 
n=29:1 n=74 n=188 n=;n 

K In r 2 K In r2 K m r 2 K m r2 

\(I 39 -0.6 0.72 
(iRn, 4.8 2.5 0.74 
Bval 96 1.9 (J.60 112 2.5 0.74 4.4.105 11.8 0.64 
ag'rar 172 1.8 0.58 220 2.5 0.76 141 4.7 0.45 

Tablc 7.9: The parameters K and m and the coefficient of determina.tion (,,2) for the model fit to 
the combined C(h pmd'act'ion and N mineralization data. n denotes the number of da.ta points 
in each regression. 

Model function Process Mechanism K R2 

rpl (pH) ßact.erial growt.h Valencc unspccific 65600 0.80 
rp2(pH) Dccomposit.ion Valence unspccific 20500 0.71 
rp3-4(pH) Fungal growth Valence Ilnspecific 1050 0.80 
rpl (pH,AI) Bact.erial growth Vanselow 6.97 10-2 0.64 
rp2(pH,AI) Decornposit.ion Vanselow 6.7 10-3 0.59 
rp3-4(pH,AI) F\mgal growt.h Vanselow 6.7 10-4 0.59 

Tablc 7.10: Selected parametfCT8 for the modeling of the impact of pH on the rate of lIarious soil 
pmcesse8. The fandioT!8 for ba.der·ial gT'O'Wth and fangal gT'OlJJth a.re suggested to beased a.s the 
fandions for decornp08üion of the ea8ily rlecomposa.ble material a.nd the lignins, respectively. 
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Figure 7.22: Data on rates of decomposition and mic7'Obiai biomass g7'Owth at different pH values. 
The upper panel shows the da ta fr01n bacterial g7'Owth experiments, the middle panel shows the 
data from mass loss, carbon dioxide evolution and nit7'Ogen rnineralization experiments, and the 
bottom panel shows the data frOrT! the fungal growth experiments. Origin of data is indicated. 
Data f7'Om alt experiments (listed in table 7.11) as dependent on the Bcf2+ to (Af3+ + p' H+ ) 
molar ratio, at different p values (equation 7.63). the lower panel shows the same data along 
with the fitt ed rate-regulat-ing function obtained by using the Vanselow equation (equation 15 and 
7.11). 



7.3. DECOMPOSITION OF ORGANIC MATTER 129 

Referencc N Best fit Best fit Vans. Unspec. Gap. 
p=;) 1'=1 

n rn R2 n m R2 R2 rr2 rr2 

Ohno et a1 1988 F 6 3.1 2.1 0.85 1.:3 1.7 0.84 0.84 0.75 0.36 
Thornpson and Ivledvc 1984 F :n 3.2 :1.0 0.88 1.(; 2.0 0.90 0.84 0.76 0.34 
Entry et a1 1987 F 27 2.1 0.7 0.28 0.68 0.26 0.26 0.14 0.01 0.13 
Browning and Hlltchinson 1991 F 47 2.6 1.5 0.5 1.2 1.1 D.4:1 0.32 0.42 0.23 
.Jongb10ed. Borst-Pauwe11s 1992 F 21 2.7 2.4 0.8.5 4.4 15 0.57 0.84 0.0.5 0.01 
Soedarjo and Habte 199:1 F 10 2.7 3.1 0.79 1.6 2.6 O.S7 0.76 0.7.5 0.39 
Funga1 growth, a11 data 142 0.59 0.55 0.36 
Cline and Kaul 1988 B 2:3 2.4 1.7 0.65 1.0 1.3 0.42 0.64 0.41 0.22 
Ohno ct a1 1988 B 6 4.0 :1.5 O.97 2.2 :JA 0.96 0.80 0.66 0.27 

Table 7.11: Combined effect of pH and aluminum concentration on decomposition. Comparison 
of the n and m parameters in the ion-exchange relation giving the best corrclation between da ta 
and equat'ion fOT" p= 1 and p=3 with the three theoretical ion-exchange eqnations. F denotes fnngal 
gmwth, B denotes bacterial gmwth, N denotes the number of rneasw>ements in cach experiment 
and R dcnotes the coefficient of detennination. 

AuthoT Proc:ess N Best fit Valence unspec. 
m R2 m R2 

Rosswal! and Clarholrn 1974 Bac:terial growth 13 0.8 0.59 1.0 0.57 
Bääth ct al 1980 Bac:terial growth 7 1.4 0.98 1.0 0.93 
Cline ancl Kaul 1988 Bac:terial growth 23 2.6 0.86 1.0 0.73 
Bac:terial growth, al! data 43 1.4 0.82 1.0 0.80 
Daubenmire ami Prusso 1963 Mass loss litter 26 0.8 0.76 1.0 0.73 
Francis 1982 CO 2 ev. soi! 14 0.4 0.78 1.0 0.36 
Wood 1974 lVIass loss euc:alyptus 19 1.05 0.54 1.0 0.54 
Rosswall 1974 rvlass loss cel! ulose 5 1.2 0.95 1.0 0.94 
Dancer et al 1973 N min. 8 0.64 0.86 1.0 0.73 
Decomposition, all data 72 0.62 0.79 1.0 0.71 
Entry et al 1987 Fungal growth 9 1.2 0.99 1.0 0.98 
Oritsejafor 1986 Fungal growth 18 0.6 0.93 1.0 0.87 
Kirk and Zeikus 1978 Fungal growth 7 0.8 0.83 1.0 0.80 
Hung and Trappe 1983 Fungal growth 60 0.8 0.81 1.0 0.80 
Fungal growth, all data 94 0.82 0.81 1.0 0.80 

Table 7.12: Application of the valence nnspecijic ion-exchange mechanism and an empirical 
e:rpT"ession to data fOT the Telationship between pH and decompos'it'ion (equation 7.62). N denotes 
the nurnber of meaS'UT'CTnents 'in each expeTiment and R 2 denotes the coefjicient of determination. 
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Figure 7.23: The effect of soi! solntion pH and wateT on decornposition as nsed in thc compnt
eTized model. 
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Figure 7.24: The appmximate cffect of soil nitmgen on deeomposition aetivity as guessed fmm 
semi-quantitative information. The effeet of the soil nitmgen funet-ion on decomposition aetivity. 

Ohno et al. (1988) studied a mixed bacterial culture extracteel from soil, anel showed a 
bacterial response very sirnilar to the response found for fungi. Cline and Caul (1988) studied 
Bradyrhizobium japonicnrT!. This experiment showed a much stronger response; the growth rate 
fell below 50% of the optimal growth rate already at a BC2+ /(AI3+ +3H+) value of 10. This 
result corresponds closer to the results in the pH experiments, where bacteria were shown to be 
more sensitive to high concentrations of H+ than fungi. It is difficult to elraw any conclusiollS 
on the basis of such ambiguous evidence, but since the experiment by Cline anel Caul (1988) 
indueles a larger number of llleasurements, it is favoured in this study (Tab. 7.11, Fig. 7.22). 
The results show that the n ancl m factors yielding thc best possible correlation were in the range 
of the ones in the theoretical ion exchange functions. It also showed that a p factor of 1 or 3 gave 
a substantially bett er correlation than any other, with a p factor of 3 giving the best correlation. 
When the three theoretical ion exchange functions were applied to the data from each author 
ancl the correla tions between da t.a anel function were eval ua teel (t.a ble 7.11), i t showeel timt 
the Vanselow equation describes the relation more closely than t.he other equat.ions. Applying 
the Vanselow equation gave cocfficients of det.ermination dose to t.hose determineel from the 
empirical equations. The valence unspecific equat.ion was also fiUeel to elat.a wit.h reasonable 
results, while t.he Gapon equation gave a very weak correlation wit.h dat.a (table 7.11). Moelel 
parameters were founel by grouping the experimental data accoreling to process (bact.erial growth 
or fungal growt.h) anel t.he moelel paramet.ers were calculateel from each group of data (t.able 
7.10). A t.hird model funct.ion, the <P2(pH,AI) funct.ion, was calculat.eel as the int.ermediat.e of 
t.he functions for bacterial growt.h (<PI (pH,AI)) anel fungal growth (1):1 (pH ,Al)). This est.irnated 
model function can be used t.o model t.he relation between total decomposition/holocellulose 
elecomposition anel BC2+ /(AI:J+ +3H+) values in parallel with function <P2(pH) (table 7.3.5). 
The calculated model parameter values are listed in table 7.10. 

Nitrogen 

High N concentrat.ion in t.he soil solution or high N concentration in the substrate can be shown 
to inhibit elecomposition (Berg et. al., 1991). One possible mechanism may be proeluct inhibition 
of the elecomposition process. Alternatively, microorganisms may take up nitrogen directly from 
the solution uneler high N concentration, and this will be energetically more favourable than 
deriving it from elccomposition. This hypothesis has been elisplayeel in Fig. 7.25 to show the 
interactions ancl feedbacks. In both cases, thc retardat.ion will responel t.o the soi! solution N 
concentration. However, Cl high N content in thc substrate will cause a highcr release of N per 
unit weight. biomass decomposcd. If decomposition is N demand driven, then less bioma~s can 
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bc decomposcd 1,0 satisfy thc demalld when a high N substrate is utilil\ed. In buth cases the 
general expression for product inhibition ean be utilized: 

1 
z(N) = kN . [N] . 1 + kR . [N]z (7.66) 

The coefficient and process order must be deter
mined experimentally. There are some circumstan
tial data thaI, indieate what the coefficients and 
exponents of this submodel might be. In British 
Columbia in Western Canada, the deposition of 
nitrogen is very low (approximately 2 kg nitrogen 
per hectare and year) amI in principle deeomposi
tion is retarded by limited extern al nitrogen aeeess. 
Small additions of nitrogen under such conditions 
is known to increase decomposition. In Sweden, 
the deposition lie in the range from 10 to 25 kg 
nitrogen per hectare and year. Under such cireum
stances, more nitrogen rather appear to retard de
cornposition than promote it. We suggest timt the 
promoting effeet eontinues to approximately 8 kg 
nitrogen per hectare and year and that the decline 
starts to beeome significant above 25 kg nitrogen 
per hectare and year (a reduction in 20% maybe). 
In the Netherlands, the deposition of nitrogen is 
very high to extremely high (40 to 100 kg nitrogen 
per heetare and year) and under such conditions, 
decomposition appear to be heavily retarded (at 
80 kg nitrogen per hectare and years maybe 90% 
reduction in activity). In Fig. 7.24 we have tried 
to show this. The eocffieients can be estimated by 
guessing preeipitation amI percolation volumes for 
the examples used and back-ealculation of the soil 

~r:=":~~~ 
decomposers 

B 

Decornposition rale 
+ soil organic matter 

+ 

Figure 7.25: The mental model fm' the ef
feet of soil nitrogen on decomposition ac
tiv'i/y displayed as a causal loop diagram. 
The principles displayed are not fully es
toblished, but rather to be seen os 0 hypoth
esis for which there is only circumstant'ial 
evidence. This prineiple hos been applied 
in our model. 

solution nitrogen concentratioll. Assuming a preeipitation of 800 mm and a pereolation of 450 
mm, we arrive at the values given in Tab. 1. The values are vcry approximatc, and should bc 
subject 1,0 proper determination on good field data in the future. The effeet of the parameterized 
expression given above and included in the model is shown in Fig. 7.24. 

Heavy met als 

It is apparent that some heavy metals such as Cu, Ni or Zn may be so abundant in the soil 
under polluted eonditions, as weil as Fe and Mn und er natural eonditions, that they can eompete 
with base cations at the ccll membranes the same way Al would do, the "outnumbering effeet" 
of Al (Sverdrup et aL, 1991, 1993). This effect is regarded as separate from toxie effeets. 
Some studies have been published on thc toxieity of Al and heavy met als to plants (Tamm 
and Wiklander 1980, Tyler 1983, Fishner et al 1983). The data are generally derived from 
laboratory experiments, often on seedlings, as few in situ field measurement are available. 
We assume the effeets of Al and heavy metals to be separable ami that the Al effect is not 
meehanistically coupled 1,0 the heavy metal eoneentration, but timt thc heavy metal effect is 
inter fe red upon by the major constituents H+, BC2+ ami AI3+ under aeidie soil conditions. 
Under such circumstances, we ean derive a retarding function with the same basic prineiples. To 
simplify the problem, it is assumecl that the heavy meta I oceur as clivalent ion in its biochcmically 
active form in relation to nutrient uptake and metabolism. On basis uf this we can use the 
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Nitrogen process k z 

N-Promotion 0.36 
N -Retarda tion 0.02 2.3 

Metal kM y 

Cu 2.8 .10-7 0.87 
methyl-Hg 3.2 .1015 1.75 
Pb 3.8 .103 0.52 
Cd 3.5 .109 0.5 

Table 7.13: The upper· part oJ the table show the pammeter vallUes in the nitrogen promotion
retardation eXp'ression. The expression is based on nitrogen cOT!centmtion in the soil solution 
in mg/I. The lower par·t oJ the table show thc retardation coeJficicnts Jor some metals based on 
metal concentmtion in kmol/m3 . 

Gapon ion exchange selectivity expressiolls for the adsorption at the bacteria and fungi cell 
wall (Sverdrup, Warfvinge and Rosen, 1991), ami assmne Ca, Al, Hand heavy metal to be the 
only occupants of these adsorption sites. The hypo thesis that BC-uptake is proportional to the 
adsorbed fraction base cation at the cell wall is used to yield the expression for the competitive 
effect of high heavy metal concentration on base cation uptake. If heavy metals are present in 
outnumbering concentration and no toxic metals are present, and the BC amI Al concentration 
constant, the expression may be simplified: 

1 
/!(M) = ----,---~ 

1 +Kf1;J· [M]Y 
(7.67) 

KM represent the selectivity of heavy metal to the microorgallism. This expression was used in 
parameterization concerning heavy metals. It may be hypothesized that their action is through 
metabolism interference through enzyme rcaction poisoning in the cytoplasm and of extracellular 
enzymatic activity of the bacteria and fungi. The poisoning effect on enzymes is proportional 
to the heavy metal concentration, and for bacteria and fungi cytoplasmic effects dependent on 
the uptake of the heavy metals. The adsorption sites for uptake to the bacteria are subject to 
cOlnpetition from divalent base cations and the base cation competitions is negatively affected 
by H+ ions in acid soils. Accordingly, heavy met als cannot disrupt base cation uptake by 
competition, but base cations, Al or H+ ions may disrupt or promote heavy metal uptake. The 
suggested re action mechanism is combined with the hypothesis that heavy metal adsorption to 
the microorganism surface, follow an absorption process similar to ion exchange. Tyler (1983) 
has presented data that allow a parameterization of the model. Studies on trees indicate timt 
methyl-Hg has a toxic cffect on tree root growth, possibly there would be a similar cffect on 
biomass decomposition. 

Rate constants 

Rate constants for the decomposition of mixed organic materials can be calculated from a 
large number of field and laboratory experiments (table 7.8). Reports on experiments with 
separate substrates ur groups of substrates such as celluloses and lignins are also relatively 
abundant. In order to calculate the potential rate constants as defined in this study, however, 
it is necessary to know the experimental parameters such as temperature, moisture conclitions 
and pH. These parameters are sei dom fully reported in the literat ure. In table 7.8 we have 
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Sitc Exp. cond. Pool k f(T) g(li) 4>(pR) kpot. 

T B pR 
°C yr- 1 yr- 1 

lvlanjärv 1.0 0.3 4.2 Leac:hable 4.5 0.89 0.14 0.19 194 
Sugars + anüno acids 0.30 0.78 0.14 0.43 6.6 
Fats and waxes 0.25 0.78 0.14 0.43 5.5 
Lignin 0.09 0.71 0.14 0.94 1.0 
Pine needles 1 total 0.28 0.78 0.14 0.4:3 6.1 

Norrliden 1.2 0.27 4.:1 Leachable 4.7 0.9 0.11 0.23 183 
Sugars + anüno acids 0.48 0.79 0.11 0.49 11.2 
Fats aud waxes 0.40 0.79 0.11 0.49 9.3 
Lignin 0.24 0.72 0.11 0.95 :1.1 
Pine needlcs, total 0.27 0.79 0.11 0.49 6.4 

Harads 1.:3 0.25 4.1 Leachable 3.2 0.90 0.08 0.15 288 
Sugar + amino acids 0.29 0.79 0.08 0.37 12.6 
Fats aud waxes 0.21 0.79 0.08 0.37 9.1 
Lignin 0.02 0.7:l 0.08 0.92 0.4 
Pine needlcs, total 0.17 0.79 0.08 0.37 7.:l 

Anundberget 3.5 0.23 4.3 Leac:hable 1.0 0.96 0.14 0.22 36 
Sugars + arnino acids 0.40 0.91 0.14 0.47 6.9 
Fats and waxcs 0.42 0.91 0.14 0.47 7.2 
Lignin 0.25 0.88 0.14 0.95 2.2 
Pine needles. t.otal 0.38 0.91 0.14 0.47 6.5 

Kappsjön :3.5 0.25 3.9 Leac:hable 2.2 0.96 0.08 0.10 284 
Sugars + amino acids 0.:3 0.91 0.08 0.27 15.5 
Fats aud waxes 0.32 0.91 0.08 0.27 16.5 
Lignin 0.18 0.88 0.08 0.88 2.9 
Pine needlcs. total 0.38 0.91 0.08 0.27 20 

Jädraas :3.8 0.24 4.2 Lcachable 3.5 0.97 0.07 0.20 257 
Sugars + amino acids 0.42 0.9:3 0.07 0.44 14.7 
Cellulose 0.37 0.93 0.07 0.44 12.9 
Fats anel waxes 0.40 0.93 0.07 0.44 14 
Lignin 0.12 0.90 0.07 0.94 2.0 
Pine needles, t.otal 0.29 0.9:3 0.07 0.44 10.1 
Birch leaves, t.otal 0.2:3 0.9:3 0.07 0.44 8.0 

Mästocka 6.8 0.3 :3.9 Lignin 0.16 1.17 0.14 0.89 1.1 
Pi ne necdles, total 0.18 1.12 0.14 0.30 4.0 

Table 7.14: Potential rate constants Kpot (corresponding to optimal conditions) for the decompo-
sition of substances 01' pools of substances in organic material. k is the rate constant as found 
in the experiment. Decomposition rates and average temperatur'es were taken fmm Berg et al. 
1991a,b. pH and soil moisture were taken frOrT! ('1, '1) and from unvublished data. 

listed the rate constants calculated from various experiments, along with as much information 
on the experimental conditions as was given in each case. In table 7.14, the potential rate 
constants are listed for a set of field experiments where all experimental conditions were given 
in the litcrature, or eould be found elsewhere (Lundmark et al. unpublished data). These data 
are all from lit.t.erbag experiments. The pR given is the pR in the litter layer or humus layer and 
the soil moisture saturation given is the average saturation for the whole Boil profile. Therefore, 
the pR and moisture used for the calculations may differ somewhat from the actual conditions 
in the litterbags. The experiment pools were grouped to correspond to the model pools; the 
leachablc substances represent the easily decomposable pool and the water soluble substances, 
the celluloses and the fats and waxes represent the holocellulose pool. 

The kpot4 was calculated assuming a turnover time 01' 300 years at field eonditions (a soil 
llloisture saturation of 0.3, a pR of 4.0, amI an average temperature of 5° Cl. The preferred 
values of model parameters can be summaritled as shown in table 7.16. 
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Material 
Easily decomposable compounds 
Holocellulose 
Lignin 
Resistant compounds 

Bacteria 
100% 
50% 

o 
o 

Fungi 
o 

50% 
100% 
100% 

Table 7.15: Relative impoTtance of the fungal and bacter'ial decomposition for the decomposition 
of different pools of material, aSIJ.sed in this st·udy. 

7.3.6 Discussion of data evaluation 

The results show that the methodology and model structure are applicable to available ex
perimental data. However, some of the model parameters presented here are extrapolations of 
results. Complemcntary experiments would be necessary to verify the assumptions behind these 
extrapo!ations. Such experiments would primarily include studies of bacterial growth and of 
decomposition rates of various substrates under controlled A13+ amI R+ concentrations. The 
substrates should include lignin, holocellulose, low-molecular carbohydrates and proteins, ancl 
mixtures thereof. These experiments shoulel preferably be set up at non-limiting conditions 
concerning temperature anel moisturc. Decomposition experiments should be set up as mass 
loss experiments and proceed for at least 2 weeks. Furthermore, the variability in soil mois
ture experiments points 1,0 sOlne questiolls regarding the relation between relative soil moisture 
saturation amI elecolllposition rate. The modeling of decomposition rates for soil acidification 
scenarios is thus the primary goal of model development. 

1. Observability 

• Data founel in the literat ure are detaileel enough to create a multi-pool decomposition 
model. This model may contain four different pools of organic material, representing 
(i) proteins and low-rnolecular carbohyelrates, (ii) holocellulose, (iii) lignin anel (iv) 
resistant compounels. 

• Non-linear functions, prcferably derived from a mechanistic interpretation, were nec
essary to obtain a good representation of measured elata. 

2. Reaction mechanisms 

• The effect of tcmperature on elecomposition rate seems to increase with decreasing 
nutrient concentration of the substrate. 

• The decomposition rate increases with relative soi! moisture saturation. 

• pR in the soil solution has an impact on the growth rate of fungi and bacteria, as 
weil as on the decomposition rate. Bacterial growth rates are more sensitive to low 
pR values than fungal growth rates. 

• The impact of R+ ami AI3+ ions on the growth rate of microbial biomass can be 
elescribed with ion exchange mechanisms. 

7.3.7 DECOMPj Integrated decomposition modelling 

Model description 

Thc model operates with reservoirs of organic matter ancl rate equations for their change. 
These have been forrnulateel as kinetic equations, depeneling on state variables anel modified by 
bounelary conelitions. The basic assumptions of the model are as follows: 
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Pool Eq. kpot f(T) g(ll) q,(pH) 
Ea Kw Ilu, KpH m 

yr-1 kJ Illol- 1 kmol- 1 m3 

Easy 1 250 18 9.4 3.4 656001 

Cellulose 2 11 33 9.4 3.4 20500 1 
Lignine 3 1.8 50 9.4 3.4 10502 

Resistant 4 0.025 53 9.4 3.4 10502 1 

sediments 0.0013 53 110 2.454 1050 
soil water 0.025 50 110 2.454 20500 1 
stream water 0.025 50 110 2.454 20500 
oxidation 0.1 *k 65 13.8 2.5 

sedimentation 0.25 

Table 7.16: Summary of selected parameter values decomposition rates of various pools of sub
strates 1. Under the assumption that soil bacter'ia ar'e responsible for the decomposition of 10111-

molecnlar carbohydrates and proteins 2. Under' the ass'UTnption that soil fungi are rcsponsible for 
the decomposüion of lignins and resistant rnater"ial. 

• Decomposition take pi ace through one step involving 4 basic components of all organic 
matter in the soi!. All substrate clifferences arising from different vegetation types are 
assumed to be accounted for by the four-coIllponent structurc of organic matter, where 
each vegetation type give rise to a Ilniqlle organic matter composition. It has been shown 
earlier that the four basic organic matter fractions are (Wabe et al,. 1998): 

Easily degradable sugars, starches and waxes 

Hemicellllioses ami celluloses 

Lignin 

Recalcitrant cOIllpounds believed to consist of polymers of phenolic and qllinonic 
compounds, organic complexes with non-nu trient metals. 

• All decomposition rates are first order 

• Several environmental factors affect the rate 

Soil moisture 

Soil solution pH 

Temperatllre 

• The effects of the Illodifying factors are scparable 

• Direct oxidation with air catalYL:ed by sunlight is only significant in the uppcr soil layer 

• Dissolvcd organic carbon both precipitate ami decompose from the soil solution and in 
lakes 

• Input is by littcrfall ami roots on top, by roots in all other layers 

• All precipitation occur to the resistant pool 
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Model Carbon inputs (+) sinks (-) 
layer boundin 

1. layer Easy pool litter root dec ox 
Cellulose litter root dec ox 
Lignin litter root dec dec ox 
Recalcitrant prec dec dec ox 
Soi! water dec flow dec prec flow ox 

2. layer Easy pool root dec 
Cellulose root dec 
Lignin root dec dec 
Recalcitrant prec elec elec 
Soi! water flow elec flow elec prec flow 

3. layer Easy pool root elec 
Cellulose root elec 
Lignin root elec elec 
Recalcitrant prec dec elec 
Soil water flow dec flow dec prec flow 

4. layer Easy pool root dec 
Cellulose root elec 
Lignin root dec elec 
Recalci trant prec elec dec 
Soil water flow elec flow dec prec flow 

Lake Lake water elep flow dec prec flow 
Sediment prec elec 

Tablc 7.17: Matrix of sources and sinks in the model system. litt er and root are input fiuxes 
from the growth of roots and litterfall to the ground, dec is the contribution from decomposition 
process, prec is precipitation of DOC from the solution which always go to the recalcitmnt pool, 
ox is the mte of oxidation with air, and finally, flo11J is the input or output with solute tmnsport. 
part is partitioning to the fish, based on total lake water concentmtion. 

The total rate of mass loss will be tlle sum of tlle rates of the inelividual elecomposition 
processes: 

r rrwss lass = r easy + r cellulose + Tlign'ine + r residual (7.68) 

Resielual organic matter fraction is decomposed slowly, but also createel in the decomposition of 
lignin. Apart of the lignin substrate cOllsists of fibers anel parts which resist normal elccompo
sition. Thc effect of different inhibitors and promoters are assumed to be indepenelent functions 
which may be linearly coupled in the rate expression. Temperature, soi! moisture, soil acidity 
anel the presence of heavy metals in the soil solution are factors that must be considereel in a 
elecomposition moelel incorporating environmental and climatic variability or change. k is the 
decomposition rate coefficient. The effect moelifying factors are hypothesized to be multiplica
tive. For each of the factors affecting the biomass elecomposition rate, a specific function can be 
deeluced from the hypothesizeel mechanism or alternatively from empirical observations. Some 
of the moelifying functions involvcel in elegraeling of different organic matter fractions may be 
COlnmon to the elecomposing organisms anel not to type of organic substrate. 

litter and root are input fluxes from the growth of roots anel litterfall to the grounel, dec 
is the contribution from elecomposition process, prec is precipitation of DOC from the solution 
which always go to the recalcitrant pool, ox is the rate of oxielation with air, and finally, flow 
is the input or output with sohlte transport. part is partitioning to the fish, based on total lake 
water concentration. Thc amount bounel in the easily elegraelable pools, cellulose anel lignin in 
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the second, third and fourth soi! layer is small as compared to the amount in the recalcit.rant., 
ami it was thus omitted. The last pool for mercury, fish, was calculated using equilibrium 
partitioning with lake total rnercury conccntrat.ion. The whole equation system for mass of 
each substance pool (easily decomposable, cellulose type material, lignin, slowly decomposable, 
mercury) in each soi!layer is based on equations based on mass balance: 

d 
-Tn = in + prod - sinks - out 
dt 

and in the aqueous phase of every layer and in the lake; 

-dd V· [Cl = in + prod - sinks - out 
t 

(7.69) 

(7.70) 

01' the decomposed amount, 50% is converted to DOC from t.he easy pool ancl cellulose, and 
40% of thc lignin and rccalcitrant decornposed. 50% goes to CO2 ami 10% of the deeomposed 
amount of lignin and rccalcitrant matter is converted to new recalcitrant matter. The equation 
system is repeated for 4 laycrs. The rate of oxidation apply only to the upper layer and then 
also only to the easily dcgradable and the cellulose fractions. The oxidation rate is constant 
and only influenced by water and temperature. Aseparate rat.e of oxidation apply to the DOC 
in thc soi! solution. In the lake, the sedimentation rate substitutes for the precipitation rate. 
The sedimented matter decomposes with a very slow rate. The rates of organic matter input is 
a function of the cornposition of the incoming litter. This depend on the vegetat.ion type and 
will change when the species changes occur in the vegetation. In each layer a mass balance for 
DOC is made: 

TDOC = Tdecornposition . Xnoc - TDOC/deeo1n - Tprecip (7.71) 

Solute flow also move DOC: 

in - out = Qin . [Chn - Quat . [Cl (7.72) 

r is aratc, usually in kg ha-1yr-1 , V is water volume in m3 and Q is water flow in m3ha- 1yr- 1 . 

The core of the model is the system of mass balances for the pools of the organic mat.ter 
fractions, soil solution DOC ami DOC in the lake, expressed as OIdinary non-linear differential 
equations. The whole equation system for one soil layer is repeated in every one of the four soil 
layers in our model: 

dCellulose 

dt 

dLigninc 

= rinC - rCell 

dt = TinL - r Lignine 

dResistant ( ) 
----- = rinR + 0.1· TEasy + TCell + r'Lign - T'Resist + rPrecip 

dt 

(7.73) 

(7.74) 

(7.75) 

(7.76) 

dC02 c 
~ = 0.4· (rEasy + TCell) + 0.0' (TLign + TResist) + rDOC (7.77) 

d[DOC] 
--1--' V = 0.5·(rEasy+r·Cdl)+0.4·(TLign+ rResistl-TDOCQin·[DOC]in -Qonf' [DOC]-TPrecip 

cl 
(7.78) 

T is arate, usually in kg ha-1yr- 1 , V is water volume in m:l and Q is water flow in m3ha- 1yr- 1 . 

The rate of oxidation apply only to the upper layer and then also only to the easily degradable 
sugars ami waxes ami the different cellulose fractions. 
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C02 SoIUle 
inpUl 

Li"erfall 

[DOC] 

[DOC] 

[DOC] 
Direct deposition 

Figure 7.26: Diagrarn oJ the STELLA model built Jor the soil system. The model has Jour soil 
layers and a lake. 
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Figure 7.27: Routing of the gmwth prod'llced to harvest, litterfall and root biomass. The mot 
biomas8 pmduction has been divided among the diffeTent soil layeTs pmpoTtionally to hOTizontal 
distr'ibution of Toot weight. Typical mot distTibutions fTom the litemtuTe was 'Ilsed. 

Spruce Pine Birch Beech Oak 

Easy 10 12 20 20 18 
Cellulose 65 65 65 65 65 
Lignin 20 19 14 14 10 
Recalcitrant 5 4 7 

Table 7.18: The table show the appmximate content in weight % of the diffeTent oTganic matter
fmctions in litter-fall for- diffcTcnt tr-ee species. The da.ta was taken fTom a. Ger-man st'lldy fr-om 
Solling and a Swedish study. 

The total rate 01' mass loss will be the sum of the rates of the individual decomposition 
processes. In the lake, the sedimentation rate substitutes far t.he precipitation rate used in the 
soi!. The sedimented arganic matter decomposes with a very slow rate in lake sediments. The 
rates of orgallic matter input is a function of the cOlnposition of the incoming litter. This depend 
on the vegetation type and will change when the species changes occur in the vegetation. In 
the experimental model described here, we operate with four soil layers and an appended lake. 
Figs. 15.1 and 15.2 show the fiowsheet far each individual layer in the model amI the whole 
integrated model. Growth was distributed between soil layers as shown in Fig 7.27. Impartant 
for the model is the distribution of total net primary production to stern growth, litterfall and 
root growth. This has been illustrated in Fig. 7.27. It. shows the routing of the growth produced 
to harvest, litterfall and root biomass. The root biomass production has been divided among 
the different soi! layers propartionally 1.0 horizontal distribution of root weight. Typical root 
distributions from the literat ure was used. Tab. 14.10 show tbe approximate root distribution 
as weight % far different tree species, and the approximate content in weight % of the different 
organic matter fractions in litterfall far different tree species (Kirmnins 1998). 

The model does not contain adynamie soil water model, but is operated with a number 
01' simple algorithllls and forcing functions. In the model, water going to the lake was taken 
frOln the top and bottom soil layer. During fiows lower than t.he average annual fiow rate, 0.8 
m yr- 1 at Asa, DOC is taken frOln the lower layer with a fiux maximized 1.0 that value. All 
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water volumes above tImt value is taken from the top soil layer with the DOC concentration 
in that layer. This cause high fiows to have higher DOC concentrat.ions, and low fiowrates to 
be composed of clearer water. This is corresponding t.o say that wat.er at low fiow originates 
from groundwat.er and deeper parts of the soil, and t.hat the water table rise and give rise to 
fiow from organic border wnes to rivers during periods of high fiow. Field reference behaviour 
denmnds that DOC should go up during high fiow such as in t.he spring in Swedish forests. The 
decornposition rate for each of the reactions given above, was assumed to follow a first order 
kinet.ie rate law with respect to substrate, modified by functions dependent on wat.er (w), soil 
chemist.ry (pR), t.emperature (T), soi! avai!abilit.y of nitrogen (N) and somet.imes even heavy 
met als (M). For each organic mat.ter fraction we have the kinetic rate expression: 

ri = ki · mi· f(w)· gi (pH) . ji(T)· z(N)· v(M) (7.79) 

where the different organic matter fractions each 
have their partieular kinctic coefficient and mod
ifying functions attached. It is usual to express 
t.he rate of microbially mediated reactions by first 
order kinetics with respeet to the substrate, or as 
a semi-first order Michaelis-Ment.en kinet.ic expres
sion, taking into account saturation of the rate 
with respect. to substrate. Residual organic mat
ter fraction is decornposed slowly, but also created 
in the decornposition of lignin. Apart of the lignin 
substrate eonsists of fibers and parts wh ich resist 
normal decomposition. The effect of different in
hibitors and prornoters are assumed to be indepen
dent functions which may be linearly coupled in 
t.he rate expression. Temperature, soil moisture, 
soil acidity and the presence of heavy met als in the 
soil solution are factors t.lmt must be considered 
in a decomposition model incorporat.ing environ
mental and clirnatic variabilit.y or change. k is the 
decomposition rate coefficient. The rate modify
ing factors are hypothesized to be rnultiplicative 
and separable. For each of the factors affecting 
the biomass deeornposition rate, 30 specific function 
can be deduced from the hypot.hesized mechanisrn 
or alt.ernatively from empirie al observat.ions. The 
assumption of separability allow us to deterrnine 

35 

l;, 

·E 30 
1:' 
g 

2.'i 
~ 
u 

.~ 

~ 20 
0 

'Ci 

1l 
15 

~ 
." 10 

~ 
5 
1900 2000 2100 2200 2300 2400 

Anno Dei Gnuic 

Figure 7.28: Display of the reference be
haviour tests, varying from an anrmal av
erage of (J' C, ff' C and 1 ff' C. The lower 
figure show the total producl'ion of organic 
matter as input to the soil during the pe
riod. The arnounts added corresponds to 
3, 'l and 20 rn3 ha- 1 yr- 1 of for·est produc
tion. Units are in kg organic matter per 
m2 of land. 

them in experiments where only one factor is varied at 30 time. This hypothesis was t.ested by 
WaIse et al. (1998) and found t.o be good for this purpose. Some of the modifying functions 
involved in degrading of different organic matter fractions may be common to the decomposing 
organisrns and for some cases be independent of the type of organic subst.rate. Direet oxi
dation with the oxygen of the air also makes 30 srnall contribution, and this effect. is strongly 
cat.alyzed by sunlight. We have at present ignored it in the model. A simplified model based 
on pR-response experirnents was used for the response to soil aeidity. The function takes on 
different values for sugars, celluloses, lignin and recalcit.rant. organic matter. Organic matter 
decornposition rate is dependent on t.he moisture saturation of t.he soil, and inereases with it. 
The dependence of decomposition on temperature was expressed using an Arrhenius type of 
expression. Tab. 7.16 show some typical decomposition rate as observed at different parts of 
the world. The data was taken from the literature. The data can be used for determining rate 
coefficients. Berg (1985, 1986, 1988, 1989, 1990, 1991) provide a number of experiments from 
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which decomposition rat.es for cellulose and lignin can be estimated. He also providc data for 
estimating rapid ion leaching rates. Study of historieal data, and deeomposition in. the southern 
side of the Swiss Alps, at ßellinzona, indieate timt thc ratc of decomposition of the residual part 
is low, 0.0013 yr- 1 or a half-life of 800-1,000 years (Dr. Peter Blaser, WSL, Schweiz). Annual 
average temperature at. the Bellinzona site is approximat.ely 1O-12°C. The Walse-Sverdrup-Berg 
model für multi-step decomposition was programmed in the STELLA systems analysis devel
opment environment. The model was t.ested against a) conventional rcference behaviour as can 
be derived from generic textbooks, and b) representative data from the coniferous forest locat.ed 
at the sites in the Asa Forest Research Park case study. The model has later been integrated 
into the SUFOR version of PnET and ForSAFE. 

Results 

Investigating reference behaviour 

A primary result is the construction of t.his decomposition model that can be used to explore 
the basic behaviour of the model system. It is a strength of the model that it has been fully 
parameterized on wholly independent experimental dat.a. It will be a task of thc SUFOR 
programme to test and further develop the model before it is included in the ForSAFE model 
system. The initial test of the model is to test. some weil known reference behaviour scenarios: 

1. The model should respond to 
increased temperature with in
creased rat.es of decomposit.ion. 

2. The model should show larger 
pools of soi! organic matter in 
cold climate and sm aller pools in 
warm climates. 

3. The larger pools in cold climate 
should contain more material re
sistant to decomposition than un
der warm conditions. 

In order to test these scenarios, and 
to be able to see the response more 
clearly, the soi! chemistry was set con
stant over time. Between the differ
ent temperature scenarios, soi! water 
content. was held constant and nitro
gen cycling was assumed to be COln
plete, thus no nutrient limitation. The 
growth rate of the vegetation was al
lowed to increase with temperature, re
flecting higher total primary pro duc
tion in warmer climate. Display of 
the three different temperature regimes 
used as input to the reference be
haviour tests, varying from an annual 
average of O°C, 8°C and 18°C is shown 
in Fig. 7.28. The lower figure show the 
tot.al production of organic matter as 
input to the soi! dnring the period. 

Nutrient 

R T=,,,1/ 
(Bl)and a:ea 

Felling and 
+ thinning 

~Litterfall 
Decomposition J + 

~+ 
DOC in water 

Figure 7.29: Management interferes with the decom
position cycle. Thinning and felling cr-eate laryer' 
amounts litterfall which become subject to decornpo
sition, and DOC in the percolating water will increase 
after' such events. 
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Figure 7.30: The graph shows the accwnulation of carbon in the soil with Norway spruce stands 
since 1 '100. No consideration is made at this point to take into account the change during 1650-
1'150 fmm a bmadleaf-dominated landscape to a NOTway spruce fOTest. With the decline after 
2050, the gmwth and litter pmduction mtes decline, causing soil Teservoirs slowly to decrease. 

Process Rate substrate water soi! chemistry climate 

easy fast minimal strong strong small 
cellulose intermediate small strong intermediate intermediate 
lignin srnall intermediate strong small strong 
residual minimal strong strong small strong 

Table 7.19: A classification of the different factors affecting the overall decomposition rate (pro
cess). 

Amounts of organic matter in the soil under three different. t.ernperat.ure regimes is shown 
in Fig. 7.28. The increased growt.h and increased decomposit.ion under increased t.emperat.ure 
lead to more easily decomposed and cellulose in t.he soil. Cold climate seems to enhance the 
relat.ive amount. of recalcitrant organic matter. Warmer climate leads to smaller total amount.s 
of organic matter in t.he soi!. This is in good correlation with convent.ional wisdom. Units are 
in kg organic matter per m2 01' land. The concentration 01' dissolved organic carbon in the soil 
solution in t.he soi! under threc different temperature regimes corresponded to 20, 40 ami 100 
mg DOC/!. The soils in warmer climate show lligher soil solut.ion DOC concentrations in the 
top layer, but at 1 meter depth in the soil, the differences are smaller and not so significant. 
Variation within the year in dissolved organic carbon in a lake under three different. temperature 
regimes for DOC in t.he downstream lake is shown in Fig. 7.32. The variation during a year 
01' accuIIlulation and release is shown in the diagram at the bottorn. The diagram show that 
organic matter is accllmlliated during the growth season and partly released again during the 
fall. For all scenarios, there was a net annual accumulation in t.he soi!.The reference behaviour 
implies that we have a soil total storage to input rate ratio of 28 years for the cold climate 
system, 10 years for the ternperate climate system and 1 year for the warm climate system. 
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Figure 7.31: The gmph shows predicted concentmtion of dissoh!ed organic matteT (DOC) in the 
layers of the first meter of the soü, 9 I-I. The spikes are genemted by clear'-fellings and tI!'innings 
in the stands. 

Climate Cold Temperate Warm Unit~ 

Above ground organic matter 3-10 7-20 15-40 kg m-2 

Soil organic matter 28 23 7 kg m- 2 

Organic matter input rate 2.3 7 kg m-2yr- 1 

Soil organic matter turnover time 30 10 1 yr 
Average annual temperature -1.5 7 24 °C 

Table 7.20: A summary of the s'ize of the different organic matter pools and the approximate 
flu.r through the system on an annual basis. 

Our as~essment of the model is timt it shows the behaviour timt correspond~ to the reference 
behaviour conventional wisdom will demand. The model appear to be very dynamic with a 
good re~ponse to changes in the input parameters. Tab. 7.19 show the relative importance of 
the different components of the decomposition in soils. If t.he different fact.ors are added up, 
it. becornes apparent that t.he easy ami cellulose fractions only pay an important role for short 
term variations, whereas lignin and in particular the residual pool determine the general levels 
and the really long term dynamies. Fig. 14.2 show t.he input or organic matter from forest 
growth and management interventions in the forest system. 

Testing at Asa Research Park 

Fm the testing of the model an imaginary si te was genera ted, using generic or average field 
parameters from the Asa Forest Research Park. The dat.a was genera ted to be able to do 
generic dry-runs t.o investigate the approximat.e behaviour of t.he model. The test results from 
Asa have been shown in Fig. 7.30 and 7.32, they show several interesting features. In the input 
of organic matter, repeated stand thinnings and clear-cuts wilh log-only removal was included. 
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Process 

Productivity 
Royal Park area 
Forest Research Park area 

Norway Spruce 
Scot.s Pine 
Birch 

Soil organic matter amount., 0-0.5m 
New organic mat.ter 
Soil nit.rogen amount, 0-0.5m 
Nitrogen flux in the soil at 0.5m 
Soil moisture content at 0.3m 

Soi! pH, O-layer 
Soil pH, E-layer 
Soil pH, B-layer 

Soi! C IN ratio 

Soi! temperature 

Acidit.y deposit.ion 
Nitrogen deposition 

Annual precipitation 
Annual percolation 
Armual fUnoff 

Moose population 
Moose/deer ratio 

Value 

9.7 m3 stemwood ha-1yr-1 

3,600 ha 
1,200 ha 

60% 
25% 
15% 

50-100 kg m-2 

1.2-2 kg m-2yr-1 

0.3-0.6 kg m- 2 

0.015 kg m-2yr- 1 

0.2 m3 water rn- 3 soil 

4.3 
4.6 
5.2 

25-30 kg/kg 

10-13 kg S ha-1yr-1 

14-16 kg N ha-1yr-1 

8000 m 3 water ha -lyr-1 

6500 m3 water ha -lyr- 1 

4500 m3 water ha -lyr- 1 

0.15 moose equivalents ha-1 

0.2 

Table 7.21: Asa Research Park case study. Input da ta for a hypothetical average site in the Asa 
Research Park. In the research park, a total of 866 soil sampling sites have been established. 
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Figure 7.32: Predicted amounts of easily decomposable constituents in kg m-2 . The large increase 
in organic matter during the period 1900 to 2100 is caused by a general increase in growth, caused 
by increased availability of nitrogen and betteT' management. 
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The result shows that these management efforts have a large effect on the result in terms 
of organic matter dynamies and water quality.Leaving the slash from the thinnings ancl the 
harvest is very important for maintaining a net accumulation in the soi!. If slash removal is 
practiced, then soil stores of organic matter will start to decline over the long run. This imply 
that the forest is turned to a net emitter of CCh instead of being a net accumulator. 

7.4 Nitrogen Immobilization 

7.4.1 Introduction 

Long term immobilization in forest ecosystems has been estimated using present content divided 
hy soi! age. Such estimates ignores the occasional purging of the system when forest fires occur, 
and also effects of denitrification ami fixation. Immobilization as estimated from soi! age and 
stored allloullt has a value of 0.5-1.5 kg N ha yr. This is very much lower than estimates for 
present immobilization. At present many forest eeosystems accumulate 7-15 kg/ha yr in the 
forest floor. The prcsent models are only exploratory in their formulation, not to be confused 
with a proper process model. Thcy must be seen as a way to approximate a reasonable value. 

7.4.2 Theory 

The immobilization in Swedish forest soils is driven primari!y by retarded decomposition, where 
nitrogen is locked into recalcitrant organie matter. Uptake by increasing microbiological com
munities in the soi! represent only intermittent phenomena. Fig 7.33 show the process. 
Three alternatives are at present being evaluated: 

1. Bioactivity approach 

• Immobilization is caused by incomplete 
or retarded decomposition and; 

• Immobilization is caused by microor
ganism uptake dependent on available 
N after uptake to trees 

• Abiotic immobilization of ammonium to 
lignin 

2. The immobilization eapacity approach 

• Immobilization is limited by the immo
bi!ization eapability which is empirieally 
correlated with the GIN ratio of the soil 

Decomposition ancl hence also the fraction not de
composed, is known to be influenced by soil pR, soil 
water and temperature. The assumptions made in 
this approach are: 

1. Assumptions for the retarded decomposition: 

~Litterfall\ 

Growth ~ R \ 

·~~J"t~. /+ \+ Immobilization 

Deposition 
+ 

Leaching 

Figure 7.33: Ca'usal loop diagmm for the 
immobilization process. 

• Immobilization is caused by retarded decomposition of Iittcrfall. 

• Retardation is dependent on soil wetness, temperature, pR, and AI. 

2. Assumptions for microbiological uptake: 

• Immobilization may be caused buildup of microbial biomass. 

• Buildup of microbial biomass is dependent on soil solution concentration, 
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Figure 7.34: Immobilization assurning all imrnobilization to be based on the N bound in the 
(;ar·bon eycle. Immobilization assuming all irnmobilization to be micr-obial action. Historie im
rnobilization, assuming retarded deeompos'ition . 

• Microorganism growth and microorganism decomposition is dependent on soi! wet
ness, temperature, pR, and Al. 

The C/N approach has been suggested by de Vries (1992). The basic principle is that apart 
of all N not taken up can be immobi!ized as long as the C/N ratio of the soi! has not reached 
its minimum value: 

(7.80) 

In the expression C/N is the presently observed value. This implies that as the C/N ratio 
approaches C/Nmin , then immobilization is reduced to nothing. de Vries (1993) give a valne of 
C/N(min)=l0 and C/N(max)=50. This value indicate at which C/N ratio immobilization of 
all excess N is complete. In soil bacteria, the C/N ratio is 10-12. In warmer climates and in 
areas with much N deposition, the C/N ratio will tend to go towards lower values, approaching 
that of soilmic:roorganisms. In spruce needles, C/N=50-70, in beec:h leaves, C/N=40-50, and 
typically the C /N ratio of fresh litter in the forest floor will be dose to these values. A soil that 
has reached a C/N ratio of 10-12 can generally not store more N. The cause for this is timt 
no other forest organisIll is able to incorporate more N per unit C. There is one important and 
often occurring exception to this, when there is formation of Ilew soi! or a buildup of organic 
matter. Then N immobilization will simply continue at the rate of organic: matter buildup. 

7.4.3 Results 

The expression was been calibrated in two ways for the test calculation; (1): Immobilization in 
northern Sweden was assumed to be 0.5 kg/ha yr at wil pR 5.5 and N deposition 2 kg/ha yr, 
(2): Immobilization was assumed to be 8 kg/ha yr at present at soil pR 4.2 and the deposition 
30 kg/ha yr. The immobilization estimate for present is based on a study on denitrific:ation by 
Sverdrup and Ineson, (1994). The expression has been tried Oll the critic:alloads data base for 
Sweden. The expressions give lligher immobilization in colder areas and areas with very acid 
soi!s. For Sweden, the different methods yield similar values for N immobilization. 
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7.5 Nitrification 

7.5.1 Nitrification processes 

Nitrification i~ carried out by bacteria in the soi! in a two step meehanism, media ted by two 
different genera of bacteria, Nitrasamas oxidizing NHt to N02 , and Nitrabacter' oxidizing 
nitrite to nitrate. Generally they are either both active or both not aetive in the soi!. Indications 
has been made that this is correlated to the C /N ratio of the soil. The two overall reactions the 
bacteria carry out are for N'itrasOTTws the initial oxidation from NHt to N02": 

(7.81 ) 

and for Nitrabacter which carry out the subsequent oxidation of N02" to N0:l": 

NO:; + 1/2 . O2 ---+ NO:; (7.82) 

7.5.2 Theory 

Generally such bioehemical pro ces ses as nitrification are modelIed by the use of Michaelis
Menten or Monod types of kinetic expre~sions (Chen et al 1983). Here a Michaelis-Menten 
equation, modified with the function, fi to accoullt for the effect of dissolved toxie substances (H 
ions, Al, heavy metals), the avai!ability of water to the proeess and the effeet of temperature: 

[NHtl 
rnitr = knitr . K [N H+l . TI fi 

s + 4 i 
(7.83) 

Typical values for the rate cocfficient k nitr is given 
in Tab. 1. K s is thc saturation coefficient, which 
marks the point were the rate becomcs a zero order 
process, and proceeds at a constant rate. f(T X) is 
the inhibitory function taking thc effcct of low pH 
value and a high concentration 01' Al or heavy met
als into consideration. Attempts have been made 
to quantify the fllnctions (Russei et al., 1925; Sabey 
et al., 1959; Tyler, 1974a, 1974b, 1975, 1976a, 
1976b, 1977; Tyler and Westman, 1979; Rueling Figure 7.35: Causal laap diagram far the 
and Tyler, 1979; Tyler et al, 1989; Bossei, Metzler nitrijicatian proces8. The nitr~ficatian rate 
and Schäfer, 1985) but work remains to give thc cs- depend an the ammanium cancentratian 
timates a firm experimental and theoretical ba~is. and is li mi ted by substrate, access af axy
The nitrification rate depends mostlyon the follow- gen and the Tetarding effect af aC'idity. All 
ing factors; the availability of NHt in the soi!, and Swedish sa'ils have the ability ta start ni
hence the deposition, the soilmoisture and the tern- t1'ijicatian, and all ammanium that is nat 
perature. Everything that is not takcn up by the taken up by plants 0,1' denitr·ijied will even
vegetation is apparently nitrified, generally NHt tually be nitr·ijied. This is proven by the 
leaching only occur in regions with extrernely high fact that 710, Swedish sail is knawn ta leach 
NHt deposition such as the Netherlands. Nitrifi- ammanIum. 
cation rate coefficient values can be derived from the data of Boxman et al. , (1988), Johnsson 
et al. , (1987), Jansson and Andersson, (1987), Nilsson and Grcnnfelt, (1988) and Sverdrup et 
al., (1990) and which reports that a low rate is 0.0018 kmol/1Il3 yr, a lIliddle rate is in the 
range 0.0073-0.015 kmol/m:1 yr and a high rate is 0.015-0.03 kmol/1Il3 yr. This indicates that 
the nitrification rate coefficient has a value in the range knitT·=0.02-0.04 kmol/m3 yr, but the 
rate may be as low as knitr =0.0015 kmol/m3 yr. The ~aturation coefficient has a value in thc 
range Ksat=4-6·10-4 kmol/m3 . See also Tab. 7.5.2. The nitrification rates are sensitive to both 
temperature alld soilmoisture cOlltellt, amI must be adjusted for this prior to application. The 
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Climate 
Annual average °C 
Nitrification rate 

Alpine 
-1 5 

Boreal 
5 8 

Brown soils, pH 4.4-4.5 0.005 0.01 
Acid podsols, pH 4.5-4.8 0.0025 0.005 

COlltinental 
8-12 

0.04 
0.02 

Laboratory 
25 

0.1 
0.05 

149 

Table 7.22: The approxirnate nitrijication rate coefjicient as estirnated as averages frorn a nurnber 
of deterrninations reported in the literature. After Sverdrup et al., (1g90). The variation between 
soils appear' to be rnainly caused by ci'irnatic variations (ternperat'ure and soil wetness). The 
cornparable rate used in the regional version of PROFILE was set at 0.07 krnol rn-:lyr- 1 at a 
reference temperature of ff' C. In PROFILE the rate is ternperatur'e-, water and pH adjusted fOT 
each site. 

given values assurne a moisture saturation of 20%. The nitrification rate is infiuenced by the 
avai!ability of moisture in the soi! and increases with it. However nitrification is strietly aerobic 
ami stops completely at full saturation of the soi! with water. The function f(l1) adapted from 
the data of Russel et a!., (1925) as shown in Figs. 7.37, may be given as: 

{ 
0< e < 0.6 

J(e) = 
0.6< e < 1.0 

(7.84) 

The eoefficients were derived from Fig. ?? This ean also be seen as water absorption by the 
substrate and the desorbtion of oxygen upon saturation of the soi! with water, expressed as 
two Langmuir isotherms. The isotherms are different from the isotherms applicable to biomass 
degradation and tree uptake of nitrogen and base eations. This indicates that the meehanism of 
partieipation of water in nitrification is basically different from the mechanism by whieh water 
infiuenees those other proeesses. Still it is tempting to aerobic nitrifieation does exist, but it 
was feit that it could be neglected on basis of information available in the literat ure at the 
present level of modelling ambition and scope. The nitrification rate is sensitive to the activity 
of the H-ions in the soil solution, and an empirieal relationship dependent on 0.25-th order of 
the H+ -eoncentration in the soil solution, was suggested by Bossel et a!. (1985), based on their 
review of the information available at that point in time in the literature. The expression is not 
based in any theoretieal eonsideration, but rather on interpretation of empirical data. Bossel 
states that the data used is difficlllt to interpret, and that the relation is not firmly established. 
The retarding function describing the effeet of toxie met als like AI and heavy metals is more 
complex and less weil observed in laboratory or field experiments. However for trees the effeet of 
AI could be shown to be connected to AI's ability to prevent the uptake of Mg and Ca, something 
that would also affeet the uptake of these ions through the eell membrane of the nitrifieation 
bacteria in the soi!. We assume the cffccts of AI and heavy metals to be separable and the 
AI effeet is not meehanistically eoupled to the heavy metal eoncentration, but that the heavy 
meta I effect is intcrfered upon by the major constituents H+ , BC2+ and AI3+ under acidic soi! 
conditions. Here the coneentration of Ca2+ and Mg2+ is ealled thc coneentration of BC2+ It 
has been shown that the AI retarding function can be derived from a postulated ion exchange 
mechanism, and the model can be confirmed by experimental data. The expression has the 
form: 

[BC2+jn 
f(BC/AI) = [BC2+]n + KAi' [AIH]m (7.85) 
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Deposition 

~NH~~ """\,:"'ti"" + _ -\ - \ A Soil aCldlty 

~ NJtnfication J :\ 
+ + " -

~+[N03J-

-\ ~ -
~ Demtnfication 

Up",,' /-

Oxygen access 

Figure 7.36: Causalloop diagmm for the nitrogen transformation processes in the soü, 'including 
nitrification, uptake and denitrification. The causal loop diagmm show the feedbacks included in 
the Sverdrup-Ineson model used for denitrification. 

or if only a response to pR is available in the data: 

(7.86) 

where KJ\i is related to the selectivity of base cations, aluminium and hydrogen ions to the 
microorganism surface. The exponents n and m depend on the reaction mechanism in thc 
surface adsorption mechanism and the stoichiometry 01' that reaction (Sverdrup et al., 1992). 
For nitrification, the data indicate that the expression has the exponent v=O.7. The expression 
may imply that nitrification is fertilized by a calcium addition up to a certain level, and timt 
the fertilization effect is stronger at lower pR values than at high pR values, which is also 
the qualitative observation from soil and forest lüning projects in Sweden. The effect is not 
unlimited, and above a certain level, no more promoting effect can be gained. The heavy metals 
are also available in to low concentrations too low for them to act through the same surface 
cornpetition mechanisms as Al. It is hypothesized that their action is metabolism interference 
through enzyme re action poisoning inside the microorganisms. The poisoning cffect on enzymes 
is proportional to the heavy metal concentration inside the bacteria, again dependent on the 
uptake of the heavy met als (Friberg et al., 1979) . Rowever the adsorption sites für uptake to thc 
bacteria are subject to competition from divalent base cations and the base cation competitions 
is negatively affected by hydrogen R-ions in acid soils. Accordingly, heavy metals cannot disrupt 
base cation uptake by competition, but base cations, Al or R-ions may disrupt or promote heavy 
metal uptake. On basis of this we can express the adsorption at the cell wall with the Gapon 
selectivity express ions This can be combined with the condition that heavy metal, Al, Ca and 
Rare the only species adsorbed at these sites, to yield the retardation function für the effect 
of heavy metals and Al on nitrification rates. The data on the effect 01' Cu in the soil on 
nitrification has been shown by Tyler (1983). The full retardation function as based on an 



7.5. NITRIFICATION 

2.5 

~ 2.0 

" ;0-
.~ 1.5 
"§ 
..9 1.0 '. 

0.5 '----'----'----'------'----' 

E 
~ 
0 
.~ 

"' :~ 
~ 
> 
.~ 

"E 
on 

.2. 

3.25 3.3 3.35 3.4 3.45 3.5 
Inverse temperature x 1000 

3.0 

2.5 

2.0 

1.5 

1.0 ::r • - .. ----

" t;j .... 

" ;0-
.~ 

"i) .... 
bIJ 

..s 

C 
:§ 
u 

" c 
0 
.~ 

u 
.;:: 
'E 
Z 

151 

4.0 
3.5 
3.0 ~ ~........ -......:::: 
2.5 .' ... ~ ............. ........... """"-
2.0 ' ..... ~ ............ ..J.. .............. 

'..... ......-
1.5 "',+ , , , , 
1.0 ... 
0.5 

, 

0.0 + 
3.2 3.3 3.4 3.5 3.6 3.7 

Inverse temperature x 1000 

1.0 

0.8 

0.6 

}~ 

1- .............. : .................... :. !I t.l. 
! \ 

•• : I 

....... -

0.4 1-- ....... ; .......... , .. ; ................ : \~ .... ; .......... -I "., 
0.2 

0.0 
0.5 0.0 0.2 0.4 0.6 0.8 1.0 

3.20 3.30 3.40 3.50 3.60 
Inverse temperature x 1000 Soil moisture saturation 

3.70 

Figure 7.37: Data for the nitrification rate at different temperatures in American Lincoln and 
North Plate soil sampies (Russei et al., 1925), and different British soil sampies (Sabey et al., 
1959). The last diagram, bottom, right, approximated dependency of nitrification in the soil as 
a function of the moisture saturation degree in the soil (Russei et al., 1925.) 

equivalent exchange mechanism, can be simplified to: 

!VI 

f(M) = TI 1 
i=1 1 + kTOXi . [M;]m i 

(7.87) 

The parameterization used data from Tyler (1974) and after re arrangement of the above equa
tion, it is obtained: 

log (l/f(Cu) -1) = logktox +m . log [Cu] (7.88) 

was used to plot log (1/ f(Cu) - 1) versus log [Cu] to get log ktox as intercept and m as slope. 
We get log ktox =-0.8±0.3 and m=0.54±0.30. The deriveel function has been put back into the 
data. 

7.5.3 Nitrification dependence on temperature 

The rate of nitrification, elenitrification allel uptake depends on the temperature, alld data 
concerning this may be found in the literature. Russel, Jones and Baith (1925) investigated the 
rate of nitrification ill two soils in jar tests. Their data were used to make aseries of plots to 
determine the coefficients of the Arrhenius expression 

r = ro . lQA.(1/(273+T)-1/To) (7.89) 

The slope is for the North American North Platte soil: 3770, 4253, 4803 anel 6273, the average 
is A=4774. For the North American Lincoln soil we get the values: 5367, 5168, 5259 anel 5369, 
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an average value of A=5290. For different British soils (Sabey et a!., 1959) we get the values 
3846, 3000, 2821 and 3831, with an average of A=3374 The observed value corresponds to 
an activation energy for the process of 64.6-101 kJ/mo!. This is a typical value for pro ces ses 
which are chemical reaction rate controlled, indicating that the microbially media ted nitrific:ation 
process may be rate limited by arespirational chemie al re action rat.e inside the bacteria. The 
data used is displayed in Fig. 7.37. 

7.5.4 Discussion 

The presented model seem t.o explain the observed qualitative effects of heavy met.als, AI and 
base cations (lirning) on the nit.rificat.ion rate. The temperature dependence of t.he overall rat.e 
could also be estimat.ed. The nitrification rat.e is sensitive t.o t.emperature, and this quant.ification 
of the temperature dependence is necessary to have carried out. before any assessment of 
thc effects in t.he climatic conditions can be made. A significant increase in temperature will 
increase the nitrification rate significantly. Nitrification will act on two sources available for 
NHt, degradation of biomass and deposition of NHt. The soils of the temperate zone of eart.h 
have very large stores of N in the reduced organic form (1,000-5,000 kg/ha), which would be 
available for nitrification if it were to be released by an increase in biomass decomposition. 
Such increases in biomass degradation is sometimes seen as temporal effects after clear-felling, 
which significantly change the hydrology and temperature regime of t.he upper soi! for the first 
2-5 years after a clear-felling. A rise in the ambient temperature of 5°C could potentially make 
this happened over all the forest surface, with devastating effects on the surface water quality 
and coastal marine environments. The Arrhenius factor for organic matter decomposition is 
approximately A=5290 (Sverdrup, de Vries and Henriksen, 1990), as compared to the Arrhenius 
factor for the nitrification reaction, A=4480 and for growth of trees, A=3100, base cation uptake, 
A=4400, and nitrogen uptake for coniferous forest, A=3700. Accordingly, if agiobai warming 
would occur, then biom ass decomposition is going to produce more NHt than nitrification can 
consume, and the surplus would be more than what the vegetation could increasc its uptake. 
Of course, tree uptake is bot.h temperature dependent and nutrient soil solution concentration 
dependent, which would tend t.o increase the uptake enough t.o cope with reasonable increases. 
However t.his might be severely offset by the base cation long term availability due to chemical 
weathering in the forest soi!s of the temperate boreal zone. The soils on granitic bedrock the 
temperate zone have low weathering rat.es and could possibly not sustain a long term increase 
in forest growth. The rate increase of weat.hering with temperature, A=3500-3800, is equal to 
upt.ake temperature dependency, but less than nitrification and decomposition of biomass on 
the average (Sverdrup, 1990). These effects may potentially increase the NHt concentrations in 
the upper soillayers during the breakdown phase, leading to increased nitrification and a higher 
fraction of NHt to NO;;- uptake by trees. The net effect would be increased soi! acidification, 
which in due turn would slow the process of degradation and nitrificat.ion. The nitrification rat.e 
would not increase as much as the degradation rate, but this could possibly be compensated 
for by the increase in nitrification rate due to increased NHt soil solution concentrat.ion. Only 
further research could answer where the new soi! steady state would be, probably wit.h t.he 
help of sophisticated models in order to sort out the net result of all effects, counter-effects 
and couplings bet.ween processes. The ability of a soi! to nitrify has often been related to soil 
type, C/N-rat.io and climate. We think that this is in reality the dependence of the nitrification 
rate on soil pH, AI, base cation supply, temperature, and moisture conditions, as weil as the 
availability of NHt in the soi!. If the deposition is at or below the maximum uptake for the 
trees, all NHt and NO;;- will be taken up, and the NHt concentration in the soil will always 
be very low. Since nitrification is dependent on concentration, the net rate will also be low. An 
indication of this is also that even very acid podsols tend to nitrify very weil once they have 
been limed. At clear-felled sites where the temperature is increased, and the amount. of NHt 
has been made much more available through increased biomass degradation, also tend to show 
nitrification comparable to that of of a much more fertile soi!. 
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7.6 Denitrification 

The scope of this work is to determine an operation al rate law for denitrificat.ion under field 
conditions in forest soils, taking into ac count large c11anges in climat.ic and chemie al condit.ions, 
known to affect denitrification significantly. The rate law shmtld be operable wit.hin t.he data 
available in national programs for mapping criticalloads. It. is an objective t.o (1) document the 
rat.e expression used in t.he PROFILE model, ami (2) to dOCllment the expression used in the 
5MB and SMART model. The object.ive was to use accessible dat.a compiled by Dr. Ineson at 
ITE, Merlewood, without making exhaust.ive and time-consuming literature ami dat.a searches. 

7.6.1 Theory 

Denit.rification also occur by microbiologically mediat.ed react.ions. The net. N03 production in 
a syst.em will accordingly be the difference between t.he t.ot.al product.ion by nit.rification and 
t.he removal by denit.rification. Denit.rificat.ion is a multi-step re action from N03 over N02 
and N20 t.o N2 . There are several models available to model the reaetions on a detaileel level 
(MeConnaughey and Bouldin. 1985a, b; McConllaughey et al.. 1985, also giving kinet.ic rat.e 
cocffieients and saturation eoncentrations. The overall reaction is: 

(7.90) 

It follows from the react.ion st.oiehiometry that. both nitrate anel earbon is required in t.he sub
strate. This implies also that rest.ricted deeomposition of organic mat.t.er in the soil may lead to a 
restrietion of denitrifieation. The role of sulfuric acidit.y, nit.ric acidit.y and aeidity resulting from 
NHt reaet.ions as the major ant.hropogenie const.ituents of acidic deposition is weil established, 
as weil as their acidifying effect. on low weathering granitic soils. Thc role of nit.ric acidity, NHt 
and N03 is sornewhat more complicated than thc more direct action of sulfuric acidity in soils. 
NHt is t.aken up by t.he trees in exchange for acidity, N03 in exchange for alkalinity. NHt can 
be nit.rified to N03 ' releasing two units of acidit.y for eaeh molar unit of NHt nit.rified. When 
N in t.he soil is denit.rified, one unit of acidit.y is consumed for each equivalent. unit N denit.rified. 
The net aeidity produced under the condition that. no NH4 is leached is: 

(7.91) 

Thus kinetics of N uptake, nit.rification and denitrification as weil as the temperature dependence 
of these processes become import.ant. parts of soil acidifieation models. Uptake of NHt and 
nit.rificat.ion produce one or respectively two units of acidit.y, nitrate uptake produce one unit 
of alkalinit.y, and net. mineralization of organic matter to release NHt consume one unit. of 
acidity. N fixation and NH:l uptake is not. influencing the alkalinity balance. In a simplified 
model, coneerned only with the overall net rat.e, the denitrification rat.e has been described 
with the empirically modified Michaelis-Menten expression (Chen et a!., 1983, Bossel et. al. , 
1985, McConnaughey and Bouldin, 1985,; MeConnaughey et al. , 1985) as was also done for 
nit.rification. Data supplied from unpublished sourees, most.ly from our colleagues, was used in 
estirnating denitrification in forest soils. The data availablc at present is listed in Tab. 7.23. 
Denitrification has been shown to follow Michaelis-Ment.en kinetics in laboratory experiments, 
where t.he rate depend upon t.he aqueous solut.ion concentration of nit.rat.e: 

[NO)l 
T'denit = k . K + [N03 l 

The rat.e is modified by temperature, soil moist.ure and soil acidit.y: 

k=ku'IIfi 

(7.92) 

(7.93) 
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Location 
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Franee 

Total N 
deposition 

10 
14 
20 
20 
21 
21 
2:1 
23 
23 
23 
23 
25 
29 
3G 
.35 
45 
8U 
90 

Denitr. Tcmp pR MojHt.ure Sourcc 
ClIIlollnt 

0.1 4.5 0.2.5 COluala et. 1982 
O. t 4.2 0.25 Jncson cl al 
3.2 10 4.5 0.25 Ine~on et. 1991 

1 22 4.3 0.25 Groffman Ticdjc, HJ89 
4.4 11 4.:1 0.25 Lensi cl al.. 1991 

3 13 6.1 0.1-0.5 Struwt'" aud Kjöller, 1991 
4.9 13 7.5 O.1-0.tj St.rllwe and Kjöllcr. 1991 

7 4.5 0.2.':", vVillison and Ander;;oIl, 1991 
7 5.:3 0.25 \Villison and Anderson. 1991 

4.5 0.9 lncson et- al 1996 
0.5 :3.9 0.2f. Inesoll et al 1996 
0.1 :1.8 0.25 lneson ct al 1996 
0.2 :1.9 0.25 lncson et al 1996 

1 4.1 0.2.'5 Ineson ef. al 1996 
4.8 U.25 Inesoll ct al 1996 
4.9 0.25 Ineson et al HJ96 
4.1 0.25 Ulrich. 1992 
'1.1 0.25 Beesc et- al.. HHH 

12 4.8 0.25 Henrich and Hasclwandtcr. 1991 
20 4.2 0.25 Tictcma ct 1\)91 
10 4.8 0.25 Henrich rind 1991 

Table 7.23: In situ meaS'UT'ernents of denitrification rates. The difference in values refiect dif
ferences in soil conditions. Data were supplied unpublished frorn colleagues at the Institute of 
Terrestrial Ecology at Merlewood, Great Britain, Finnish Agricultural University at Abo, Uni
ver'sity of Forest and Agricultural Sciences at Umea, Laboratory for Envi1'Onrnentai Sciences at 
the Danish Technical Univer'sity, University of Göttingen, University of Wageningen, Industrial 
Forest Research Institute at Uppsala and University of Lund, and rnay be subject to substantial 
later revisions. Soil moisture saturation was not always available and is an approxirnate estirnate 
for most sites. 

fi is a number of multiplicative modifying functions taking into account the effect of temperature, 
chemical conditions and soi! moistlue eonditions. Chemie al eonditions in terms of soil aeidity as 
expressed by pR and Al concentrations may influence the rate. Assuming no ammonium ever 
to leach from the soi!, we may write: 

[N03l = NI 
Q 

The kinetic expression may be rearranged by inserting Eq. 7.94 in Eq. 7.92: 

The net leaching available for denitrification may be approximated from a mass balance: 

The kinetic expression may be rewritt.en to the Sverdrup-Ineson expression: 

N dep - Nu - N im 
r denit = k· K . Q + N _ N - N 

dep U 'Im 

This is an approximative expression, based on fluxes instead of proper concentrations. 

7.6.2 Data 

(7.94) 

(7.95) 

(7.96) 

(7.97) 

In situ measurements of denitrification rates have been listed in Tab. 7.23. The difference in val
ues reflect differences in soi! conditions between the sites. Data were supplied unpublished from 
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colleagues at the Institute of Terrestial Ecology at Merlewood, Great I3ritain, Finnish Agricul
tural University at Abo, University of Forest and Agric:ultural Sc:iences at Umea, Laboratory for 
Environmental Sciences at the Danish Technical University, University of Göttingen, University 
of Wageningen, Industrial Forest Research Institute at Uppsala and University of Lund, and 
may be subject to substantial later revisions. Soi! moisture saturation was not always available 
and is an approximate estimate for most sites. 

7.6.3 Results 

Data from Struwe and Kjöller (1991) was used to determine the coeffic:ients of the Michaelis
Menten expression. They determined the in situ nitrification rate in an alder (Ainus 9lutinosa) 
stand and an ash (Fr'axinius excels'ior) stand. I30th soils are waterlogged most of the year, 
the determinations occ:urred at temperatures of 14°e in August, lOoe in October and 2°e in 
January. In situ additions of nitrate was applied to the soil in order to investigate the re action of 
the rate to added nitrate. The ash site had a of pH 7.5, the alder site pH 6.1 in the soil solution. 
The observed in situ field rate was plot-
ted versus the soil solution nitrate con
centration, as is shown in Fig. 7.42. 
The plot can be used to determine the 
coefficients ofthe Michaelis-Menten ex
pression. Additional experiments were 
carried out in slurries, the results are 
shown in Fig. 7.42. The release rate of 
1 *10-9g N2 g-lday-l was translated 
to be equivalent to a denitrification of 
1 kg N ha-1 yr-1 . This is a c:onser
vative estimate. The rate coefficient is 
normalized to pH 5 using Eq. 7.98, 
and to soi! moisture saturation of 0.2 
using Eq. 5. The soil moisture satura
tion of a "mostly waterlogged" soi! is 
difficult to estimate, but was set at 0.1 
in August, 0.3 in Oc:tober and 0.5 in 
.J anuary in this c:alculation. In the re
sults emanating from the experiments, 
the Michaelis-Menten saturation con-
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Figure 7.38: Denitrijication dependence on tempem
ture as determined by Ineson et al., (1991) and Struwe 
and Kjöller, (1991). 

stant remains the same regardless of experiments. This constant is however not affected by soi! 
moisture saturation or pH, and depend on c:oncentrations alone. The rate coeffic:ient vary some
what between in situ observation and slurry experiments. This comes partly from the difficulty 
in assessing a soil moisture saturation value to the in situ experiments, and the difficulty in 
assessing a pH value to the slurry experiments. 

Several fac:tors rnodify the rate coefficient. The most impartant identified so far are temper
ature, soi! moisture and soil solution pH. The modifier function is assumed to consist of three 
separable and independent response functions: 

rr fi = 9(T) . y(w) . f(pH) (7.98) 

Each of these response functions will be quantified and parameterized below. The information 
on soi! moisture saturation for the sites listed in Tab. 7.23 was mainly of qualitative nature, 
and the values given are approximated values. This is one the more uncertain parts of the da ta 
used at present. Soil moisture saturation was generally given as "normal forest soi!" or "wet 
soi!" or "moist" or "waterlogged". The soil moisture saturation far normal forest soils was set 
to 0.2, moist and wet it was set to 0.3 and 0.4, for waterlogged soils it was set to 0.5. In slurry 
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Figure 7.39: Different stndies sho1JJing pH dependence of the denitrification rate dependence 
(Müller et !LI., j980). 

experiments it was set to 1.0. Thus it should be realized that the soil moisture information 
used contain a considerablc amount of uncertainty. The soil moisture relation was suggested by 
Bossel et al., (1985) to have a form similar to an adsorption isotherm: 

k w ' w 
x( w) = -,----;--

l+kw 'w 
(7.99) 

x is the fraction of added nitrogen denitrified in experiments. The soil moisture saturation rate 
modifying fllndion has the distinet appearanee of a Langmuir absorption isotherm, indicating 
that the moisture relationship is eaused by some physieal water adsorption proeess in the soil. 
A similar expression is valid for thc cffect of moisture on organie matter decomposition (Jönssoll 
et al., 1994). w is the soil moisture saturation, kw =0.96. Making the function assurne the value 
1.0 at a soil moisture saturation of 0.2, yield the expression after division with the functional 
valuc at 0.2: 

x(w) 5.96· w 
lJ(w) = -- = ---
. x(0.2) 1 + 0.96 . W 

(7.100) 

y(w) is the moisture modifier functioll. Denitrification increase signifieantly as soon as the soil is 
watcrlogged, and a substantial amollnt of N03 may denitrify in dis charge areas in eatchments, 
and thereby decrease the amount N leached to surface waters. This would explain some of 
the discrepancies sometimes seen in forests stands between deposition, uptake and leached 
amounts. The soil rnoisture dependency was taken from Nömmik (1956) and Bremner and 
Shaw, (1958). Thc rate follow the Arrhenius relation between O°C and 35°C. Data was found 
in the Jiterature (Ineson et al., 1991; Struwc amI Kjöller, 1991; Bremner and Shaw, 1958) from 
which the dependency could be dctcrmined as shown in Fig. 7.30. The Arrhenius factor was 
determined from the slope of the line; A=5620, the expression is: 

g(T) = lOA/281-A/(273+T) (7.101) 

The expression is valid in tlle temperature range from -2°C to +60°C, aceording to the cited 
literature. 

Denitrifieation in soils is sensitive to soil acidity. Two literat ure soure es were used to derive 
data on whieh the following empirical function was based (Bremner and Shaw, 1958; Mueller 
et al., 1980), it represcnts observed denitrifieation rate in /1g N cm-1day-l as a function of soil 
solution pR: 

Tdeni.t.pH = 6· pH2 - 42.2 . pH + 75.7 (7.102) 
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Experirncnt Observed Tcrnperature Soil pR Michaelis J\likaelis 
type rate oe moisture Menten fvlenten 

eoefficient saturation rate saturation 
kg N ha- 1 yr- 1 coefficient constant 

kg N ha- 1 yr- 1 kmol m- J 

Alder 1, in situ, August 170 14 0.2 6.1 22 2*10- 4 

Alder 2, in situ, Oetober 40 10 0.3 6.1 74 2*10- 4 

Alder 3, in situ, J anuary 40 2 0.5 5.6 :30 2*10- 4 

Alder 1, slurry, August 5500 14 1.0 6.1 248 2*10- 4 

Alder 2, slurry, Oetober 11500 10 1.0 6.1 97 1 *10- 4 

Alder 3, slurry, January 5500 2 1.0 5.6 2640 1*10-4 

Ash 1, in situ, August 400 14 0.2 7.5 23 2*10- 4 

Ash 2, in situ, October 140 10 0.3 7.5 11 2*10- 4 

Ash 3, in situ, January 40 2 0.5 7 10 2*10- 4 

Ash 1, slurry, August 2900 14 1.0 7.5 60 2*10- 4 

Ash 2, slurry, Oetober 7500 10 1.0 7.5 270 1 *10- 4 

Ash :1, slurry, .January 7500 1.0 7 1330 5*10- 4 

Table 7.24: The denitrijication rate coejjicient and saturation constant in the Michaelis-Menten 
expression, as ca leu la ted jrom estimated 80il conditions and observed denitrijication rates in jield 
and laboratory experiments. 

The expression can be normalized to become 1.0 at soil solution pH 5, this is obtained by 
dividing by 14.7, the functional value at pH 5: 

j(pH) = rdenit,pH = 0.41 . pH2 - 2.87· pH + 5.15 
rdenit,pH5 

(7.103) 

Both studies were consistent concerning the dependency of nitrification on pH. The data from 
Mueller et al., (1980) on denitrification in different types of soil is shown in Fig. 7.23. The data 
indicate that there is no significant difference between the dependence on pH in different soil 
layers. Nor is there any large difference between a forest soil and amire. This is surprising, as 
one would expect denitrification in a waterlogged mire to be significantly lügher than in a forest 
soil. All data available from Müller et al., (1980), Willison and Anderson, (1990) and Bremner 
and Shaw, (1958) have been put together in Fig. 7.40. 

Most plants and soil microorganisms are sensitive not only to H+ -ions but also to Al. The 
molecular mechanism for inhibition in microorganisms would be competitive ion exchange at 
out er membranes engagcd in nutrient uptake, if we were allowed to make the analogy with 
plants and aquatic animals. Then the rate modifier should have a form such as: 

(7.104) 

If the concentrations of base cations like Ca and Mg, are unknown, the expression would de
generate to: 

j(pH) = 1 + K H
1. [H+jm (7.105) 

By plotting log(1/Rate-1) versus pH, as has been shown in Fig. 7.39, we can determine the rate 
coefficient 1'0=150 fLg N cm-1day-l , and more important, the inhibition coefficient log(K H )=4. 7 
and m=0.7. This is elose enough to 1.0 for us to suggest that the "unspecific" response type is 



15~ CHAPTER 7. BIOGEOCHEMICAL PROCESSES AND Jl.IECHANISMS 

involved (Sverdrup and Warfvinge, 1993; Jön~~on et al., 1994). The inhibition coefficient include 
the base cation ancl Al concentrations since they were unknown in the experiment. The straight 
line obtained in Fig. 7.39 and the good correlation to a straight line is a strong indicator 
for R+ surface adsorption to be the mechanism of soi! acidity inhibition. Such an inhibitor 
mechanism could be ascertained for soil organic matter decomposer microorganisms (Jönsson 
et al., 1994). There is a possibility that increasing the concentration of base cations like Ca2+ , 
K+ and Mg2+ , will promote denitrification as weil as other microbial processes in the soi!, and 
possibly counter-react any toxic effect of Al, as is the ca~e with decomposition and tree root 
uptake of nutrients. F\lrther research is needed to test this hypothesis. 

Empirical data as listed in Tab. 7.23, indicate that approximately 25% of the deposition of 
N gets denitrified. Quantitative values for denitrification in normal forest soi!s are elu~ive, den
itrification rates in soils is often assumed to be negligible as an aerobic conditions are generally 
required. The values have all been adjusted to 8°C, to remove temperature effects. The rate 
was also corrected for soi! moisture and soi! pR. There was no data available on soi! solution 
concentrations of nitrogen, and total nitrogen deposition was used as a substitute variable. This 
implies that we can estimate the dcnitrification base rate rate from observed data, removing 
temperature, soi! moisture and soil chemistry effects. The base rate was calculated as the deni
trification rate at 8°C, Boil moisture saturation of 0.2 and soil pR 5.0. The modifying functions 
were renormalized in such way that they assume the value 1.0 at the conditions described above. 
These values were chosen bccause they are typical values for soil temperature and soil moisture 
in Northern Europe, and because soi! pR 5.0 will be a typical solution pR for forest soi!s not 
receiving any acid deposition, e.g. when critical loads for acidity are met. The base rate was 
calculated from: 

(7.106) 

'base is the base rate. The modifying functions used to normalize the denitrification rate to the 
conditions described above, are: 

596· w II fi = (1020-5620/(273+T)) . (' ) . (0.41 . pH2 - 2.87 . pH + 5.15) 
1 + 0.96· w 

(7.107) 

The field rate can be described with an empirical rate law, modified to accommodate that there 
appear a minimum rate of approximately 0.1 kg N ha-1yr-1 under field conditions: 

'denit = max ('rnin, (k· K ~tNI)) (7.108) 

This expression is used for criticalload calculations, since Nt is determined by the criticallimit 
for leaching. For calculation of present rate, a slightly different expre~~ion can be used. The 
rate for any soil with any soil pR, temperature or soi! moisture saturation, ean can be estimated 
from the rate expression, applying the rate modifiers: 

( (Ndep - Nu. - N im ) ) II 
'denit = max 'min, (ko . K + (N _ N _ N )). fi 

dep u tm 
(7.109) 

where N dep is total nitrogen deposition, Nu. is tree nitrogen uptake. 
rrnin=0.7 kg N ha-1yr-1 is a minimum denitrification rate under optimal conditions (0.05 keq 

ha-1yr-1), the first order rate coefficient value is ko=25 kg N ha-1yr-1 (1.8 keq ha-1yr- 1) ancl 
the Michaelis-Menten half rate saturation coefficient K=40 kg N ha -lyr-1 (2.86 keq ha-1yr-1). 
On the average immobi!ization in the region covered by our database is N(irn)=8 kg N ha-1yr-1. 
This explains why relatively few sites at present leach nitrogen. ko is the rate coefficient k divided 
by the functional value of pR 5 in the non-normalized pR modifier and the functional value of 
the moisture modifier at w=0.2. Other kinetic expressions are also possible within the data set, 
but the accuracy of the compiled data was not considered to support differentiation arising from 
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Experiment type Slurry /in situ rate Rat.io 

Alder, August 248/22 11.3 
Alder, Oet.ober 97/74 1.3 
Alder, January 2640/30 88 

Ash, August 60/23 2.6 
Ash, Oetober 270/11 24 
Ash, J anuary 1330/10 133 

Average 43 

Table 7.25: The mtio between in situ and slurry denitrification rate coefficients after correction 
for temperature, soil moisture and soil pH. 
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Figure 7.40: The dependence of denitrification on nitrogen deposition as observed without any 
modifications (top), and after adjustment for differences in tempemture, soil moisture and soil 
pH between sites (bottom). The value at adeposition of 90 kg/ha yr is very uncerta'in. The 
drawn line is the predictions for field denitrification mte by the model. Data was compiled fmm 
'unpubl-ished vulues from research colleagues and from the grey litemture. 

such small differences. The baek-calc:ulation using t.he ernpirical formula, yield a correlation of 
r2 =0.87 when eompared to t.he original measurements adjust.ed for temperature, soil moisture 
and soi! aeidity. This is the same correlation as for plotting denitrification data adjustcd for 
tempcrature, soil moisture and soil acidity direet.ly against deposition (r2 =0.87). 

7.6.4 Discussion 

Several problems remain in this study. The denitrification activity deerease down through 
the soil profile. This may be eaused by several alternative mechanisms. The increase of dis
solved aluminium, highly toxie t.o plants and microorganisms, may be prevent.ing denitrifica
tion. The decrease of nitrogen eoncentration down through thc soi! profile may be part of 
t.he explanation, but data see m to suggest. additional effects. The decrease of organic mat
ter in deeper layers may be a eause of carbon limitat.ion for the denitrification proccss. In 
the experiments, nitrate was added to soi!s as KN03. The added K-ions will offset adsorbed 
R+ -ions and Al3-ions ami decrcase soil solution pR signifieantly. Thus solution pR was not. 
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constant in the slurry experiments. The effect on pH by temperature could only be approx
imated, this is refiecteel in the changing pH values in Tab. 7.24 The eliscrepaney between in 
situ measurement anel slurry experiments is a weil known phenomenon accoreling to Struwe 
anel Kjöller (1991). We think the explanation may be explained by a weil known mechanism. 
In the soi!, stagnant conelitions can be saiel to prevail. It can be shown that the effective 
elistance of eliffusion will be approximately equal to the average soi! particle eliameter (Sver
drup anel Bjerle, 1982; Warfvinge, 1988). In podzolic forest soi!s , the soi! structure will be 
elorninateel by particles in the range from 10-200 {un. A typical example would be 5-10% day 
(0-2JLm) , 20-30% silt (2-63JLm) and the rest sand (63-2000 JLm). This woulel imply eliffusion 
elistances of 50-200/lm. Apart of the volume will be occupieel by non-permeable soli els , anel 
this reeluces the diffusivity approximately to 1/3 (Sverelrup et al, 1983; Warfvinge 1988). In 
slurry experiments the mixture of soil anel solution is weil stirreel (anel sometimes shaken .. ). 
This greatly enhances mass transfer conelitions anel mass transport will only be limited by 
diffusion through a bounelary layer arounel each particle of approximately 10 /lm thickness. 
Thus the rate of clenitrification in slurry experi-
ments should be expected to be 15-60 times larger 
than in situ rates. The range of ratios observed in 
Tab. 7.25 fall in the range 1.3-133. The approach 
taken here ignores the different types of denitri
fying organisms in the soil ami timt the elenitri
fication process may be incomplete with respect 
to nitrogen gas. This is known to be affecteel by 
the elenitrifying conelitions. The moelel was testeel 
on the eleposition anel recoreleel pH, temperature 
anel soil moisture for the different sites. The over
all accuracy in the moelel calculations appear to 
be in the oreler of ±45%. The outlier is baseel on 
laboratory results from Heinrich anel Haelwanelter, 
(1991) and can be ignoreel as an uncertain, undupli
cateellaboratory experiment, which not necessarily 
ean be extrapolateel to fielel conelitions. The rate 
law eleriveel here is empirie al and baseel on data 
from fielel observations. Strictly seen, a meehanis
tic moelel shottlel have been baseel on soil concen
trations, since that is wh at the microorganisrn ean 
register and respond to. However, such elata were 
simply not available within the regional elatabases 
avai!able for calculation 01' eriticalloaels, anel other 
ways hael to be trieel. Deposition will be propor
tional to soi! solution concentrations, especially un
eier high eleposition conelitions, possibly one rea
son why the ernpirical relation seern to work. The 
field experiments yield a rate coefficient of 28 kg 
N ha -Iyr- I anel a half rate saturation coefficient 
of K=2*1O-4 kmol m-3 . The slurry experimental 
rate, performed at water saturation yielel an aver
age rate cocffieient of k=774 kg N ha-Iyr- I and a 

Dcnilriticlnion 
kEq Iha yr 

112 ~ 0.00 '00.03 
21 Gi! 0.03 '0 0.05 

39 1ft!ill 0.05 ,o0.10 
15 . 0.10 '0 0.25 
31 0.25 '00.50 

Figure 7.41: Calculated denitrijication 
rate in keq N /ha yr for Swedish forest soils 
usin9 this model in the PROFILE model. 
Input da ta was taken from the Swedish 
Forest Inllentor-y. The da ta applies to the 
situation in 1991-1993. 

saturation coefficient of K=2*10-4 kmol m-3 . Converting the slurry rate to field rate using the 
ratio 43 between slurry and in situ experiments, yield k=18 kg N ha-Iyr-I. Assuming the eliffer
ence to arise from mixing conelitions, allow us to estimate from soi! liming diffusion elistances of 
0.2 nnn, inelicating that thc ratio shoulel be 20-30, in turn yieleling a rate coefficient of k=26-39 
kg N 1m- I yr- 1 The aInotmt subtracted from the deposition in the kinetic expression, may be 
a result of soi! N concentrations not being direetly 1: 1 proportional to deposition. The soil fiux 
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Conditions 

Units 

Regional field observation 
Labaratory experirnents 
In situ observation 

Average value 

Rate 
coeffieient 

ko 
kgN ha-1yr- 1 

25 
18 
28 

24 

161 

Michaelis Menten Empirical 
halfrate half-rate 

coefficient cocffieient 
K K·Q 

kgN m-3 kgN ha-1yr- 1 

5.7. 10-3 40 
2.8 . 10-3 20 
2.8 . 10-3 20 

3.8· 10-3 27 

Table 7.26: DenitT'~fication rate coefficients arid Michaelis Menten half rate sat1Lration coeffi
cients. 

of nitrogen available far denitrification will be offset by an arnount equivalent to what has been 
consumed by other pro ces ses such as uptake. Total uptake in a spruce forest stand can arnount 
to 10-20 kg N ha-1yr- 1 , but generally 3-6 kg N ha- 1yr- 1 will be returned by litterfall and 3-6 
kg N ha-1yr- 1 will be returned by in debris left after cutting the trees. 1-10 kg N ha-1yr- 1 will 
be returned as litter, but not decomposed, and thus become immobilized in the soil, unavailable 
for soil microorganisms. The estimation of the immobilized alllount is rather uncertain. T'rnin 
corresponds to a minimum denitrification rate that would always occur whenever nitrogen is 
transformed by microorganisIlls in the soil. 

The amount subtracted from the deposition in the rate expression; under present (1990) 
conditions uptake and immobilization is close to 20 kg N ha-Iyr-I. This is close to the deposition 
level at which nitrogen leaching from soils is observed to start to oeeur more frequently (Fig. 
7.39). This further reinforces the idea that substantial denitrification requires a substantial 
concentration of nitrogen in the soil solution to oceur. The strang dependence of the rate on 
soil pR may seem puzzling, but the data is rather consistent in laboratory experiments. It is 
also consistent with similar studies of decomposition of organic matter (Jönsson et a!., 1994). 
This implies that there is a large denitrification potential hidden in acidified forest soils today, 
which could transfer larger amounts of nitrogen if the pR were to increase due to soil liming 
or substantial reductions in acidic deposition. Many forest. soils are acid today due to acidic 
deposition, and would increase in pR more than one unit if the anthropogenie acid deposition 
was reduced to pre-industriallevels, this applies to many podsols and brown soils in Seandinavia 
(Sverdrup et a!., 1990: Warfvinge et a!., 1993; Sverdrup and Warfvinge, 1993; Warfvinge et a!., 
1993). Under criticalloads, t.he deposition will in general be smaller, and the amount of excess 
N may be srnall. The the expression may degenerate to a first order expression: 

T'denit = (T'rnin + ko . N,) . II fi (7.110) 

It appears that it does not matter much whether the denitrification rate is correlated to depo
sition or calculated leaching. Both yield the same goodness of fit of the empirical express ions 
as long as the effect of temperature, soil llloisture and soil acidity is accounted for. Thus the 
following appear as good as the one mentioned above: 

(7.111) 

where kd=0.25. The kinetie expression based on the nitrate concentration ami parameterized 
using the Danish experiments, was inserted in the PROFILE model (Sverdrup and Warfvinge, 
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1993; Warfvinge et al., 1993), and the denitrification rate calculated for Swedish forest soils. 
The calculated rates have been shown in Fig. 7.41, units are in keq N ha -iyr-i. 

7.6.5 Conclusion 

The dependence of denitrifica
tion on soi! pR, also implies 
that the critical load of nitro
gen to forest soi!s is non-linearly 
connected to sulphur deposition. 
A higher sulphur deposition will 
lower the critical load for ni
trogen, a lower sulphur depo
sition could potentially increase 
the crit.ical load for nitrogen sig
nificant.ly, especially for wet and 
waterlogged soi! types. This is a 
possibility for getting additional 
benefits from a substantial sul
phur deposition reduction, but 
poses a computational problem 
for calculation of critical loads, 
due to the non-linearity. The 
evaluation of t.he dat.a suggests 
that N immobilizat.ion in these 
soils is 8 kg N ha-iyr- i on 
the average. This is a signifi
cant part of the deposition, and 
stresses t.hat. immobilization is 
important. for the crit.ical loads 
of nitrogen. The use 01' nit.rogen 
deposition in the kinctic expres
sion is a large simplification, in
troducing significant unccrtain
ties. A calculation based on soil 
solution concentrations would be 
preferable when possible. Leach
ing of nitrogen from soils increase 
when the deposition is larger 
than 10-15 kg N /ha yr, elose to 
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Figure 7.42: (1) In situ observed jield denitrijication rate 
as a funciion of soil solution nitrate concentration for soils 
fTOm the alder forest site. (2) Observed denitrijication rates 
in slurry experiments as a function of soil solution nitrate 
concentrat'ion for soils fram the alder fore.st site. (3) In situ 
observed jield denitrijication rate as a function of soil solu
tion nitrate concentration for soils fram the ash forest site. 
(4) Observed denitrijication mtes in slurry experiments as a 
function of Boil solution nitrate concentmtion for so'il.s fram 
the ash forest site. 

t.he deposit.ion at. which also the denitrification rate increases significantly. This can be explained 
easily il' the denitrification rate depend on the soil solution concentration of nitrate. The depen
dence of denitrification should probably incorporate different promoting cations like Ca and Mg 
and general inhibitors such as Al in t.he soil solution, in addition to soil pR. More research is 
required to producc the necessary data. The non-linearity implies that mult.i-layer, integratcd 
models should be used for calculat.ion of critical loads whenever denit.rificat.ion is important. 
This t.o ensure that the necessary feedback loops can be integrat.ed into t.he calculation. The 
simplified calculation method suggested so far (Gundersen et. al., 1993) will probably suffice for 
drier or more acid forest soils. The use of the presently suggested expressions do give regional 
denitrificat.ion rates for Sweden appearing to be reasonable for use in crit.icalloads calculations. 
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7.7 The SAFE model 

7.7.1 Mass balance equations 

The change in soil solution ehemistry and the subsequent change in the distribution of elements 
on the exchange matrix are calculated by means of conservation equations, i.e. mass balance 
equations. A mass balance is based on the fact that mass and energy are indestructible entities. 
A generic mass balance of substance Y in molar units over a continuously stirred tank reactor 
(CSTR), the mixing model used for each soil horizon in SAFE and PROFILE, may be written 
as inputs must balance outputs and internal aecumulation: 

Qo[Y]o + ryV = Q[Y] + d (~~Y]) (7.112) 

where Q is the volumetrie fiow in m:l 8-1 , [Y] the concentration of Y in krnolrn- 3 , ry the 
production term, i.e. the overall rate at whieh Y is produced within the soil horizon, in kmol 
m-3 s-l, V the water volume in rn3 and where index 0 denote the conditions in the water 
entering the soil layer and no index denote the conditions within the layer. Note that in a 
CSTR the eonditions within the systems are identical to the conditions in the outfiow from the 
system. The SAFE and PROFILE models are one dimensional models and the generic mass 
balance is therefore rewritten as 

dry] 1 ( de) 
-d = Li Qo[Y]o - (Q + z-d )[Y] + Ty 

1 Zu t 
(7.113) 

where Q is the fiow in m3 m,;-2 s-1 , Z the layer thickness in m s , e the volumetrie water content 
in m 3 m,;-3 and ry the production term in kmol m-3 s-l. If volumetrie water content (e) varies, 
changes in solution chemistry will occur because of dilution/concentration. This is quantified 
in the equations by the z'JR term. In the current version of SAFE, changes in e are neglected 
since no hydrological model currently is included. The hydrogen ion is treated as dependent 
on the variable acid neutralizing capacity (ANC). In the mass balance for ANC, the unit for 
concentration is in kmolc m-3 and the production term is in kmolc m-2 s-l. 

The base cations calcium, magnesium and potassium are grouped together on an equivalent 
basis and are regarded to reaet. as a divalent eomponent, Be. A base cation is a eation to a 
strong base, e.g. Sodiurn is the cat.ion t.o the st.rong base sodium hydroxide (NaOH). In lit.erature 
regarding weathering rates, the term base eatiüns usually includes Ca, Mg, K, Na. As Na is 
t.he only base eation not considered t.o be a major nutrient für plant uptake, Na is sometimes 
excluded when base cations are defined in literat ure concerning plant uptake and ecosystem 
health. To minirnize the eünfusion, base eations excluding Na is abbreviated Be, while base 
eat.ions including Na is abbreviated BC. In SAFE, Na is negleeted as an exchangeable species 
as weil as a nutrient, and is assumed to behave as a conservative element. The product.ion terms 
in equation 7.113 are given by: 

T 2- = NMs 
S04 

(7.114) 

(7.115) 

(7.116) 

(7.117) 

(7.118) 

(7.119) 
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wherc TEH . is the contribution from cation exchange (equation 7.149 and 7.150), W is weathering, 
U is uptake amI NM is net mineralization of the respective species, all units in kmolc m-2 s-l. 
In addition to the mass balances for soil solution, Olle mass balance is needed for Bc on the 
eation exchange surface 

_ 2TERc' 

zpCEC 
(7.120) 

where CEC is the cation exchange capacity in kmolc kg- 1 , EBc the equivalent base saturation 
fraction amI p is thc field moist bulk density in kg m-3 . An increase in base saturation thus 
corresponds to a withdrawal of ANC (equation 7.114) and Be (equation 7.115) from the soil 
solution. 

Biological feedbacks 

The vegetation of the forest stand is in most cases very importarlt for the cycling of nutrients, 
such as Be, phosphorus and N. In this way it affects the soi!s balance of aeidity what itself is a 
strong driving force in many soi! processes. Major biological pro ces ses in this context are the 
growth of plants, deeomposition of organic matter, nitrifieation and denitrification. The current 
version of the SAFE and PROFILE modeb does not model vegetation growth, nutrient eycling, 
decomposition or immobilisation explicitly. Instead it is up to the model user or another model, 
e.g. the MAKEDEP model, to provide time-series on net nutrient uptake, eanopy exchange, 
litter fall and net mineralization. Net mineralization is the net result of immobilisation and 
decomposition and can thus be either positive or negative. Canopy exchange is defined as 
positive when nutrients are exuded from the canopy and negative when nutrients are taken up 
by the canopy. Net mineralization is assumed to occur in the top layer only. What actually is 
being taken up by vegetation in the rooting zone, the gross uptake, is ealculat.ed as: 

GU = NU + CE + LF (7.121) 

where GU is gross uptake, NU is net uptake, CE is eanopy exchange and LF is litterfall. Uptake 
of Bc and N is coupled to the mass balance (equation 7.113) by the respect.ive produetion term 
Ty.In the SAFE model, all N-deposition is assumed to be, or to be converted to, nitrate and all 
N-uptake therefore generates alkalinity. It should be pointed out, that the re action path t.hat 
ammonium takes in the topmost layer is insignificant, as long as the key assumption regards 
no ammonium leaching from the topmost layer. Multi-layer models, such as the SAFE model, 
require uptake to be distributed to the different layers. In the SAFE model, the model user 
specifies the two distributions according to which N and Bc grass uptake should be distributed. 
As the SAFE model do not model vegetation growth and decomposition of organic matter, 
either the model user or a separate model have to keep track 01' the pool of nutrients in the 
organic matter and the pool of nutrients in the vegetation. If no net mineralisation is specified, 
the pool of half degraded litter on the forest floor and the pool of organically bound nutrients 
in the soil are at steady state. SAFE do not eontain any checks to see if there is enough N 
and it is tlms crucial that the specified N net uptake do not exeeed what is available through 
deposition and net mineralisation. If uptake is reconstrueted using the reconstruction method 
MAKEDEP, N-uptake al ready meets this condition since MAKEDEP assumes that the grawth 
is N-limit.ed with the maximum net uptake of N equal to N deposition. The current version of 
the INITSAFE model displays warnings if the N balance is violated. Be limitations ean not 
eonsidered in advanee, since the Be availability is dependent on the weathering rate calculated 
by SAFE. Be uptake therefore beeomes an issue about supply and demand on the level of 
SAFE. In situations with low Be concentrations, the given base cation uptake in a soi! horizon 
is cleereased can be adjusted accorcling to Eq 7.26. 
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7.7.2 Soil solution chemistry 

The ~oil solution chcmistry in SAFE and PROFILE is based on generic models where the 
pH-ANC relationship plays a prominent role. All the major ions are modelIed, but several sim
plifications have been made. Buffering in the liquid phase i~ controlled by the CO2-carbonate 
system, thc acid-base reactions of a monovalent organic acid RH and reactions between differ
ently charged AI-hydroxyl complexes. Duc to the fast reactions involved, it is not feasible to 
calculate pH using a maRS balance for H. pH, the negative logarithm of the H+ concentrat.ion, 
is therefore calculated using a mass balance for ANC, where ANC is defined by rearranging a 
charge balance either as 

[ANC] = 2[Ca2+] + 2[Mg2+] + [K+] + [Na+] 

+[NHt] - [Cn - 2[SO~-] - [N03l (7.122) 

or, using ions involved in equilibrium react.ions. Equilibrium is in t.his t.hesis used as a short. for 
chernical equilibrium. At. chemical equilibrium, t.he overall reaction rat.e is zero and t.he t.erm 
equilibrium ean t.hus only be used for reversible react.ions. 

[ANC] = [OW] + [HC03] + 2[CO~-] + [W] 

-[H+] - 3[AI3+] - 2[AIOH2+] - [AI(OH)t] (7.123) 

The species in the ANC definition in equation 7.123 can be linked t.o t.he H+ concent.rat.ion 
through equilibrium equat.ions for t.he aut.o-protolysis of water, t.he carbonate sy~t.em, Hemy's 
law for Pco2 -H2C03 equilibrium, equilibrium equations bet.ween AI-hydroxy species and finally 
a cubic curvc fit, t.he gibbsite apparent. gibbsit.e solubility, det.ermining t.he AI concentration. To 
bc strict, activities, e.g. aOH, rather than concentrations, e.g. [OH] , should be used. The effect 
of ionic strcngth is however ignored in t.he current versions of PROFILE and SAFE. 

_ Kw 
lOH ] = [H+] 

KH2co~-KHenryPC02 
[HC03] = [H+] 

[C02-] = [HCO-] K HC03 
3 3 [H+] 

[AI3+] = Kc[H+]3 

[AIOH2+] = K i\lOH2+KC[H+]2 

[AI(OH)t] = KAI(OHl!Kc[H+] 

(7.124) 

(7.125) 

(7.126) 

(7.127) 

(7.128) 

(7.129) 

where PC02 is the part.ial CO2 pressurc (atm) and Kw ete. are aqueous equilibrium coefficients 
as spccified in Table 7.7.2. It should carefully be noted that t.he reason for selccting the appar
ent. gibbsit.e solubility as t.he foundation for modelling aluminium is primarily that reasonable 
titrat.ion eurves can bc derived with t.his aquatic chcmistry model, and not due to a conviction 
that gibbsit.e is the actllal solid phasc det.ermining AI eoncentrations in terrest.rial systems. 

In the organic ~oil layers, the buffering reaction of organic cornponents mayaiso be im
portant.. Dissolved organic carbon (DOC) is lIlodelied as a IIlonovalent. organic acid. The 
di~~ociat.ion of the acid functional groups of t.hc DOC is quantified using the Oliver equat.ion 

[W] = K01iv[DOC]n 
. Koliv + [H+] 

(7.130) 



166 CHAPTER 7. BIOGEOCHEMICAL PROCESSES AND MECHANISMS 

Equilibrium re action Eq. coeff. Value/function Ref. 

H20~H30+ +OH- Kw 1O(6.09-4471/T -0.0171 T) 1 
CO2 (g) ~H2C03(aq) KHenry 1O( -12.59+2198/T +0.0126T) 1 
HOGj +H20~HC03' +H3O+ KH2C03 

1O(14.82-340l/T -0.0327T) 1 

HC03' +H20~R- +H3O+ K HCO;-
1 O( 6.53-2906 /T -0.0238T) 

RH + H20~ AI3+ + 6H2 O K o1iv 
10-0.96-0.9pH+0.039.pH2 2 

AI(OH):; + 3H30+ ~ A13+ + 6H2O K G specified in input 
AI3+ + 4H20~ AI(OH)t + 2H3O+ KA1(0II)t 5· 10-10 3 

AI3+ + 2H20~AIOH2+ +H3O+ K A10II2+ 1.10-5 3 

Table 7.27: Eq'Uilibr'i'Um constants 'Used in the SAFE and PROFILE models. T is the ternpemtw'e 
in Kelvin, 

where DOC is dissolved organic carbon in g m-3 , Cl a conversion factor (et = 7.10-6 kmol g-l) 
and K Oliv as listed in Table 7.7,2, Since the solution H+ concentrations determines the equi
librium concentration of a1l species in the definition of ANC (equation 7,123) ami the resulting 
equation is not explicitly solvable with respect to H+ concentration, pH must be calculated iter
atively from ANC. ANC is often referred to as alkalinity if positive and as acidity if negative, It 
should be noted that operation al definitions based on different measurement methods exist for 
alkalinity and acidity and that numerical value from such measurements might deviate slightly 
from ANC as defined above, As mentioned earlier, the SAFE and PROFILE models uses a mass 
balance (equation 7.113) to calculate ANC in each soil horizon, To check model consistency, 
ANC is also calculated using equation 7.122 and both valucs, which should be identical, are 
printed to the result files. 

7.7,3 Cation exchange 

Although the cation exchange process have been known for at least 150 years (Ruvarac 1993), 
different methods to describe the cation exchange process is still being investigatcd (Snyder and 
Cava1laro 1997; Morgan et al 1995; Hall 1996), In SAFE, cation exchange plays a major role for 
creating delays. Recent.ly, a sulphate adsorption model has also been dcveloped, but the extra 
cost of input data is seldom warranted by the rather marginal increase in model performance, 
It has for most applications been turned of and ignored, 

Cation exchange molecular mechanisms 

There are two thermodynamica1ly different ways to formulate the cation exchange reaction, thc 
Vanselow convention and the Gapon convention, While the Vanselow convention is based on 
the molar quantities of the exchanged ions, thc Gapon convention is based on the equivalent 
quantities of the exchanged ions, The Vanselow exchange reaction is written as (Sposito 1977): 

(7,131 ) 

whereas the Gapon exchange reaction is written as: 

nmM1/ m X + rnNn+ ~ nMm + + mnN1/ n X (7,132) 

where MXm designates an ion M of charge m.+ and all the m sites of type X to which it is bonded 
and MI/mX designates an ion M and one of the m. sites of type X to which M is bonded, M 
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and N are t.hus cat.ions of charge rn+ and n+ respectively. To put. it. in ot.her words, the Gapon 
convent.ion ean be said t.o focus on the individual bonds bet.ween the ions and the exchange 
surface rat her t.han the ions themselves. Consequently, the Gapon and Vanselow conventions 
are only eqllivalent. for the special ca se when m = n = 1. According t.o equation 7.132, t.he 
Gapon exchange equat.ion is t.hus writ.t.en as1 

or 

{Mrn+}n{N l/nX}nrn 

k~apon = {Nn+}rn{M1/mx}mn 

, {Mm+};!;{N1/nX} 
kCapon = ------~1----~---

{Nn+} n {M I/mX} 

(7.133) 

(7.134) 

where {} denote act.ivity. The Gapon convention furt her assumes the solute aet.ivit.ies to eqllal 
the molar coneentrations and the exchanger activities to equal the equivalent fractions which 
gives us 

, [Mm+j;!; EN 
k - -'----'-,-

Capon - [Nn+ J ~ EM 
(7.135) 

where E N amI E M are the equivalent. fract.ions 2 of ion N U + and Mm+ respeetively on the cation 
exchange surface. For the Vanselow exchange equation, 

(7.136) 

t.here are a number of different eonvent.ions for describing thc activity at the exchange surface. 
Two common conventions are the Vanselow-Argersinger convcnt.ion which is based on molar 
fractions and t.he Gaines-Thomas eonvention which is based on equivalent fract.ions (Bond 1995; 
Gaines and Thonas 1953). The conditional equilibrium const.ants for these t.wo conventions can 
be writ.ten as (Bond 1995): 

{Mm+}n X N m 

kVanse[ov} = {Nn+}m XMn 

{Mm+}U EN m 

kCaines-Thornas = {Nn+}rn EMu 

(7.137) 

(7.138) 

where XM and XN are the molar fract.ions of ion N"+ and M rn+ respeetively on the cation 
exchange surface. In the SAFE model, cation exchange is treated as a process including all 
pro ces ses where an adsorbed eat.ion is exchanged wit.h another/othcr cations. The Gapon 
cation exchange equation is llsed t.o calculate all surface exchange processes, independent of t.he 
actual mechanism. Surface complexat.ion as weil as diffuse layer adsorption is thus included in 
the cation exchange process. 

In the SAFE model, three different species are considered t.o be adsorbed on the cation 
exchange surface, namely A13+ , H3+ and Bc. Since Ca, Mg and K is lumped into one cation Be, 
the difference in charge bet.ween K and the ot.her cations can not. be addressed: A lumped Be 
ion can only have one charge. The system can therefore be described by two Gapon exchange 
reactions 

1 2+ + HX + "2Bc ~ H + BCl/2X (7.139) 

13++ HX + ;lAI ~ H + AI1/ 3X (7.140) 

lThis is simply an equilibrium equation using thc law of mass action. 
2Notation has changcd as compared to previous SAFE nlOdel descriptions tü cornply with current cation 

exchange literat ure. 



löS CHAPTER 7. BIOGEOCHEMICAL PROCESSES AND MECHANISMS 

where Ey is the fraction of sites on the exchange surface to which species Y is adsorbed. The 
exchange between AI3+ and H+ does not need to be written explicitly, since it is given by the 
sum of the two reactions 7.139 and 7.140. The system can thus bc described by two Gapon 
exchange equa tions one addit.ional const.raint. 

(7.141 ) 

k' _ [H+] EA1 

H/Al - [AI3+]k EH 
(7.142) 

EHe + E A1 + EH = 1 . (7.143) 

If we assurne, as discussed earlier, t.hat t.he A13+ concent.ration is relat.ed t.o the H concentration 
t.hrough an apparent. gibbsit.e cocfficient. 

the H/AI exchange (equat.ion 7.142) can be transformed t.o 

Combining equat.ion 7.145 wit.h equation 7.143 result in 

E _ 1 - EBc 
H - 1 I 

1 + KG3kH/Al 

which in combination with t.he H/Bc exchange equation (equat.ion 7.141) yields 

[H+] E Be 

[Bc2+]~ (1- EBc) . 

Thus, only one exchange equation, 

[H+] EBc 
kH/ Bc = ~~-1 (1 E ) 

[Bc2+]', - He 

(7.144) 

(7.145) 

(7.146) 

(7.147) 

(7.148) 

is needed t.o describe t.he exchange of Bc, as long as t.he relation between t.he AI3+ and H+ 
concent.rat.ions at t.he exchange surface is given by an apparent gibbsit.e coefficient. If needed, 
t.he equivalent. fract.ions EH and EAI can be calculat.ed directly from EBc (equation 7.145 ami 
7.143). It should be noted t.hat. t.he E}\l t.o EH ratio will be const.ant. if the concentrat.ions at the 
surface can be described by a cubic relations hip between AI anel H (equation 7.145). Changes in 
t.he E A1 to EH rat.io report.ed in the literat ure (Matzner 1988) indicate problems with the cubic 
relationship assumption. 

Diffusion-limited cation exchange in SAFE 

Tradit.ionally, cat.ion-exchange has been modelleel as an equilibrium reaction, which also is the 
case in the MAGIC and SMART models. Given t.he episodic variations in water flux and soil 
solut.ion concent.rations of involved cations, mass-transfer bet.ween t.he bulk solut.ion and the 
exchange surface most likely limits the cat.ion exchange rat.e. As t.he int.rinsic rate for t.he cat.ion 
exchange react.ion is considered 1.0 be infinit.e, equilibrium can still be assumed bet.ween t.he 
condit.ions on t.he exchange surface ami t.he solution com:ent.rat.ious at t.he surface. Using Fick's 
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first law and a mass-balance over the surface and the diffusion layer, the differential equation 
for the conditions at the surface can he written as (Warfvinge amI Sverdrup 1988) 

dEBc _ ( 2+] [.2+] ) -d- - 2kx [Bc - Bc surface 
t 

(7.149) 

where sllbscript surface indicates timt the conditions at the exchange surface are considered 
and where k x is the mass transfer coefficient. The fiux of Be 1.0 the exchange surface is thus 
proportional to the concentration gradient hetween the solution and the surface. Combining 
equation 7.149 with the mass balance for hase saturation (eqllation 7.120) yields 

_ . (.2+ 2+ ) TE Be - kxzpCEC [Bc ]surfaee - [Be ] (7.150) 

The Be eoncentration at the exchange sllrface is still given by the Gapon equation (equation 
7.148) 

.2+ _ [H+];urface Esc 2 
[Be ]surface - k2 (1 _ E )2 

H/Bc Be 

(7.151 ) 

where the H concentration at the exchange surface, [H+]surface is in an implicit funct.ion of ANC 
at the surface. As discussed earlier (equation 7.122), ANC can be expressed as 

(7.152) 

and since Bc is the only ion in the ahove eqllation subject to cation exchange, the relation 
between ANC at the surface and the ANC in the bulk solution is given by 

ANC - 2[Bc2+] = ANCsurface - 2[Bc2+]surface . (7.153) 

This relation combined with the Gapon equation yields3 

(7.154) 

which is solved by a bisectris iteration of [H+]surfaee tor a given ANC. 

Running SAFE 

Initial conditions, PROFILE and INITSAFE There are at least two reasons for starting 
dynamic simulations of forest ecosystems from pristine conditions: 

1. Starting from a steady state ass ures that the model output is determined by changes in the 
external and internaIload, rat her than by transients due t.o unstable init.ial conditions. To 
be ahle to assume steady-state starting conditions, it is necessary 1.0 start. t.he simulations 
before acidificat.ion sets in. 

2. Measurement, e.g. of deposition and soil solution chemistry, is usually only available 
at a single point in time. It is thercfore lIsllally not possible 1.0 validate the dynamic 
behaviour in applications of soil chemistry models. COllsequently, if the model can not 
reconstruct reasonable dynamics for t.he past, we have no reason 1.0 believe model forecasts 
of future dynamies. Starting from pristine conditions, thus increases the transparency and 
reliability of the model application. 

:III1 prcvious model descriptions alld in carly versions of the SAFE 1110del this equation contained a rninor error 
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The PROFILE and INITSAFE models are steady state versions of SAFE, which bypasses the 
changes in soi! status over time amI calculates the final steady state directly. Three different 
varieties of PROFILE exists, the single-site version with a user-friendly interface, a regional 
version for calculating weathering and I31 Al ratios, and a regional version for calculating critical 
loads. PROFILE amI SAFE have evolved certain differences over time. As we recommend SAFE 
to be started from stable initial conditions, the INITSAFE model should be used rather than 
the PROFILE model calculate the initial state as the INITSAFE model contains exactly the 
same process descriptions as the SAFE model. In PROFILE and SAFE the differentials in the 
mass balances are zero, and the generic mass balance (equation 7.113) thus becomes 

1 
0= zf) (Qo[Y]o - Q[Y]) + ry . (7.155) 

The mass balance in the INITSAFE model are otherwise identical with those of the SAFE model 
except, of course, for the omitted mass balance for base saturation since the base saturation is 
constant at a steady-state. In the single-site version of the PROFILE model, N03 and NRt 
are treated separately using a nitrification rate constant and Ca 2+ , Mg2+ and K+ are treated 
separately rather than as a lumped cation. 

Model calibration In the SAFE model, the underlying principle is that calculated base 
saturations and soil solution chemistry should be directly measurable in field and possibilities 
to calibrate the model should be limited. The SAFE model is a multi-Iayer model rat her than 
a one-Iayer model. The soil should ideally be divided into layers according to the naturally 
occurring soi! horizons. The base saturation and soil solution chemistry calculated in each layer 
should therefore be compared with the conditions in the corresponding soil horizons. Weathering 
rate is, as already rnentioned, calculated in a sub-model. The weathering rates calculated by 
SAFE thus refiect the mineralogy of the soil and the element al composition of the minerals. 
Starting the SAFE model from stable initial conditions also precludes the possibility to calibrate 
model output by tampering with the initial conditions. To further limit calibration of the SAFE 
model, only calibration on base saturation is implemented. Although it is possible to calibrate 
SAFE model output to a certain extent by changing the distribution of nutrient uptake and 
the apparent gibbsite solubility eoefficients all such calibrations intentionally have to be made 
manually in order to restrain such calibrations. 

The SAFE model is calibrated by adjusting the initial base saturation in order to achieve 
maximum agreement between recent measured amI modelIed base saturation. Each layer is 
calibrated separately, but the lower layers are of course affeeted by the chemistry of layers 
above. The initial base saturation is calibrated until 

I L (EBc , simulated i - EBc, measured i ) I <:.: E (7.156) 

where EBc measured is the i:th measurement of base saturation, EBc simulated. the corresponding 
simulated 'base saturation and E the aecepted error. As initial sa'i! soluti~n variables (ANC, 
base cation coneentration, pR, etc) are calculated independently assuming steady-state, the 
possibilities of additionally "tuning" SAFE are relatively few. Therefore, shortcomings in the 
model formulation are likely to show up in modell data eomparisons. The Al concentration in the 
SAFE model is controlled by the gibbsite model. The pKGibb used had the values systematically 
used in mapping eritical loads (Sverdrup et al., 1990); 6.5, 7.5, 8.5, 9.5. The gibbsite model is 
obviously an oversimplification of reality. 
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Parameter Unit Sitc Regional 

Morphologieal eharadcrization From data Classification 
Soil layer thickness m From data Classification 
Moisture content m 3 m- 3 From data Classifica tion 
Soil bulk density kg m-3 From data Classification 
Spccific surface area m 2 m- 3 * 10-6 From data Frorn data 
Inflow % of preeipitation From data Frorn data 
Cation exchange capacity (CEC) keq kg- 1 .10- 6 From data From data 
Base saturation, calihration year % From data From data 
K-feldspar % of total From data UPPSALA model 
Oligoclase % of total From data UPPSALA model 
Albite % of total From data UPPSALA model 
Hornblende % of total From data UPPSALA model 
Pyroxcne % of total From data UPPSALA model 
Epidote % of total From data UPPSALA model 
Garnct % of total From data UPPSALA model 
Biotitc % of total From data UPPSALA model 
Muscovite % of total From data UPPSALA model 
Chlorite % of total From data UPPSALA model 
Vermiculite 1 % of total From data UPPSALA model 
Vermiculite 2 % of total From data UPPSALA model 
Vermiculite 3 % of total From data UPPSALA model 
Illite 1 % of total From data From data 
Illite 2 % of total From data From data 
Illitc 3 % of total From data From data 
Smectite % of total From data From data 
Apatite % of total From data UPPSALA model 
Calcite % of total From data From data 
Deposition mass fluxes keq/ha yr data / MAKED EP data/MAKEDEP 
Initial pH From InitSAFE From InitSAFE 
Initial BC conccntration ILmol(+) m-3 InitSAFE InitSAFE 
CO2 pressure times amhient From data/DECOMP Classification 
Dissolved organic carhon mg 1-1 data/DECOMP Classification 
Precipitation fluxes mm ofrain data/GROW Frorn data 
Evapotranspiration % of prccipitation FLOW Frorn data 
Mg+Ca+K uptake % of total max GROW data/GROW 
N uptake % of total max From GROW data/GROW 
AI equilibrium constant kmol2 rn- 3 Dcfault values Default values 
Mg+Ca+K uptake distribution % of total Default root distrihution Classification 
N uptakc distribution % of total Default root distrihution Classification 

Table 7.28: PROFILE and SAFE input data. The d'ifference in input between PROFILE and 
SAFE is that SAFE also requires GEG, initial [BG), [Al) and BS for calibmtion and the fact 
that SAFE r·equires input as time-series. 
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7.8 Weathering of soil minerals 

Several different models or met.hods have been developed to estimate soil mineral weathering. 
However, in this report. we will foeus on the soi! model PROFILE devcloped by Sverdrup amI 
Warfvinge (1993, 1995). PROFILE is a mathematical, biogeochemical steady state model and 
was developed with the objective to calculate the soi! solution chemistry and to estimate the 
effect.s of acid deposition on soils and groundwater (Fig. 7.43). In PROFILE the soil is st.rati
fied in aseries of mixed compartments, where each compartment repreBent different soil layer. 
Each soil layer has an individual eharaeter and is assumed to be weil mixed with no internal 
ehemical gradient. Soil stratifieation in PROFILE enhances structural reliabilit.y but involves 
increased data needs. Thc PROFILE model contains several ehemical subsystems that are re
viewed and evaluated eontinuously, even new subsystems are developed (see previous sections) 
that can be fitted in t.o existing soi! models. The main subsystems can be summarized as; 

• Deposit.ion, leaching 
and accumulation of 
dissolved chemical C01n
ponents 

• Chemie al weathering 
reactions of soilmin
eral 

• Thc net resul t of soil 
reaetions with nitro
gen cornpound 

• Internal cycling of 
nitrogen and base 
cations in the eanopy, 
such as uptake, canopy 
exchange, lit.t.er fall 
and mineralization 

• Net uptake of base 
cat.ions amI nitro
gen removed by [or
est management. 

• Solution equilibrium 
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Wet& Dry 

Throughflow 
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Organic~ I 
Matter ( ~ t 
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Figure 7.43: A schematic fig'UT"e 0/ the components and b'iogeo
chemical cycles that ar'e b'Uilt in the PROFILE model. 

reactions involving t.he carbonate system, CO2 , speciation of aluminium and organic acids 

Other sub-models tImt will be included in the PROFILE in fut.ure are (excluded the ones that 
have been mentioned in previously sections): 

• Internal cycling and decomposition of organic carbon 

• Leaching and accumulation of heavy metals 

The main chemical processes such as nitrification, denitrification and weathering are modeled 
as temperature dependent processes. The weathering of soi! minerals is dependent on the soil 
environment like hydrogen and eation eoneentration, and organic acids. Therefore, is the model 
aecounting for the different ehemical variables in the soi! solution when the weathering rate 
is ealculated. As st.ated before is PROFILE a mult.i-layer model and allows therefore to be 
parameterized for all individual Boil horizons. On t.he other side is PROFILE regarded as quite 
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parameter intensive and need an extensive set off input data to minimize the uncertainty. The 
input data for PROFILE may be subdivided into groups and comprise in short: 

Climate Physical climate; Mean temperature, annual precipitation and runoff. Chemieal; 
Atmospheric deposition of sulphate, nitrate, chloride, ammonium, sodium, calcium, mag
nesium and potassium 

Vegetation Tree species and their distribution, annual base cations and nitrogen uptake, base 
cations and nitrogen in litter fall 

Soil Physics; Exposed mineral surface area, moisture, bulk density, soil layer thickness, Geol-
ogy; mineralogy Chemistry; Carbon dioxide pressure, soi! solution DOC, Al solubility 

The geochemical study in the Asa Forest Research Park has mainly been focused at sampling 
and analyze the forest soil to determine the soi! type and other chemical and physical soil 
parameters. The sampling strategy has been to get sufficient data creating a statistically sound 
map for the weathering for the whole of the western part Asa Research Park, and area of 
approximately 1,800 ha. The sampling density and spatial pattern was chosen to allow us to 
perform a geostatistical analysis of the map and make a kriged surface for the arca, equivalent 
to a continuous map for weathering rate. 

7.8.1 Weathering and the PROFILE model 

It is important to realize that 
it is not possible to assess sin
gle soi! processes without tak
ing all other significant pro-
ces ses quantitatively into ac
count. PROFILE and its time 
variant counterpart SAFE take 
into ac count simultaneously the 
chemical weathering rate, base 
cation, ammonium and nitrate 
uptake by the vegetation, ni
trification of ammonium to ni
trate, as weil as solution re
actions involving the carbonate 
system, aluminium species and 
organic acids and let these pro
ces ses interact. The deposition 
of sulphate, ammonium, nitrate 
and base cations is considered. 
These pro ces ses are represented 
by mass baI an ces and kinetic 
equations inside the PROFILE 
model. The model operates on 
mass balance equations for ANC, 
base cation, nitrate and ammo
nium. The interactions between 
the phases and the reactants in 
the system always take the path 
via the soil solution. Other types 
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Figure 7.44: The figure show the internal str-ucture of the 
revised PROFILE model. All weather·ing process must con
sidered in the eantext of other important soil processes, and 
ignoring to do so inevitably leads to poor performance the 
model is tested under field condition8. The diagmrn above 
show the pathways of base cations. 

of soi! chemistry models available, which treat the silicate weathering component either as a 
calibrated input parameter or as a process at equilibrium. Equilibrium assumptions as the basic 
principle for irreversible weathering reactions, deserves no further mention. 
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Principles of the model platform 

The Swedish PROFILE soil chemistry model has a substantial submodel for weathering, based 
on first principles. The weathering rate model is well adapted and validated for Scandinavian 
soils from glaciated areas, soils rich in primary minerals amI with small amounts of secondary 
minerals. 
The PROFILE has been used as a point 
of departure for creating a soil weathering 
model for soils dominated by clay minerals. 
During the work associated with determin
ing weathering rates for forest soils in Ger
many, it was realilled that it was necessary 
to adapt and test the PROFILE model to the 
lowland soils of the central European plains. 
These soils are rich in clay minerals, have 
not been glaciated in the last million years 
and they have very low contents of primary 
minerals. PROFILE is a steady state model, 
which implies that all time dependent pro
cesses have been short-circuited. It is closely 
related to the dynamic model SAFE. It is 
necessary to consider the interactions of the 
weathering process with other soil processes 
when laboratory experiments are to be re
lated to field observations. Laboratory ki
netic cocfficients for prirnary minerals have 
been integrated into SAFE and PROFILE 
earlier. The general model includes the fol
lowing chemical subsystems: (1) Deposition, 
leaching and accumulation of the dissolved 
chemical components, (2) Chemical weath
ering, (3) Cation exchange, (4) Nitrification 
and denitrification, (5) Cycling of nitrogen 
and base cation between the vegetation and 
soil, (6) Net uptake of base cations and nitro
gen and (7) Solution equilibrium reactions. 
SAFE operates on a variable timestep, down
ward adjustable to hourly steps, and weath
ering rates at Swedish research sites have 
been calculated with hourly resolution. The 
model is structured into aseries of layers, 
each modeled as a stirred tank. The mass 
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Figure 7.45: Simple causal loop diagram for the 
soil m'ineral 11Ieathering process. Fundamental 
is the occurrence of an irreversible step from 
activated surface complex to the dissolved con
stituents. This effectively mies out any equilib
rium approach as a flagrant breach of the sec
ond la11l of therrnodynamics. For clay minerals, 
changes in the fundamental chemical conditions, 
may cause some of the reversible steps to become 
sl011ler than the the irreversible stcp or' to tem
porarily change the direction of the overall rcac-

balances are solved for each soillayer, solute 
tior!. equilibria, kinetic rates and weathering. In-

put data are assembled for the model according to layers. A number of weathering reactions 
have been experimentally identified to take pi ace in parallel at the mineral surface (Sverdrup 
1990). Simultaneous react.ion systems are considered where the mineral surface reacts with (1) 
hydrogen ions, (2) water, (3) hydroxyl ions, (4) carbon dioxide and (5) organic acids ligands. 
The total base cation release rate by chemical weathering will be the sum of the rate of all 
parallel simultaneous pro ces ses regardless of the molecular mechanism, minus the rat.e of base 
cat.ion co-precipitation with secondary solid phases. We can write for the forward rate: 

(7.157) 
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Studies over many years on four dozen different minerals have shown timt Eq. 5.168 alway.s 
apply, and ignoring this in the experimental design makes it likely that the results are not useful. 
The initial stage of mineral dissolution is also characterized by non-stoichiometric dissolution 
where the molar composition of the re action products is different from the molar composition 
of the parent mineral. During long term steady state dissolution, most mineral dissolution 
is stoichiometric, and any deviation from this, usually indicates that some secondary solid 
phase is simultaneously precipitated from the solution. The rate depends on the arnount of 
mineral surface available, which determines the arnount of activated surface complexes that can 
participate in the process. Frorn the reaction, a solid residual is produced (Fig. 7.45). The 
rate is known to be dependent on the hydrogen ion concentration of the solution with apower 
between 0.5 nd 0.7. However, there is more to it than this. Experiments have shown that 
the aluminium concentration has a strong retarding cffect on the rate (Sverdrup 1990), and 
this must be included in the picture (Fig. 7.46 The same experiments show that base cations 
and silica both affect the rate negatively and the formation of precipitates (Sverdrup 1990). 
Thus the rate expression for each reaction must include the effect of reactant promotion as 
weil as the retarding feedback from re action products. Further the rate equation for mineral 
dissolution must include the sum of rates of all the reactions involved. We can safely state that 
experiments or models that does not consider the four significant and simultaneous reactions 
and at the same time the significant interactive feedbacks, they will quickly run into weil known 
interpretation diffieulties and fail to be uscful. For each of the reactions included in Eq. 7.157, 
a rate expression based on the transition state theory may be derived (Sverdrup 1990). Under 
certain circumstances, sheet silicates may dissolve partially or non-stoichiometrically, and form 
secondary mineral residues. For each of the reactions included in Eq. 7.157, a rate expression 
based on the transition state theory may be derived (Sverdrup 1990). The kinetic equation 
applied to both the experiments and the PROFILE model is exemplified by the expression for 
the specific reaetion between the hydrogen ion and the mineral surface; 

(7.158) 

r is the re action rate (keq m-2 s-I), kH + the rate coefficient in the H+ reaction. aAl, aHC and 
aH+ are the activities of aluminium, base cation and hydrogen ion activities. x, z, y, ware 
re action orders. It can be seen that a lot of constituents participate, and this must be considered 
in the experimental design. The total weathering rate for the soil is obtained by repeating the 
calculation additively for all minerals present: 

rninerals 

R= L rj· A j 

j=1 

(7.159) 

R is the cumulative weathering rate in the soil (keq ha- 1yr- 1 ). The rate coefficients in the kinetic 
expression are all subject to change with temperature. The reactions only will take place on 
wetted surfaces, and the degree of surface wetting is taken to be proportional to the soil moisture 
saturation. All surfaces to participate in the reactions must be wetted, but there must also be 
sufficient soil solution present for the weathering process to respond to and exchange rnass with 
other soil processes. The active surface area is adjusted for this. Mere adsorption of rnolecular 
water to the surface is not enough, the mineral must be wetted and stay in contact with other 
soil particles by means of a solution, hence the filling up approach. In PROFILE and SAFE 
models, the implemented rate laws for the release of the base cations Ca, Mg, K and Na (BC) 
from weathering of silicate minerals are based on a synthesis of transition state theory and data 
from field and laboratory measurements (Sverdrup 1990); 

[H+lnll+ 1 P~~~2 [R-lnR-
rj = kH+ j + k H2 0 -j - + kC02 -.-- + kn j 

H+ H2 0 JCOz R-
(7.160) 
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where Tj is the dissolution rate of mineral j in kmolc m-2 s-1 , n are reaction orders, kH+ the 
rate eoefficient for the H+ reaction, unit dependent on nH+ , k"20 the rate eoefficient for the 
H20 reaetion in kmolcm-2s- 1 , keo2 the rate coeffieient for the CO2 reaetion, unit dependcnt 
on neo2 , kR the rate coefficient for the lumped organie acid reactions, unit elepenelent on nR- , 
Peo2 the partial CO2 pressure in the soil solution in atm and I are produet inhibition factors. 
Each weathering reaction is product inhibited with product inhibition factors I, given by 

( 
[Bc2+ 1 ) Zne 

leo2 = 1+-
CEe 

IR- = (1 + [R-l) (1 + [Bc2+l )ZßC 
CR CBe 

(7.161) 

(7.162) 

(7.163) 

(7.164) 

where CA] is the aluminium saturation constant in kmol m-3, CBe is the base cation saturation 
constant in kmol m-3, CR is the organic reaction saturation constant in kmol m-3 and v, x, z 
are reaetion orders. The weathering rate is thus elependent on pH and CO2 pressure as weil as 
on the coneentrations of Be, AI3+ anel R-. It is therefore not obvious how e.g. a decrease in Bc 
eleposition with the assoeiated increase in pH affect the weathering rate. Sinee the weathering 
reactions are temperature dependent, rate coefficients are adjusted to fielel temperature using 
an Arrhenius rclationship 

(7.165) 

where EA is the Arrhenius activation energy in J kmol- 1 , R is the Universal gas constant in 
.J kmol- 1 K- 1 , T is the absolute temperature in K anel k is the rate coefficient of a specific 
reaction. In order to relate the rate coefficient at one temperature with the rate coefficient at 
another, the Arrhenius relationship is transformeel to 

(7.166) 

Rate coefficients, reaction orders anel proeluct inhibition limit concentrations for the H+ , H2 0, 
CO2 , anel organie aciel reactions for the minerals inclueled in PROFILE anel SAFE are supplied 
in a separatc text file, mineralelata, which is reael at runtime (appendix B). A user intcrface 
called Mineralstack is also available that facilitates reaeling anel changing of the mineralelata 
file. Both the SAFE anel PROFILE model assume the potential supply of each mineral to be 
infinite and the total surface area Aw anel the surface area fractions Xj are therefore treateel as 
constants. In a special version of PROFILE, however, attempts have been maele to simulate 
changes in mineralogy sincc glaciation using mass balances for the supply of each mineral in 
each soil horizon. The total release rate of a base cation M rn+ for one soil horizon is obtaineel by 
multiplying the weathering rates for all minerals present with their respective molar M content 
and to aelel it all up: 

mineral 

W "" A e Yj,M M = ~ Tj wXj-Z~ (7.167) 
j=1 

where W M is the release of M rn+ in kmol m-2s-1 , Aw the exposeel surface area of soil minerals 
in m2m;3 , Xj is the surface area fraction of soil mincral j, e is the soil moisture saturation 
and YJ,M the molar content of cation l\1rn+ in mineral j. The reactions only will take place on 
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.\liueral pk l1 nH C A1 YAl eHe xRC pk/J'~() 'Al zRC pk C ()2 nC'(),~ pk 01'Y C il 

14.7 U.G 0.4 .'iOD O.lS 17.5 0.14 O.lG lö.~ O.Ö 1.'i.O (S) 
14.0 O.S 0.,1 500 0.2 17.2 0,14 0.15 1)).9 O.ß 14.7 (G) 
14 . .') U.5 0.1 ,')00 0.2 W.7 0.14 0.15 0.6 14.7 S 
LI.:.3 0.7 :30 U.1 ZOO O.:~ 15.9 0.:1 lU (0.6) 14.4 (G) 

Pyroxene 12.:'l 0.7 soo 0.2 200 O.:l 17.,') (J.1 ().~ U.6 14.4 (5) 
Epidotc 14.0 0 . .5 SOO 0.3 ZOO 0.2 17.7 0.2 U.2 (14.4) (5) 
Garnet 12.4 1.0 ~oo 0.4 500 0.2 16,9 0.2 0.2 (147) (GO) 
ßiotite 14.H O.G 10 O.:~ (500) 0.2 W.? 0.2 0.2 14.8 (50) 

15.2 (Ui " DA (.'100) 0.1 17,S 0,1 15.3 (0) 
14.H 0.7 (50) (0.2) (200) (0.2) (170) (0.1) 15.0 (5) 
14.:.3 0.7 (GU) (0.2) (200) (0.2) (Hi.7) (lU) (G) 
15.2 n.n 4 0.4 500 0.2 17.ü (0.1) (5) 
11.8 U.6 4 0.4 50U 0.2 17.2 0.1 (0.1) (G) 
12.8 0.7 100 Clon 0.1 15.8 0.2 (5) 
IS.1 0.7 4 0.4 500 U.4 l7.ti 0.2 0.2 (.5) 

Ckdcitp U.O LU !jOOO 0.4 lUUU 0.4 15.2 0.2 1:1.2 (5) 

Table 7.29: Appmximate laboratory rate coefficients for the chemical weather'ing rate for mineral., 
expressed as the flux of base cations (Ca, Mg, Na, K) Telated to a total rate expTessed as keqjm2 s 
at SOG, applied in the PROFILE model. Values within bracket" are appmximatioTl.s. (SverdTllp 
and Warfvinge, 1995) 

wetted surfaees, and thc degrce of surfaee wetting is taken to be proportional to the soil moisture 
saturation. All surfaees to partieipatc in the reactions must be wctted, but there nmst also be 
sufficient soil solution prcsent for the wcathering process to respond to and exchange mass with 
otlter Boil processcs. The soil moisture saturation is ealculated as the degree of filling up thc soi! 
void volumc, by combining thc densities 01' thc solid, water, air and the bulk soi! density, with 
the volumetrie watcr contcnt (Warfvinge and Svcrdrup 1991; Sverdrup and Warfvinge 1993, 
1995). 

As Ca, Mg and K is modellcd 
as a lumped Be cation on equiv
alent basis, W Be is calculated as 

WK 
W Be = W Ca + W Mg + 2 

(7.168) 
Thc depcndence of the total 
weathering rate on the soi! mois
turc saturation e have two rea
sons. Firstly, only wettcd sur
faces are subject to chcmical 
weathering. Secondly, water is 
needed as a medium to trans
port ions to and from the mineral 
Bur-face, thus making the released 
eations avai!able tu nutrient up
take and other Boil processes. 
At lower degrees of Boil mois
turc saturation it would thereforc 
seern reasonable to expect thc re
activity of the exposed mineral 
surface to decrcase (Sverdrup 
ami Warfvinge 1987; Warfvinge 
1988, Svcrdrup 1990). The soi! 
moisture saturation, the ratio be
twcen the watcr volurnc and void 
space is calculated by assurning 

Figure 7.46: Simple causal loop diagram for' the chernical 
weathering pmcess. The weathering rate is strongly deteT
mined by the area of reactive surfaces made !Lvailable to the 
soil water. Hydmgen ions attack the mineral and dissolve 
it. Experiments have shown that reaction products such aB 
the Al and base cation r'elea.sed in the weathering reactions 
affects the dissolution rate, a phenornenoT! called product in
hibition. 
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the soil to consist of three phases: solids, i.e. mineral grains and organic matter, water and gas. 
Since the mass of gas is negligible, the mass of the soil is equal to the sum of the solid mass 
ami the water mass. 

The PROFILE model has been designed as an 
"open" model, where the user may actually change 
many of the basic principles inside without having 
to recompile the whole model or touch the FOR
TRAN code. Principally, everything in the model 
is available from the authors, free of cast, including 
the source code. It is controlled from a set of cards. 
Fig. 7.47 shows the input data cards for PRO
FILE. For each layer, mineralogy, mineral surface 
area as reflected by texture, soil moisture etc. must 
bc entcred. The model has a separate stack of 14 
cards far controlling the kinetics of mineral weath
ering. For each mineral there is one input card. 
This can be used to assign new kinetic coefficients, 
re action orders, mineral stoichiometries and tem
perature dependencies to the model. This way new 
kinetic information can be integrated by any user , 
without recompilation of the whole model code. 
The model does not demand stoichiometric dissolu
tion, the stoichiometry specifies the stoichiometry 
of the solid that dissolves, which may differ from 
the bulk composition of a particular mineral. The 
outputs from PROFILE are presented on a num
ber of cards, Figs. 7.48. They show the amount 
of ions produced by chemical weathering, layer by 
laycr, and ion by ion. The ions produced by the 
minerals considered are Ca, Mg, K, Na, Al, Si and 
P. The amounts of Al and Si are the total amounts 
produced by congruent dissolution at the mineral 
surface and not what appears in the soil solution. 
The PROFILE model was originally designed far 
estimating the sensitivity of soils to acid deposi
tion. The weathering rate is one of the most im
partant parameters far the acidification sensitivity, 
and accardingly, it was important to estimate it 
from geochemical and physical input data. The 
capability to predict field weathering rates arose 
from a systematical and specific way of interpret
ing the laboratory kinetics, and by incorporating 
the results in an integrated soil model, PROFILE 
(Sverdrup and Warfvinge 1987, 1988, 1993, 1995, 
Sverdrup 1990). The basis for making use of labo
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Figure 7.47: Input cards for the PROFILE 
model, show as it appears to the user on 
the computer screen. The intention is that 
this model will be adapted fOT' sustainabil
ity purposes and made available at no cost 
to any landowner. 

ratory experiments far modeling, is to evaluate them in terms of a specific and consistent theory. 
The model permits data from experiments of very different designs to be used together in such a 
way that the effects of differences in conditions and properties can be accounted for, very differ
ent experiments can be narmalized to a common platform for comparison. The basic principles 
applied in the PROFILE model has been developed in aseries of causal loop diagrams (Figs. 
7.45-7.46. For clay minerals, changes in the fundamental chemical conditions, may cause some 
of the reversible steps to become slower than the the irreversible step or to temporarily change 
the direction of the overall reaction. 
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Mineral Arrhellius factor 
H+ H2 0 CO2 Org 

K-Feldspar 3500 2000 (1700) (1200) 
Plagioclase 4200 2500 (1700) (1200) 
Albite 3800 2500 1700 1200 
Hornblende (4300) :)800 (1700) (2000) 
Pyroxenc 2700 3800 (1700) (2000) 
Epidote 4:150 (:1800) (1700) (2000) 
Gamet. 2500 3500 (1700) (1800) 
Biot.it.e 4500 3800 (1700) (2000) 
Muscovit.e 4.500 (3800) (1700) (2000) 
Chlorite 4500 (3500) (1700) (1800) 
Verrniculite 4:300 3800 (1700) (2000) 
Apatite :3500 4000 (1700) (2200) 
Kaolinite 5310 3580 (1700) (2000) 
Calcite 444 4000 2180 2200 

Table 7.30: Obser'Ved and estirnated temperature dependence factors (Ea/R) in () K used to adjust 
the rate coefficients to any ternperatu'f'e in PROFILE. The da ta were derived in Sverdmp (1990). 
Values within brackets are estirnates. 

The rate coefficients have been shown in Tab. 7.29. The upper part of the table show a 
approximate laboratory rate coefficients for the chemical weathering rate for primary minerals 
expressed as the flux of base cations (Ca, Mg, Na, K) related to a total rate expressed as 
keq/m2 s at 8°G, as applied in the PROFILE model. The values are the result of are-evaluation 
of literature data from 1923-1995 and experiments carried out by the author during 1984-1996. 
Values within brackets have been approximated using Madelung site energies for key positions 
bonds which are attacked in the rate-limiting reactions, as weil as applications of analogues and 
basic alumino-silicate crystallattice structures. The bottom part of the table shows approximate 
laboratory rate coefficients for the chemical weathering rate for clay minerals expressed as the 
flux of base cations (Ca, Mg, Na, K) as keq/rn2 s at 8°G for the unaltered clay, as applied in the 
PROFILE model. The va lues are the result of are-evaluation of literat ure data from 1923-1996 
and experimental data by the authors during 1985-1990 amI 1997-2000. 

The total weathering rate for the whole soil is obtained by repeating the calculation additively 
for all minerab present in all layers. The weathering rate in the natural soil is calculated 
with rate coefficients taken from laboratory studies carried out at 25°C, and adjusted to soi! 
temperatures using an Arrhenius relationship. The model appears to work excellently for a 
range of weathering rates (Fig. 4.1. It appears to be robust and accurate for at least all 
podsols, sediment soils, clay soils and volcanic soi!s. The model has been frequently used in the 
European and the Far East Asian critical loads mapping programmes. The PROFILE model 
has subjected to validation tests in every country it has been used, and the performance found 
satisfactory in multiple sites located in 29 different countries on all continents. 

Entering new kinetics or minerals 

It was realized that the list of minerals available in the standard version of the model would 
sometimes need modification when the model is used in new geographicallocations. For example, 
a site had 35% clay minerals, divided among three types of illite, three types of vermiculite 
and two types of smectite. The mineralogy list was changed hy opening the mineral stack. 
Epidote, pyroxene and gamet was replaced with the reaction rate coefficients of illite and the 
stoichiometry of the three types. Biotite, apatite and vermiculite of the model were replaced with 
three types of vermiculite, muscovite and albite were replaced by two types of smectite. Kinetic 
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Figure 7.48: Output car·ds for the PROFILE model. The PROFILE model is weathering oriented 
in its output, something useful for s'/Lstainability ussessments. FT"Om the output, the user rnay 
see the weathering mte laycr-by-layer, allowing fOT a s'/Lstainability calC'ILlation. 

coefficients and stoichiometry were adjusted. Then the stack is initiated to create another 
mineral kinetics input filc für the executable code, and a new version of PROFILE has been 
created just for this site. No recompilation was necessary. The user was happy with his new 
PROFILE amI could test out several hypothesizes concerning the importance of clay minerals. 
The model has been modified in similar way for volcanic soils in Slovakia and Japan. 

Discussion 

PROFILE was Ilsed with data far the soils in c:atchment GI, Fl, F2 and F3 in the Gärdsjön 
catchment, obtaincd from Olsson et al. (1985), the input parameters are shown in Table 7.31-
7.31. The c:alculatcd rate values carrelate weil with the observed values, and the observed 
difference is within the uncertainty of the values. The weathering rate per mineral is shown in 
Table 7.32. It can be seen tlmt K-feldspar, plagioclase, hornblende, epidote, vermic:ulite and 
apatite account fur all the weathering in the profile. Of the individual mineral, plagioclase 
feldspar appears to be the most important mineral at this site. Of this the feldspars ac:count for 
60 % and hornblende and cpidote account for 20 %. All mafie minerals account for approximately 
30 % of the weathering rate. <'lay mineral and layer silicates account für less than 10% in such 
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Depth Ca Mg K Na BC P 
meter keq ha-1yr-1 

0-0.05 0.002 0.000 0.002 0.003 0.007 0.000 
0.05-0.11 0.009 0.003 0.006 0.009 0.027 0.001 
0.11-0.37 0.049 0.028 0.034 0.039 0.151 0.009 
0.37-0.59 0.107 0.043 0.052 0.078 0.280 0.021 
0.59-0.64 0.041 0.014 0.017 0.030 0.101 0.009 

Sum 0.209 0.088 0.111 0.158 0.566 0.040 

Depth Ca Mg K Na Layer sum P 
meter keq ha-1yr-1 

0-0.05 0.003 0.000 0.003 0.004 0.009 0.000 
0.05-0.11 0.008 0.002 0.006 0.008 0.024 0.001 
0.11-0.33 0.046 0.027 0.033 0.038 0.144 0.008 
0.33-0.46 0.072 0.030 0.036 0.054 0.191 0.013 

Sum 0.129 0.059 0.077 0.103 0.369 0.022 

Table 7.31: The weathering rate in keq ha-1yr- 1 for catchment F1 (top) and Cl (bottom) 
calculated with PROFILE. 

soils, and only have a marginal importance far the weathering rate. The role of biotite far 
the present weathering rate is insignificant.. Apatite ac count far almost 10% of the weathering 
rate according to the calculat.ions, but it must be kept in mind that the kinetic coefficients for 
apatite dissolution are rat her uncertain at present. The rate coefficients, reaction orders and 
product inhibition limit concentrat.ions for the H+ -, water-, CO2-, and arganic acid reactions for 
the minerals are shown in Table 7.29, the coefficients relate to the production of base cations 
expressed as keq m-2s-1 at 8°C. The OH-reaction was omitted because it is insignificant in 
most temperate soils. The PROFILE model calculates: 

• Steady state soi! solut.ion chemistry 

pH,ANC 

Ca, Mg, K, Na 

NH4, N03, S04, Cl 

• Weathering 

- Weathering by mineral amI layer 

- Weathering by ion and layer 

- Weathering by mineral and ion 

- Total weathering by ion far whole profile 

- Total weathering by mineral far whole profile 
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Mineral Weat.hering in layer, keq ha-1yr- 1 % 
1 2 3 4 Sum of total 

K-feldspar 0.003 0.006 0.025 0.029 0.062 16.8 % 
Plagioclase 0.006 0.014 0.060 0.082 0.161 43.6 % 
Hornblende 0.001 0.015 0.018 0.034 9.2 % 
Epidote 0.001 0.009 0.028 0.038 10.3 % 
Garnet 0.001 0.001 0.3 % 
Biotite 0.002 0.002 0.004 1.1% 
Chlorite 0.001 0.004 0.004 0.009 2.4 % 
Vermiculite 0.001 0.017 0.007 0.024 6.5 % 
Apatite 0.013 0.023 0.035 9.5 % 

Sum 0.009 0.024 0.144 0.191 0.369 100% 

Table 7.32: The weathering mte for each mineral in the 80il in keq ha-1yr-1 for catchment GI, 
a8 calc'Ulated 'With PROFILE. 

Total weathering by re action (hydrogen ion, hydrolysis, organic acids, carbon dioxide) 
by mineral for whole profile 

• Aeidity effect on roots 

• Any shortage of base cations for nutrient uptake 

The effect of different epidote soil contents has 
been investigated with the model using the Gard
sjön catchment F1 as example. The basic in
put data can be found on the PROFILE input 
cards shown in Fig. 7.48. The results from in
creasing the epidote soil content from 0 to 100% 
cause the weathering rate to increase from 0.52 keq 
ha-1yr-1 when the epidote content is 0%, through 
0.57 keq ha-1yr-1 at the ac tu al 1 %, at 5% 0.67 keq 
ha-1yr-1, at 25% it is 1.70 keq ha-1yr-1 to 8.80 
keq ha-1yr- 1 when the epidote content is 100%. 
The model performance with respect to epidote can 
actually be tested on field data. In Maryland, a 
number of sites are available showing a large span 
in epidote content. The results of applying the 
model to thcse sites is shown in Tab. 7.31 and 
7.32. The represcntation of epidote in the model 
do appear to be adequate for prediet.ing field rates 
with reasonable success as compared to the field 
observations. The weathering rate in nature is de
termined by the abundanee of weatherable miner
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Figure 7.49: The PROFILE model has 
been 81Lcce8sf'Ully tested at a n'Umber of 
sites inside and o'Utside S'Weden. 

4.1 

als and their texture in the soil. The PROFILE model represents the first tool available for 
estimation of the weathering rate from independent data on geoehemistry and soil conditions. 
Aeeordingly, an understanding of the soil mineralogy and texture distribution on a regional 
seale is essential for understanding the eonditions far weathering available in thc region. 
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Fl F2 F3 GI Method 
keq ha-1yr- 1 

0.54 0.61 0.59 0.36 Budget st.udy 
0.57 0.60 0.67 0.37 Laborat.ory kinet.ics, PROFILE 
0.53 0.60 0.61 0.38 Total analysis correlation 
0.59 0.39 Sr isotope ratio method 

0.56 0.60 0.64 0.38 Average present value 

0.74-0.81 0.81-1.31 0.35 Hist.orie rate, bedrock mineralogy referenee 
0.53 0.30 Hist.orie rate, C-layer mineralogy reference 
0.74 - 1.08 0.30 Historie rate, laboratory kinetics, SAFE 
0.47 0.47 - 0.48 0.37 Historie eondit.ions, present soil, PROFILE 

Table 7.33: Summary of base cation release rates due to chemical weathering in keq ha-1yr- 1 at 
different catchments at Lake Gurdsjön, Sweden, using different rnethods. It ean be seen that the 
different methods give approximately the same results. 

7.8.2 Calculating field weathering rates 

Weathering can be estimated for field conditions by two existing models . 

• The "Olsson-Melkerud" model (Olsson and Melkerud, 1990; Sverdrup et al., 1990), relates 
total analysis to historical weathering rates for podsols . 

• PROFILE, developed at the University of Lund in Sweden (Warfvinge and Sverdrup, 1990; 
Sverdrup and Warfvinge, 1992). The model is new in the sense that it is the first model 
suceessfully to ealculate field weathering rates from geochemical properties of the soil such 
as text ure and mineralogy, and that the input data all ean be measured on soil sampIes. 

The above mentioned models are mutually consistent, they are the only models to survive a test 
against field data, and have been found to operate with reasonable accuraey. PROFILE is a 
steady state model designed originally to solve soil aeidification problems. This implies that the 
whole path from original pre-aeidification state to the post-aeidification state is circumvented, 
and the final state calculated directly. At steady state, all somces of input aeidity to the system 
are balanced by either internal sources such as weathering, and nitrate uptake or export of 
acidity from the system. The definition of steady state implies tlmt the net depletion of thc ion 
exchange cornplex for alkalinity is zero. The soil proeesses affeeting major eonstituents and the 
alkalinity-acidity balance in the soil are many. 

7.8.3 Estimating soil mineralogy inputs to the model 

The model UPPSALA is a normative back-ealculation model for reconstructing the mineral
ogy from the total analysis in order to provide input to models like PROFILE from simple 
survey data. The method find a soil mineralogy which is consistent with the observed total 
analysis by simple rnass balance, assuming st.andard stoichiomet.ries for t.he soil minerals. Für 
the models to be applieable at single forest. properties, mineralogy must. be übt.ainable using 
data tlmt can be collected at low cost.. We have developed such a methodülogy and it has 
been sueeessfully tested at the regional level using data from the Swedish forest inventory. 
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Input data to the UPPSALA model for convert
ing total analy~i~ to mineralogy is Na20, CaO, 
MgO, K20, P 20 5 , A120 3 , Si02 amI Fe203 as % 
weight. Total analyt;is is often available from na
tional fore~t inventories, many Geological Surveys 
have also col!ect.ed such data across whole regions 
or nations. Agricultural soil surveys mayaIso be of 
help. The optimal strategy is to run the total anal
ysis first, and then selecting the sampling sites for 
mineralogy. The UPPSALA model is based on a 
priori knowledge of t.he stoichiometric composition 
of the mineral~ of the particular soi!. The minerals 
have been grouped into assemblies of minerals with 
similar composition and dissolution rate. It i~ as
sumed that the following mineralogie al groupings 
are valid; Museovite is assumed to eomprise mus
covite, secondary di-octahedral illite, di-octahedral 
chlorite and vermiculit.e of secondary weathered 
type. Chlorite comprises tri-octahedral chlorite, 
primary illite and tri-octahedral vermieulite of pri
mary type as wel! as biotite and phlogopite and 
glauconite. Hornblende implies al! amphiboles, 
such as hornblende, riebeekite, arfvedsonite, glau
conite and tremolite. Epidote comprises all epi
dotes, zoisites and pyroxenes. Plagioclase has been 
assumed to be oligoclase with 80% albite feldspar 

MINERALOGIES 
FOR 10% OF SITES 

~ TOTAL ANALYSIS 
FOR ALL SITES 

/ 
UPPSALA MODEL 

1 
MINERALOGY 

TEXTURE 
FOR 10% OF SITES 

1 TEXTURE CLASS 
FOR ALL SITES 

/ 
REGRESSION 

\ V ~~~~~\rl~~RE 
HYDROLOGY 
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WEATHERING 
RATE 
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CHEMISTRY 

Figure 7.50: The seq'uence for calculating 
field weatheTing rates using a regionally 
distributed sampling of soil oxides and a 
subset of measured mineralogies. 

eomponent. K-feldspar is assumed to be 10% albite feldspar eomponent. All phosphorus has 
been attributed to apatite. The equations used in the UPPSALA model for ealculation of the 
% weight content of the individual minerals are given below. The UPPSALA model is a general 
model for whole Sweden, whereas the BERNE variant of the UPPSALA model is a regional spe
cialization and a generalization in eaeh region, where individual models have been developed for 
eaeh one of 15 normative provinces, those are shown in Fig. 7.5l. Later analysis have increased 
this to three provinces. In the simple UPPSALA model the following calculation sequence is 
performed: 

K-Feldspar 
Plagioclase 
Apatite 
Hornblende 
Muscovite 
Chlorite 
Epidote 
Quartz 

Al-residual 

Delta 

Vermieulite 

max(O, 5.88*K20 - 0.588*Na20) 
max(O, 1l.1 *Na20 - 0.22*K-Feldspar) 
2.24*P20 5 

max(O, 6.67*CaO - 3.67* Apatite - 0.2*Plagioclase) 
max(O, 2.08*K20 - 0.208*Na20) 
max(O, 3.85*MgO - 0.39*Hornblende - 0.39*Muscovite) 
max(O, O.l*Hornblende + 0.03*Plagiocla~e - 0.3) 
Si02 - 0.63*Plagioclase - 0.68*K-Feldspar - 0.38*Muscovite - 0.33*Chlo
rite - 0.45*Hornblende - 0.42*Epidote 
Al2 0 3 - 0.1 *Plagioclase - 0.1 *K-Feldspar - 0.26*Museovite - 0.09*Chlo
rite - 0.01 *Hornblende - 0.025*Epidote 
Quartz + Plagioclase + K-Feldspar + Muscovite + Chlorite + Horn
blende + Epidote+Apatite 
min(AI-residual, max(0,(100%- Delta))) 

For each of the geological provinee the observed mineralogy was correlated to total analysis. 
Calcareous sites must be separated, and after K-feldspar, plagioclase and apatite have been 
calculated, the following is applied: The calculation is checked by calculating the amount of 
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quart.z, and only such sites which lie within the range 95-105% are accepted. The following 
equat.ion is used. 

Calcite = max(O, 1.79 * CaO - 3.67 * Apatite - 0.2 * Plagioclase) 

The model was calibrat.ed wit.h a small number of measured mineralogies for each province. This 
calibrat.ion has limit.ations, as t.he accuracy of field mineralogy is limit.ed and not. necessarily 
bet.t.er t.han t.he normat.ive reconst.ruct.ion. The BERNE version of the UPPSALA model has 
also been successfully applied t.o Swit.zerland, an area wit.h great geological complexit.y. A fully 
codified version is envisioned in t.he second phase of t.he SUFOR Programme. Normally, t.he first. 
UPPSALA version of t.he model calculat.ion can be carried out in a simple spreadsheet. or for a 
single sit.e, with a pocket. calculat.or. When no more adequat.e ions available for the format.ion of 
arnineral, then t.he cont.ent of timt mineral is set. to zero. The UPPSALA model has so far been 
t.est.ed and validat.ed in Sweden (granit.ic), Switzerland (mixed geology from glaciated granitic 
to non-glaciated and sediment.ary rocks) ami Maryland (sediment.ary rocks and fluvial marine 
deposit.s). Fig. 7.53 show t.he correlat.ion betwecn calculat.ed and observed mineralogy. For 
K-feldspar we have r2 =0.76, plagioclase r2 =0.69, hornblende r2=0.41, epidote r2 =0.41, chlorite 
r2 =0.52, pyroxene r2 =0.5. The rcgression for Apatite is equal in all provinces and should be 
corrected from the above t.o: 

Apatite = 11.5· P20 5 - 0.92 (7.169) 

The implication is that the mineral phase con
taining phosphorus contains less phosphorus than 
pure apatite. Then the correlat.ion coefficient in
crease to r2 =0.85. The results of the Berne model 
are significantly better than the results of the sim
pler Uppsala model. These differences do not come 
through that strongly to weathering, much because 
so me of the variables and errors are dependent and 
cancel in t.he weat.hering rate calculation. The t.eam 
in Sweden and our colleagues are t.he only oncs 
that. can perform this kind of calculations. Our re
sults show t.hat there are two types of plagioclase 
in Swedish soils. One with 90% albite and another 
more frequently occurring with approximat.ely 85% 
albite. n is the fraction anorthite in the plagioclase 
solid solution. A matrix of 9 different oxides deter
mines the mineralogy of 9 independent minerals: 

-> 
depending on the vector of minerals !vI being equal 

-> 
to the vector of oxides 0 times t.he eigenmatrix !vIE 

of the mineralogy-oxide equat.ion system: 

(7.170) 

There are some const.raints; only hornblende, py-
roxene and apatite are assumed to contain phos
phorus, only plagioclase is assumed to contain 
sodium (Na) and magnesium is excluded from K
feldspar and plagioclase. Finally, apatite is con
sidered to consist of phosphorus and calcium only. 
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Figure 7.52: The UPPSALA model ini
tially asswned that Sweden could be mod
elled as one geological province. 

Finally, adependent sequence is performed to estimate quartz ami undefinable precipit.ates, 
residues and clays (AI-residual), everyt.hing is finally callee! "Vermiculite". 



186 CHAPTER 7. BIOGEOCHEMICAL PROCESSES AND MECHANISMS 

I\hn(1'llbU fcJrS'Vtcil=n 
"l K.'~ltbplll"",ioOIli 

M',,~y for S .... -nJe:1I 
"I~ I.1oOI11. 12. 0,0100.$ 

4) 0 . .$10 1,0 
19 1,0101,0 

l8 0 2,01040 
10 -'Oro80 

\l uw:nlon rOl' S .... rdra 
'I Hombkndc In tod", 

OIO~ 

210' 
.1.08 
81016 
1610 23 

Figure 7.51: The calculated forest soil content of K-feldspar, plagioclase, ep'idote and hornblende 
as percent weight using the BERN model, a variant of the UPPSALA model. 

7.8.4 Including clay minerals in the model 

From transient evolution to steady-state 

Our results from dissolution experiments on primary minerals and elay minerals (Sverdrup 
1990; Holmqvist 2001) confirm that the development of a mineral surface with a basic alumino
silicate structure goes through different steps before it re ach a steady-state condition, and that 
these steps can take such a long time that evolution under natural conditions cannot always be 
neglected. This hypothesis was also put forward by Rimstidt (1997; 1999). These steps involve 
evolution of different layers with different ratio of base cations/alumino-silicate at the mineral 
surface. The thickness and maturity of these layers develop aeeording to the environment. 
In highly acid environment (solution) are these layers more depleted in base cations and also 
thicker than in more natural environment. The same phenomena maybe true for environment 
which also are increasing the dissolution rate, high concentration of OH, CO2 , organic ligands. 
These depleted layers have a significant effect on the base cation release when the chemical 
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Figure 7.53: Test of the Bern model. The cOTTelation between obseTved and est'irnated is JOT 
quaTtz ? =0.85, apatite r2 =0.85, K-jeldspaT r2 =0. 76, plagiocla8e. ? =0. 69, epidote ? =0.41 and 
hornblende ?=0.41. 

environment is changing (H+ , OH- , CO2 , organic ligands-collcentration). If the surrounding 
environment change from less acidic to more acidic the adjustment is relatively fast. The reason 
for this are that the hydrogen ions, now in higher concentration, will attack thc available base 
cation sites which haven't been exposed before in such extension. But, if the condition are 
moving from a acid to less acidic environment it will take considerable time before it reach its 
steady-state condition. According to om hypothesis this is an expected event. The highly acidic 
solution have develop relatively thick depleted layers and when the environment are changing to 
a less environment it will take considerable time before the depleted layer have been dissolved, 
and reached astate when the new less hydrogen concentration can effect/reach the unaffected 
mineral structure. Not until the former "thick" depleted layers have been recovered to the new 
steady-state according to the new environment/circumstances. 

The weathering mechanisms described above can have important implications on the dy
namic soil chemistry. The soi! solution will only seldom reach a true steady state, but ever 
change towards new final states as the basic conditions change through the seasons, years and 
decades. The soi! solution composition in this respect refiect the outer environment and trans
fers it to the reaction at the mineral surface. The soi! solution in its turn depends on several 
conditions such as climate, vegetation, wet and dry deposition. Therefor can this approach on 
chemieal dissolution of alumino-silicate minerals have significant impact how soil solution react 
on natural and/or anthropogenie causes. During dissolution, a steady state situation bui!ds up 
at the surface. At steady state we get an outer layer, depleted in base cations, and intermediate 
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Mineral Interlayer octahedral tetrahedral 

Muscovite K AI2 AISi3OlO(OHh 
illite 1 KO.7Mgo.05 AI AISi3O lO (OH)2 
illite 2 KO.6Mgo05 AI AISi3OlO(OH)2 
illite 3 KO.5Mgo.05 AI AISi3O lO(OHh 
Kaolinite 

Chlorite CaosMg1.5 Mg1.5Feo.5AI AISi3Olü (OH)8 
Montrnorillonite Ca025 Ah.5MgO.5 Si4 O lO (OHh 
Srnectite 1 CaO.07SMgo.mKo.o3 Alo.Ol AISi:lOlO(OHh 
Srnectite 2 CaO.03MgO.02KO.Ol AISi3 0 lü(OHh 
Kaolinite 

Biotite KMg2 Alo.5Feo.5Mg AISi3 0 1O(OHh 
Vermiculitc 1 CaO.075MgO.075KO.15 Alo.05 AISi3O lO (OHh 
Vermiculite 2 CaO.05MgO.06:lKO.13 Alo.os AISi3 0 1Q(OHh 
Vermiculite 3 CaO.02MgOOSKOl Alo05 AISi3 0 1Q(OHh 
Kaolinite 

Feldspar (K,Na,Ca) AISi30 8 
Sericite NaO.1Ko.75 AI1.9Mgo.l Alo.84Si3.160'O(OHh 
Illi te-verm Cao.o5Mgo.Q2Ko.3 Alo.02 AISi3O lO (OHh 
Vermiculite 2 CaO.02MgO.05KO.l Alo.05 AISi3O lO (OH)2 
Kaolinite 

Table 7.34: Alteration sequence used in the model based on actual mineral stoichiometries found 
at the German Adenau s'ite. The seq'uence starts with a primary mineral; feldspar, muscovite, 
bioMe, chlorite and ends up with secondar'y alteration phases such as illite, vermiculite or smec
tite, where the endpoint is kaolinite OT arnorphous residuals, completely depleted in base cations. 
It is possible that the sequence starting with feldspaT could be simplified to go straight to srnectite 
and kaolinite. This sequence could probably also bc allowed to start with amphiboles or epidotes. 
The most depleted minerals aTe those exposed to weathering for the longest time, these aTe found 
most depleted in the top of the soil and depletion increase with soil age. 

layer part,ially leaclled and the inner unchanged mineral eore. At steady state the dissolution of 
the outer layer earefully balances the rate of leaehing of the unehanged eore, and the thiekness 
of these layers are controlled by the outer chernical conditions. Accordingly, when these change, 
then the layers must also adjust. When rnoving from acid solution to less acid, the eompletely 
Icached layer must decrease and the partly leached layer expand into the leaehed layeI. These 
adjustments can only occur very slowly, and may for periods of time decrease net base cation 
release most significantly. In layered minerals, the situation is eonceptually eonfounded by the 
fact that this behaviour may be distributed onto alternating layers with fundamentally different 
properties. We should furt her irnagine that this rnay occur in asymmetrie minerals, where a 
nurnber of these situations are staeked in layers on top of each others. 

Alteration sequences for micas and felds pars 

The indications for alteration of micas to secondary days are many; (i) experimental studies 
in whieh mieas have been transformed to expansible 2:1 minerals through the extraction of 
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Figure 7.54: Moving fram less acidic to more acidic solutions, ~lfa ly adjusts to the neUJ con
ditions relatively fast. The adjustment UJhen the conditions move fram acidic to less acidic 
conditions differ very much fram the scenario descr·ibed above and take considemble longer time 
before it have come to a neUJ steady state. The time involved in the adjustment after a change 
fram less acid to more acid is in the order of days and UJeeks, UJhereas the adjustment time for a 
change fram acid to less acid may mnge from seveml UJeeks to years. If UJe use dynamic models 
to simulate soil chemistry during a graUJth season, UJater chemistry UJithin the year or in time 
periods of months to years, this could be important. H011J important remains to be determined. 

interlayer potassium with various chemical and biological agents, and (ii) weathering studies of 
clay minerals in soils developed under natural condition that show transformation of micas have 
taken pi ace as a function of depth, time, rainfall, and (iii) studies of mineralogy changes with 
time and with Boil depth in the profile (Dixon and Weed, 1989). It has been concluded that thc 
infiuence of pR, salt concentration, kinds and activity of various ions in the soil solution, layer 
charge and time, are among the essential factors (Carstea, 1968; Churchman, 1980). These 
infiuences of the parent material, however, are only effective in co-operation with environment al 
factors such as temperature, precipitation and wetting and drying cycles (Churchman, 1980; 
Rich and Cook, 1963). It seems that the weathering of dioctahedral micas is greatest when 
the parent material is interstratified with vermiculite. It is suggested that this is in part a 
continuation of a more rapid weathcring rate already naturally exhibited by the parent mica as 
it weathered from the fresh schist to thc soi! parent material of the C horiwn (Rich and Cook, 
1963). 

Transformation of K-bearing expansible 2:1 minerals are due to alteration of interlayered 
cations, predominantly potassium, by hydrated cations such as calcium and magnesium. The 
important mechanisms to this transformation of mica are; (i) diffusion of K+ out and diffusion 
of the counter ion to the vacated spot (Chute and Quirk, 1967; Reed allel Scott, 1962), (ii) 
oxidation of ferrous iron in the octaheelral position lowers the layer charge (Farmer et al., 1971; 
Taylor et al., 1968; Weaver and Pillarel, 1973) and (iii) hydroxyl orientation, Norrish 1972). 
Wilson amI Nadeau (1984) studies on interstratified elay minerals suggest from TEM analysis 
that thc thin illitc and chlorite crystals found in diagenetic clays have precipitated dircctly from 
solution and must be regarded as neoformed. Trioctahedral vermiculite is an alteration product 
of biotite, phlogopite or chlorite and accumulation of this vermiculite are optimized under mod-
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Initial Mineral Pathways 

Trioctrahedral vermiculite/ 
Biotite Intergrade vermiculite-chlorite 
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Figure 7.55: A sirnplified swnmary over the weathering pathways for the rnicas and the feld.spars. 
We suggest that there are at least three ma:jor pathways deterrnined by whether the starting point 
is 1) a trioctahedml biotite mica, 2) a dioctahedml m:uscovite type of mica 01' 3) a feldspar. The 
l'itemture is not intemally consistent with the definition of sericite, but we define it as the first 
altemtion pmduct of feldspar weathering. 

erate weathering condition. Dioctahedral vermiculite is mainly formed from muscovite and are 
more frequent in environment of more severe weathering condition. Under intensive weathering 
environments, acid sail conditions, vermiculite invariably have a hydroxy-Al-interlayer (Rich, 
1958; Holmqvist, 1994). Vermiculite is maybe the most common clay mineral that will form in 
Scandinavian soils where either biotite or chlorite is present in the parent material. For ver
miculite to persist under intense weathering conditions or for long periods of time, the normal 
weathering sequence is: 

Biotite ----+ vermiculite ----+ hydroxy-al-interlayered vermiculite 

It seems likely that eventually the biotite-derived vermiculites either dissolve to furnish 
essentially the same ions in solution that the parent mica, or they may alter internally toward 
some mineral that is stable under the prevailing solution condition, such as montmorillonite. The 
pathway of formation of pedogenic chlorite from biotite is uncertain. Suggested pathways include 
direct formation from biotitc and an indirect origin via vermiculite. According to Churchman 
(1980) weathering of chlorite appeared to follow the sequence: chlorite ----+ interlayered hydrous 
mica ----+ chlorite-swclling chlorite ----+ chlorite-vermiculite, with further weathering leading to 
decomposition of chlorite layers. The extent of alteration of biotite and chlorite increased with 
incrcase in precipitation, beech forest vegetation, ami time, and decreased with decrease in 
temperature and tussock grassland vegetation (Churchman, 1980). Inftux of mineral colloids 
and solutes of Si, Fe, Al, Mg, Ca, and Na (with limited K) into swamps and basins frequently 
has resulted in the formation of smectite during the Quaternary. 

Proposed mechanisms for dissolution of clay minerals 

The most COIIllnon minerals of Northern European that can be found as precursor for the 
most abundant pedogenic clay minerals in soils can be divided into four types, and hence four 
basic mineral lattice destruction rates, based on the (1) muscovite lattice going to illite, (2) 
biotite going to venniculite/chlorite, (3) feldspars going to sericite and vermiculite (Holmqvist, 
1994) and (4) chlorite going to montmorillonite and smectite. The base cation release rate is 
determined by the minerallattice destruction rate alld the stoichiometric content of base cations 
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Layers 2 3 4 5 

Mineral 

K-Feldspar 2 3 " .v 3.5 5.5 5.5 
Plagioclase 2 0.5 0.5 0.5 0.5 
Hornblende 0 0.01 0.03 0.05 0.05 
Smectite 0 5.5 0 0 0 

Muscovite 0 0 0 0 0 
Illite-1 0 0 0 0 38 
Illite-2 0 0 1.5 28 0 
Illite-3 0 24 27.5 0 0 

Chlorite 0 0 0 0.5 2 
Illi te-vermiculi te 0 2 1.5 0.5 0 

Biotite 0 0 0 0 0 
Verrniculi te-1 0 0 0 7 2 
Vermiculi te-2 0 0 0.5 8 0 
Vermiculite-3 0 4 13 0 0 

Table 7.35: Altemtion sequence found at the Adenau site. It can be seen that the most depleted 
altemtion forrns are found in the top of the soil. It is also evident how feldspars altemtes to a 
dioctahedml smectüe, rrmscovite thmugh aseries of illites, how the interlayered chlorite weathers 
to a mixed clay and how biotitc evidently pmduce aseries of vermiculites. This kind of datasets 
form a basis for forming our hypothesis. 

in the lattice. The kinetic coefficients were deterrnined by working with the alteration series and 
empirical clay stoichiometries were used. The base cation release frmn clay minerals in soils 
are assllmed to be controlled mainly by two factors. First it is assllmed that the weathering 
kinctics is determined by the basic aillmino-silicate structure of the clay mineral. Secondly that 
the base cation release rate is determined by the amount of base cation released per Ilnit basic 
lattice destroyed per Ilnit time. 

Be release rate = (Lattice destruction rate) * (Mineml Be content) (7.171) 

The "lattice destruction rate" we define as the long term decomposition rate of the most 
resistant lattice structure ami "stoichiometry" we define as the element al cmnposition of the 
lattice. The lattice structure will be the same for many clays and based on the top member of 
the clay genesis series. Thus we will have aseries of illites starting with muscovite. 

The SAFE and PROFILE models are available at HTTP j jWWW2.chemeng.lth.se for both 
Apple and PC computers, free of cost. 

7.8.5 Some persistent myths in weathering 

Weathering is a field that has been affiliated with myths ami persistent disinformation, and well 
as a large amount ()f experimental research ()f such quality that interpretation was impossible. 
Much is caused by the lack of systems approach and the development ()f proper models before 



HJ2 CHAPTER. 7. BIOGEOCHEMICAL PR.OCESSES AND MECHANISMS 

experiments are started, often supported by proponents of the myths of weathering. We think 
it is time to take a critical look at some of these rnyths, and make elear statements about 
them. We know timt this will offend and insult many, but we think this kind of inspection 
is very necessary, as weil as a matter of honesty. These hypothesizes have been around für 
some time, and it is only fair that they should be critically reviewed with respect to other 
theoretical and experimental developments. Since the beginning of this century, the kineties 
of weathering has been researehed and but for decades most eomparisons of different results 
indicated that laboratory results were inconsistent with field observations (Paces, 1983; Velbel 
1986). For many years, weathering research made little or no progress, much caused by lack 
of theoretical analysis, but also a paradigm of describing weathering in terms of reversible 
equilibrium between water solutions and silicate minerals. Many of the old laboratory results 
were internally inconsistent, but this went undetected for a long time and tlms the prospects for 
progress looked dismal. Despite impressively large and increasing voluminous artieles during 
the 1970's and the 1980's on the theory of chemical weathering, the different proposcd models 
were totally unable 1,0 calculate reasonable field weathering rates (Velbel 1986; Sverdrup 1990). 
The American author Mark Twain once made the satirical remark; 

"So many Honorable Investigators have shed so much Darkness upon this Sub
ject, that We shall soon know Nothing about it." 

which would would fit the past and partly present situation of weathering research wel!. 
The situation is slowly improving, but still many myths, prestige and conservatism is abundant. 
As a result, many geoehemieal researchers have becorne notoriously suspicious of mathematieal 
models for natural systems, often for very good reasons considering the history. This was 
especially true for the earlier weathering models, which in the past have a reputation of total 
failure to produce what nature does. After 1985, new scientific advances improved the situation 
a lot, acidification research contributed much to a new momentum forward (Sverdrup and 
Warfvinge 1988, Sverdrup 1990). In weathering, unfortunately, several unsubstantiated myths 
have been very persistent, and because these myths show up again and again, we need to deal 
with them directly. For all the hypothesizes inspected here, we may give many references, but 
we will not do this as the purpose is not to placate colleagues tImt may have made mistakes, 
but rather to inspcct ideas and reject those tImt do not hold up. 

Organic acids ? 

The first myth is that "Organic acids are very important for the field weathering rate". Time 
and again, this myth has beeIl propagated as a reason for doing more research; organic acids 
were daimed to bc the only reaetant that mattered. It has survived mainly due to conser
vatism in experimental designs, and an inability to analyze results with the models required 
for multi-reaction, multi-phase chemieal systems. Farnous researchers in weathering have failed 
completely 1,0 realizc that several reaetions were acting simultaneously, rendering experimental 
designs hopelessly inadequate. Experimental data deli ver a elear and loud message; Quantita
tively, the reactions with H+ and water dominate. Organie acids have their greatest influence 
on the weathering rate through the complexing of Al amI solution equilibria (Sverdrup, 1990). 

Laboratory rates don't work out there ? 

The second myth is that "Laboratory rates of weathering cannot be reconciled with field 
rates since laboratory rates are several orders of magnitude larger". Again this myth persists 
because many researchers in geochemistry treat weathering as the only process existing in the 
world. Let's be dear ab out it; this is definitely not the case. Many also persist in ignoring 
the difference in rc action conditions between field experiments amI field conditions when they 
make their comparisons. This is amistake on a very elementary level, and not at all acceptable 
in scicntific research. If the differellce in chemical comlitiolls, temperature, hydrology and 
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interaction with other soi! processes are considered carefully, then laboratory rate coefficients 
can be used to calculate field rates with high accuracy (Sverdrup and Warfvinge, 1988; 1990; 
1993, Sverdrup 1990). Laboratory weathering rates are consistent with field weathering rates, 
if your results show something else, you probably made amistake. 

Is mycorrhiza growing at the mountains roots ? 

The third myth "Weathering under field conditions in forest soils is driven by direct attack 
by mycorrhiza". This myth is persisting because it has become an efficient research funding 
vehicle, despitc its obvious lack of support in scientifically sound data, as weil as its blatantly 
overlooking of large amounts of published data relevant to the subject. Against this myth, hard 
thermodynamic evidence is available, ami to cite the fanwus theoretical physicist Sir Arthur 
Eddington; "If a theory have been found to be against the second law of thermodynamics, then 
there is absolutely no hope for it, but only certain humiliation". Many persons have placed their 
faith in the concept of mycorrhiza weathering, and they will not be happy to hear what is 1,0 

follow hcre. 
We will jump right to the critical issue: Does fungi selectively dissolve stone? How much 

of the weathering we can observc in forested catchments is really connected 1,0 thc action of 
mycorrhiza ? Thc mycorrhiza hypothesis has been forwarded in several articles, and also in the 
weil known science magazine Nature, so we need to take a doser look before we can safely lay 
it to rest. Thc hypothesilles forwarded are: 

1. Mycorrhiza hyphae penetrate soil mineral particles and dissolve minerals by organic acid 
exudation. It is hypothesized for weathering under field conditions that a substantial part 
of the total rate occur this way. 

2. The dissolution is characterized by the reaction with organic acids. The hypothesis states 
that the weathering rate is strongly enhanced by exudation of organic acids like oxalic 
and citric acids. 

3. The dissolution rate will be independent of mineral surface area. The mycorrhiza hyphae 
will encounter mineral grains at randorn and penetrate them. 

4. Mycorrhiza hyphae penetrate soil mineral particles ami dissolve minerals by organic acid 
exudation. It is hypothesized for weathering under field conditions that a substantial part 
of the total rate occur this way. 

The temperature dependency factors in the Arrhenius equation have been accurately determined 
in laboratory studies for different reactions, ancl they are: 

• Reaction with hydrogen ions: 3800-4200oK 

• Reaction with water molecules: 2500-3800oK 

• Reaction with organic acids: 1200-2000oK 

• Reaction with carbon dioxide: 1700-2200oK 

Thc temperature dependence has been tested in thc field: (1) Temperature trausect on uniform 
mineralogy in the Swiss Alps on a forested mountain slope by Drever ami Furrer (1993) gave 
the result 3600-3400oK. (2) A study of hornblende weathering rates from Maryland to Baffin 
land by Sverdrup (1990) gave the result 3800°K. We may conclude thaI, the dissolution rate 
under field conditions is domina ted by other reactions than thc rcaction with organic acids. 
The dorninating reaction under field conditions appear to be the reaction with hydrogen ions 
and the water reaction. The reaction with organic acids appear 1,0 play a minor role. In 
their article in Nature van Breernen et al. , (1998), report thaI, something like 150 meter of 
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holes in ~oil minerals with a diameter of 0.3 to 10 mierometers are produced per year in the 
soil. F\lrther this is hypothesized to take place in the 0 and E-horizons of the soi!. This 
corresponds to a total base cation production of 0.21 kg base cations per ha yr for an average 
hole diameter of 20 microns to 0.002 kg of total base cation flux per ha and yr for an average 
hole size of 0.6 micron. It is weil established that only a small part of soil profile weathering 
takes place in this part of the soil, and whatever effect mycorrhiim has here, the total effect 
on the whole rate will be minuseule. For organic acids to increase the rate over such a small 
proportion of the total mineral surface in the soi!, the organic acid concentration would have 
to be increased to 3,000-10,000 times the concentration in the soil if the soil is domina ted by 
feldspar, something which would kill the mycorrhiza itself within seeonds. If the soil is pure 
pyroxene or amphibole 100 to 500 times increase would be suffieient. Thus it appears that the 
authors of the hypothesis have been grossly exaggerated the effects seen ami have fai!ed t.o test 
the reasonability of their interpretation. Sverdrup et al, (1992), studied the weathering rate 
along a transect on uniform rnineralogy in Maryland on soils covered by deciduous forest, going 
from a texture of 6 million rn2/m3 soi! to 0.5 million m2/m3 soi!. In this interval, weathering rate 
was linearly dependent on soil mineral surface area. Velbel (1987) investigated dependence of 
weathering rate on soil texture, using North Arnerican studies and found a linear relationship. 
Sverdrup (1990) invest.igated dependence on soi! texture and exposed mineral surfaee, using 
results from Swedish weat.hering studies. Weathering rates under field eonditions appear to be 
linearly dependent on the mineral surface area; the Boil texture. The hypothesis that mycorrhiza 
is quantitatively important for weathering can be firmly falsified; 

1. The weathering rate is not independent of soil text ure or total mineral surfaces. 

2. No amount attributable to fungal action or mycorrlüLla interference have ever been found 
in a budget study. In fact the margins for adding in extra weathering in such budgets are 
extremely small. 

3. The temperature dependencies indieate that organic acids account for a minor part of the 
total weathering rate (5-15%). 

Does mycorrhiza fungi dissolve stone ? Yes, from the perspective of the fungus, they do, but no, 
from the perspective of quantitative amounts on the forest stand level. The volume of the total 
dissolution timt is cased by this pathway do not reach significant amounts. Amounts of 0.2 kg 
ha-1yr- 1 released through the action of fungi must be set against the total observed amounts 
recorded in field experiments and eatchment budgets; From 5 kg ha-1yr-1 up to more than 50 
kg ha-1yr-1. Estimation of historie weathering rates ought to include any occurring weathering 
caused by mycorrhiza, yet weh estimates appear to be lower than present day values and can 
always be fully explained by abiotie chemie al reaetions to 98% (Tab. 7.33). The data leaves 
virtually no extra room (2%) for an addit.ional process in addition to those we already know, 
and the need to invent new pathways is really very sm all. For our case study at Jämjö, we may 
make the following table showing our best estimat.e of the causes for potassium weathering under 
an Oak-Norway spruce mixed st.and with feldspars, hornblende, epidot.e, biotite and vermieulite 
minerals in the soi!: 

Dissolution cause Amount released 
kg K ha-1yr- 1 

Reaction with acidity 2.402 
Hydrolysis with water 2.184 
Reaction with organic acid ligands 1.092 
Reaction with carbon dioxide 1.456 

Total weathering rate 7.280 

Contribution 
to the total 

33% 
30% 
15% 
20% 

100% 
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The PROFILE model includes the reaction of hydrogen ions, organic acids and carbon 
dioxide, and to the degree timt mycorrhiza act through these factors, it implies that the effect of 
mycorrhiza is accounted for in the model. If the action of mycorrhiza is considered to be through 
the action of exuded organic aeids ami hydrogen ions, then tbe contribution from mycorrbiza 
becomes an exercise in determining how much of the flux of organic acids which are caused 
by mycorrhizal exudation as compared to the flux caused by rnicrobiological decomposition of 
organic matter in the soi!. Mass balances suggest that the fraction of the soil acidity flux not 
accounted for by large macrobiotie eauses or abiotic fluxes is fairly small. Model timt ignore 
acidity exudation by mycorrhiza, which is not matched by cation uptake, do predict observed 
soi! pH very weil, supporting the view given above. 

The contribution of mycorrhiza to the weathering was estirnated using published values for 
estimates of hole production in stones, assuming all holes to be originating from fungal action. 
This way we ean arrive at weathering rates in the magnitude ofO.15 keq ha-1yr- 1 at Gärdsjön
like catehments. Earlier, we have made similar calcnlations for the catchments F1 and GI at 
Gärdsjön, showing equally small residuals in need of explanation. In fact a diagram such as 
Fig. 4.1 indieate that the room for specific action by mycorrhiza to increase the weathering 
rate may be so small that it is undetectable in budget studies. The statement sometimes heard 
at conference ami alluded to in the Nature article that "nearly all weathering is caused by 
mycorrhiza action", is systematically neglecting abiotic processes, systematically ignoring very 
much of available data, systematieally ignoring published studies that show that the very basis 
for that hypothesis is unreasonable. It is weil known that holes in mineral particles are abiotic 
phenornena connected to etch pits ami crystal properties and they are observed in sites where 
no fungi ever was present. At best, we can conclude that such statements are very naive. 
Published photographs show that myeorrhi/la ean make sm all marks in stones, but a sm all bit 
of calculations show clearly that the total amounts rcleased by this meehanism per heetare land 
is negligible. 

Trees in control ? 

The fourth myth eannot be found explicitly in the literature, yet is still persists among many 
fore sters and geoehemists, it generally runs like: "If there is too little base cations in the soi!, 
then the trees will simply increase the weathering rate". Thc trees can modify the chemical 
environment somewhat around their roots, however, do not stand a chance of changing the bulk 
chemistry of any larger volumes of soi!. For that, mass balances tell us that so large physical 
amounts of alkalinity must be employed that no tree has such amounts at its disposition. When 
averaged out over the whole volume enclosed by the roots, soil pH(H20) changes induced by 
trees are limited to maximum 0.2 to 0.5 units, and timt also over substantial amounts of time. 
The soi! solution organic acids may be increased by the tree under stress at the most by 5% to 
20% in relation to the flux amounts normally moving. This is by far not significantly enough 
to change the weathering rate in the rooting zone by a few percent. A 50% inerease in the 
weathering rate would require the organic acid concentration to rise by 10 to 30 times. It is 
questionable if the root would survive timt, nor timt it has the capability to something of the 
sort. A significant increase in organic acid output is costly to tbe tree, and for a tree in stress, 
this kind of expenditure may so on prove fatal. 

Trees do not know where they are, nor can they send their roots to any particular loeation. 
The trees incessantly search the immediate vicinity with their roots in a "random walk" strat
egy, where new roots repeatedly grow into the soi! nnder the tree. Any discovercd favourable 
condition discovercd this method is opportunistically exploited. Roots in unfavourable locations 
will wilt anel appear as a cost in the tree system. In the case of overlapping root space with 
other trees, competition is the rule. 
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Thermodynamics is it ?! 

The fifth myth is the largest of them a11 and involve the most prestige and potential for loss 
of face. Thus, resistance to re vi se it has been compact. The traditional soil chernistry models 
built by geochemistry specialists, origina11y developed for issues in agriculture and groundwater 
geochemistry, were who11y based in equilibrium processes. Most of them were first developed in 
the United States. This approach had historical reasons, before the advent ofmodern computers, 
systems of non-linear differential equations were mathematica11y in solvable for any practical 
use, and other less correct, but operable approaches had to be developed. These traditional 
models were initially operated as "equilibrium diagrams", later they were converted to code 
and enlarged, they rely much on large amounts of data for calibration and something ca11ed 
"thermodynamic databases". If this requirement is fulfi11ed, they will sometimes produce useful 
backcasting and can be used for making extrapolative predictions sornewhat outside the area 
of calibration. 

These models quickly nm into problems without large amounts of data to calibrate on, and 
this is caused by a severe specific shortcoming that must be pointed out, even if many do not 
want to he ar it. The traditional geochemical codes use equilibrium formulations for processes 
wh ich are valid for soluble salts, carbonate dominated systems amI other reversible reaction 
systems. But such models are beyond a11 doubt, not forma11y valid for kinetica11y contro11eel and 
irreversible reaction systems. This include a11 the soil mineral weathering reactions of practical 
interest here. The so-ca11ed "thermodynamic equilibrium databases" fm soil anel geochemical 
silicate weathering reactions referred to are not "thermodynamic" at a11, they are at best steady 
state balance coefficients m empirical mass transfer coefficients that have been misinterpreted 
as equilibriums. Very little of the data in the "thermodynamic equilibrium dataset" will stand 
up to any formal inspection with respect to classical requirements for equilibrium. The term 
"thermodynamic" is thus very bogus in this context, if it was not, we should be able to precipitate 
feldspar and hornblende from aqueous solutions in the laboratory, but we can absolutcly not! 
Thus, such models may be uscful for simulations or design work after careful calibration, but do 
not expect them to explain processes, nor to be particularly rcliable. The fact is often overlooked, 
that without the excessive calibration, these model lack a11 capacity of any a primi predictions. 
Prediction fiele! weathering rates from mineralogy amI texture, or any other observable soil 
property, they cannot. 

Many geochemists bemme very defensive when this issue is discusseel, maybe seeing it as a 
threat to their profession. I think their blatant elenial of the obvious and conservatism leading 
to clinging to a dead paradigm, is the real threat to the credibility of predictive geochemistry, 
and that the whole field of "thermodynamical equilibrium geochemistry" is in dire neeel of a 
grand revision and rethinking of its core paradigm. 



Chapter 8 

Forest vitality and stress 
implications 

Changes in forest vitality affeet sueh fundamental tree funetions as growth, reproduetion and 
defenee against pests (MeLaughlin and Perey 1999). Stress faetors aeting on the forest limit the 
reS01U'ee utilisation, effective growth and reproduetion (Grime 1991). For sustainable forestry 
in southern Sweden, the eurrent objeetive is to balance the goal of achieving high growth per 
year, high wood quality, of preserving or inereasing biodiversity, of maintaining long-term soil 
produetivity and of preventing the leaehing into streams of soil nutrients amI metals due to 
natural and anthropogenie stress faetors. 

8.1 Mechanisms and systems of multiple stress 

Stjernq'uist, I. and Sellden, G, 

For several decades, forest damage involving various tree species in Sweden has been re
ported, Recently the focus has been on the increasing oak decline, During the early 1980s an 
increase in dcfoliation was also reported for both Norway Spruce and Scots Pine. The defoliation 
status of these two species has been subjected to systematic rnonitoring by the National Forest 
Survey since 1984, and with lligher spatial resolution for various regions through air-photo in
terpretation since 1986, Beech and oak have been subjected to monitoring since 1988. Natural 
seleetion has made the indigenous tree species in Sweden well adapted to cope with a number of 
natural environment al stress factors, as wen as the variation in these. Over the centuries, nat
urally regenerated forests have adapted to local conditions regarding the soi! and other edaphie 
and climatic conditions, Stands planted on less suitable sites, such as the soi! being too dry, 
too poor or too rich, ean suffer from reduced vitality and through that from increased risks for 
fungal and insect attaeks, The continuous and systematic monitoring of tree vitality in southern 
Sweden also show that, despite a intensive forest management, tree condition failed to irnprove 
ovcr time, The major stress factors involved must either be anthropogenie or extreme natural 
events. In more speeific terms what are the driving stress factors, how do they interact, ami 
what is the relative importance of a speeifie faetor for the growth and reproduetion of forests? 
These questions can only be answered by a system analysis approach, 

8.1.1 Interaction of stress factors 

Larsen (1995) noted that the stability of a forest eeosystem is traditionally defined in relation to 
catastrophic events. These can include damages by wind and snow, as well as intense pathogenic 
attaeks. However, a forest system is in continuous interactioll with the surroundings, Thus 
forest health is also affected by long-term stresses of low intensity. From the perspective of 
forest health, the statement that ecosystem stability is a function of points to the importance 
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of physiological changes caused by long-term stress fadors as that of ozone. A system analysis 
of stress factor interactions for tree vitality must try to identify not only the joint cffects of the 
factors involved, but also the thresholds when visible damages appear (Manion 1991). In the 
process of events timt give rise to an outbreak of pest or disease or to a sudden decrease in tree 
vitality, defined as growth, three groups of factors or agents can be identified: 

• Predisposing faetors 

• Inciting factors 

• Contributing factors 

The predisposing factors affect trees over a long time period and contribute to a gradual 
increase in their sensitivity to external stress. The ineiting factors, in eontrast, affect trees by 
changes in conditions over much shorter, or even episodic, periods of time such as in the case of 
spring frosts or summer droughts. Contributing factors, in turn, may be inseds or pathogens 
that have benefited by some earlier attack, by a summer drollght or by a chronic root rot 
infestation timt spreads within a stand through root or mycclium contaet. 

Predisposing factors 

Waring (1987) has described the characteristics of trees that are predisposed to die. The crucial 
process is timt of changes in carbohydrate allocation. Unstressed trees show a seasonality 
in growth ancl in production of storage reserves and defensive compounds. The hierarchy for 
earbon alloeation is as follows: 

• leaves 

• roots 

• storage reserves 

• stern growth 

• defense compounds 

When trees are exposed to stress, the priorities can change, for example, in trees exposed to 
ozone priority is given to defeuee compounds (Skärby et a1.1998). Compared with long-term 
stresses, pulse stresses may have only a minor effeet on tree vitality due to the the trees being 
able to replenish its storage reserves later in the season. Loss of foliage ancl changes in canopy 
structure caused by long-term stress pcriods, however, decreases the photosynthetic capacity of 
a tree and thus the production of storage and dcfence substanees. 

Nowadays, the long-term predisposing factors are mainly those of anthropogenie, global or 
regional air pollutants, and their secondary effects on soil productivity nitrogen and sulphur 
deposition increased ozone concentrations, climate change, soil acidification and an imbalances 
of nutrient concentrations in the soil. Only the two last factors can be counteracted within the 
forest ecosystem. Sub-optimal biotopes and oxygen deficits in the soi! are predisposing factors 
that need to be cOllnteracted by forest management methods. Predisposing factors, that have 
effects lasting for no more than a season are those of sub-optimal moisture amI temperature. 
Through decreased carbohydrate production, these stress factors enhance the sensitivity of a tree 
to frost damage. Since for most Swedish forest soi!s nitrogen availability has traditionally been 
thc limiting factor, enhanced nitrogen deposition can be expected to enhance tree production. 
With a resulting larger biomass, the demand for water to maintain growth and metabolism 
will increase, making the water availability in the soil more crucial. A continued high nitrogen 
deposition can eventually affect the forest ecosystems negatively throllgh nutrient imbalance 
aud reduced frost hardiness. Research boLh in Europe alld North America has shown no, or a 
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negative, growth response to nitrogen both on the part of conifers and 01' broad-Ieaved species 
(Emmet 1999). Research has also shown that insect damage can inerease significantly with a 
high nitrogen deposition (Flückiger and Braun 1999) 

A redueed relative availability of base cations through an inereased uptake and storage in 
the biomass as weil as the inereased leaching from acidified soils, make trees rnore sensitive 
to extern al stress factors. For example, lack of K, Ca and Mg leads to a reduction in winter 
hardiness. Similarly, heavy attacks by beech seale, Cryptococcus fagi, have been linked with 
low soil pH (Jönsson 1998). Also an imbalanced nutrition increase the susceptibility of trees to 
Armillaria root disease (Entry et al. 1986). In southern Sweden the base saturation of the soil 
is below normal, <20%, at most rnonitoring sites and the imbalance of essential nutrients to 
nitrogen has increased over time. (Sonesson 2000, Jönsson, U. et al. 2001). 

As a predisposing factor, tropospheric ozone is of particular importance. Ozone reduces 
photosynthetie act.ivity ami has a negative effects the transport of carbohydrates, particularly 
to t.he roots (Skärby et al. 1998). A significant reduction in stem growth in Europe for beeeh 
has been documented since 1984/89 (Flückingcr and Braun 1999). One explanat.ion of t.his may 
be the current levels of ozone. Estimations of European forests at risk of decreased healt.h, 
evaluated by the exceedanee of the AOT40 critieallevel, give a figure of 72% of the deciduous 
forests and 41 % of the coniferous forests (Hetteling et al. 1996). More rapidly growing species 
such as bireh, poplar and aspen are more sensitive to an inerease in ozone levels than more 
slowly growing species like spruee. 

Weather conditions during the year affeet the ability of trees to develop frost t.olerance, 
since the development of frost hardiness requires the availability 01' earbohydrates. Any summer 
conditions that result in a reduction in earbohydrate production could thus in principle, lead to 
the development of poor frost hardiness. Major defoliation through insect. attacks, deficiency or 
imbalance of nutrients and elevated ozone levels can have similar effects. Defoliation by insects 
decreases the starch content of the twigs (Warin 1987). Carbohydrat.es are of irnportance also 
for the development of defence against insects and other pathogens. An expected future rise in 
t.emperature, as a result of an elevation in greenhouse gases in the atmosphere is, depending 
on loeation and site conditions, likely to affect the vitality, competitiveness and survival of any 
given tree species. A temperature inerease 01' a few degrees would affect the southern limit for 
the oeeurrence of Norway spruee. Today this limit runs along the northern border of Scania, 
but with a 2°C increase Norway spruee would be likely to recede to central Sweden (Bradshaw 
et. al. 2000). A warmer and rnore moist clirnate as weil as a climate with insignificant winter 
frost prornotes population development for many insect.s ami pathogens, t.hus increasing the risk 
of insect and pathogen outbreaks (Hofgaard et al. 1999). A higher wint.er t.emperature is also 
aswmed to decrease the carbon storage in Norway spruce through enhancing winter respiration. 

Inciting anel contributing factors 

The inciting factors ean be weather extremes (frost and drought), inseets, fungi or forest man
agement. methods. For example, t.he cold wint.er in 1987 has been viewed as an inciting factor 
for the developrnent of the widespread oak decline. That. wint.er, the temperature was 4°C lower 
than average during both Deeember and January. A spring frost backlash in April t.o early May 
has also been report.ed to cause darnage to the stern cambriurn and thus affect tree vitality. The 
increased resin flow on spruce stems in the early 1990s has been related to a severe frost backlash 
in 1991 (Barklund et al. 1995). Trees with a shallow root. system have a higher risk of drought 
stress. Worre! (1983) reported dense stands of Norway spruce with shallow root systems being 
at.t.acke<! by bark beet.les due to t.he reduction in carbon storage following a drought. period. 
The factors eontributing to the death of t.rees are generally pest and pathogens that. have been 
promoted by t.he inciting factors referred t.o or have chronically infected a forest stand, sueh as 
root. rot or Armillaria root disease. 
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Forest management as a countermeasure 

Although many of the predisposing fadors may slowly reduce forest vitality, an appropriate 
forest culture and management may offset these effects to some extent. Natural regeneration, 
the presence of shelter-wood, mixed stands, choice of an appropriate species or provenance, 
removal of forest residues and the avoidance of stem and root damage during forestry operations 
can all have a beneficial cffect. Investigations in southern Sweden indicat.e that mixed stands 
have a better pot.assium status than pure spruce stands (Thelin et a!. 2001b). Mixed stands 
mayaiso be better suited to withstand st.orm conditions due t.o an optimal root penetration of 
the soil 

8.1.2 Memory effects 

Many of the metabolie changes eaused by stress factors, can persist for days or even months. 
For example, when Norway spruce and Scots pine seedlings were exposed to two to four times 
the ambient ozone concentrations for several wecks, t.he chlorophyll content of the 1-year-old 
pine needles at the end of the exposure period was found to have deereased (Langebartcls et a!. 
1997). In spruce an owne-dose-dependent deerease in chlorophyll was observed the next season. 
Memory effects have also been noted in bireh, such as redueed contents of Rubiseo, chlorophyll, 
stareh and nutrients in the leaves ami a decease in new shoot growth (Oksanen and Saleem 
1999). Memory effects mayaiso occur after sub-optimal summer temperatures or an attack 
of foliage grazing insect.s, both fadors decreasing the capacity of trees to sustain wint.er frost 
temperatures (Olofsson 1986). Changes in root./shoot ratio, crown st.ructure, defoliat.ion anel 
mycorrhiza can also be regarded as memory effects, that ean have long-term effects on forest 
health. 

8.1.3 Forests management as a stress factor 

The intensity of forest management in southern Sweden has changed during t.he last century. 
The traditional multiple use of forests, within the framework of traditional farming, reslliteel 
in open forests, often dominated by mixed speeies. Compared with a modern planted forest 
stand, the standing biomass per ha was low. The changes in preferred ollteome from the forests 
callsed a switeh over to high productive monocultures of spruce, which increased the nIltrient 
uptake during a rotation period. Falkengren-Grerup et. a!. (1987) estimated the decrease in soil 
nutrient content. that occurred between 1947 and 1984 (Table 8.1). The changes were assumed 
to have resIlIted from an inerease in soil acidification. In efforts to estimate the increase in 
nutrient Ilptake during a rotation period, entirely as a result of changes in the intensity of forest 
management, a comparison was made between a spruce forest frorn 1923 and an intensively 
managed spruce stand from 1980. The starting point was chosen to represent the old type 
of forests common prior to passage of t.he Swedish Forestry Aet of 1918, a statllte which far 
the first time aimed at proteeting growing forests (Stjernquist 1973). The end point represents 
the forests conditions when a maximal biomass prodlldion was the goal for the Swedish forest 
policy, defined in the Swedish Forestry Aet of 1979. 

The first Swedish forest. survey, which took place 1923-29 found the average timber vohllne 
per ha in sOllthern Sweden to be 75 m3sk ha-1 (total voillme over bark). By 1980 the timber 
voillme in the cOllnties of Malmöhlls and Kristianstad in the Scania region of sOllthern Sweden 
had inereased to 153 m3sk ha-1 (Bengtsson et a!. 1989, Miljöstatistik 1986-87). The assump
tion is that both stands are growing on clayey till in southern Sweden and therefore the nIltrient 
content of different parts of the tree was taken from an investigation of the nutrient. conditions 
in a 55 year old Scanian spruce forest (Nihlgard 1972). It was also assumed that the nutrient 
coneentration in different parts of the spruce tree was the same in 1923 and 1980. The results 
are sllmmarised in Tab.8.l. Compared to the leaehing of nutrients caused by soi! acidifica
tion, the negative cffects of forest management were by no means insignificant. However, the 
major difference between these two factors is that whereas the leaching of nutrient constitutes 
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Nutrient 

N 
Ca 
K 
Mg 
P 

Differenee in nutrient uptake 
1923-1980, kgjha 

129 
77 
72 
11 
15 

N utrient decrease in the upper soil layer 
1949-1984, kg/ha 

76-1765 
16-203 
11-137 

201 

Table 8.1: Increase in n:ntrient uptake in a spT'Uce forest between 1928 and 1980 as compared 
with nutrient decrease in the raot zone between 1949 and 1984 (Falkengren-Grernp et al. 1987) 

a permanent loss to the eeosystem, the effects of an increase in biomass per ha depends on 
end-use. 

8.1.4 Plant strategy and stress 

The C-S-R model of plant strategies (GriIne 1979; Grime et a1. 1996) enables plant species 
to be elassified wit.h respect to resouree eapture and allocation and to compet.it.ion in terms 
of response t.o stress and disturbanee. Stress is defined by Grime (1979) as circumst.ances 
timt limit. photosynt.het.ic prodllction, such as shortage of light, water or mineral nutrients and 
temperat.ure, whereas disturbance consists of t.he partial or total destruction of plant biomass, 
such as pathogen and herbivore damage, elrought or soil erosion. All plant habitats are more or 
less affect.ed by stress ami disturbance. The survival and reproduction of plants depends on their 
ability to cope with these environment al changes, atmospheric changes inelueled. Stress-tolerant 
(S) species has a low potential relative growt.h rate anel their nutrient uptake is uncoupled from 
t.he vegetative growth. Carbohydrates and nutrients are stored in the leaves, st.ems and root.s of 
such trees allowing them to survive for a longer period of time without nutrient. uptake and dry
matter production. Their morphological responses to stress arc slow and small in magnitude. 
Environmental variations tend to be counteracted by physiologieal rather t.han by morphological 
ehanges. Species that are cornpetitors (C) have a high potential relative growth rat.e and their 
nutrient uptake is correlated with the vegetative growth. Most carbohydrates anel nutrients 
are rapielly incorporated into the vegetative structure. Their morphological responses to stress 
are rapid, maxinlising veget.ative growth. Typical reactions are changes in the rootjshoot ratio 
and in the leaf ur root area. Ruderals (R) have short life spans and are uSllally annuals or 
short-lived perennials. Between these three main types, there are intermediate strategies of 
all conceivable sorts. In terms of this classification system, Swedish tree species show mainly 
the the strat.egies of being competitors (C) ur stress-tolerant competitors (SC), some speeies 
representing intermediat.e form (C-SC), Tab.8.2 (GriIne et a1. 1996). Within the C-SC and SC 
groups there are considerable variations in growth capacity. For exarnple, birch has a relative 
growt.h rate elose to that of the C group. Of the Swedish tree spedes classified as C-SC, birch has 
been found in aeroponic experiments under optimal nutrient conditions to have a high potential 
RGR, one of 27%. The potential RGR of stress-tolerant. competitors, such as spruce and beech 
has been estimated to be 6-7% (Ingestad 1981, Möller Nielsen 1998). 

The nutrient reaction 

Stress-tolerant species are to be found in habitats with chronic nutrient deficiency, mainly of 
N auel P. The nutrient cyeling are closed, the decomposition of organic material being a key 
fact.or for nlltrient availability. If the nitrogen input increases slightly, t.his results initially in 
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Competitor (C) 

Salix ssp 
Fraxinus excelsior 
Ulmus glabra 

Interrnediate (C-SC) 

Betula agg. 
Acer platanoides 

Stress-tolerant competitor (SC) 

Picea abi es 
Fagus sylvatica 
Quercus robur and petrea 
Almnus glutinosa 
Sorbus aueuparia 

Table 8.2: Swedish tree species, classified by the C-S-R strategy model defined by Grime (1979) 
and Grime et al. (1996) 

an increase in production (Tamm 1991) Since the major influxes of nutrients to stress-tolerant 
speeies growing on infertile soils come in pulses, an evenly distributed root system is a positive 
morphologie al eharacteristic for the individual, so as to maximise nutrient uptake and maintain 
a high vitality (Grime 1991). The nutrient transfer from the soi! to the root surface is another 
key process, one that limits the availability and uptake of nutrients in this strategy class. 
To counteract this, stress-tolerant plants need to have a large root biomass, together with 
mycorrhizal infection, so as to maximise nutrient aequisition through exploiting a large soil 
volume (Chapin 1980). The storage of nutrients is a positive eharaeteristie for survival, since 
stored nutrients can be utilised under periods of limited supply (Marsehner 1997). To counteract 
a slight imbalanee in nutrient availability, the storage capacity is an adaptation to stress. An 
excess of nitrogen in the soil, and the leaehing of eations below the root zone, are st.ress factors, 
t.hat are abnormal for stress-t.olerant. species. They creat.e a continuous state of stress, one which 
differs from natural stress situations to which a st.ress-t.olerant species has evolved. Nit.rogen 
exeess also changes the root morphology, t.he root./shoot rat.io and t.he amount of myeorrhiza. 

Strategy class and morphological characteristics 

The effeets of stress factors are not only influeneed by t.he strategy class baut. can also be en
haneed or moderated by t.he morphologieal eharacterist.ics of t.he tree species itself. Maint.enance 
of the water balance, for example, whieh is a crucial process for tree vit.ality is affected by the 
junct.ions bet.ween t.he branches and the stern, which const.rict t.he water flow. This has been 
shown for lIlany species, such as for Acer, Bet.ula, Populus ancl Fagus (Tyree and Evers 1991). 
A plant.' s re action tu lirnit.ed water resourees is to sacrifice minor branches so as to maint.ain t.he 
water balance (Zimmermann 1978, Tyree and Sperry 1988). For beech, water transportation 
is negatively correlated with the number of bud sears per unit. branch lengt.h, which inereases 
the effect.s of a water deficit. Stress fact.ors, that. change t.he crown struct.ure and hamper the 
growt.h of lateral shoots cause a lasting reduction in water transportation. The response of the 
tree t.o sust.ain the t.ranspiration fluxes is to lower the stomata I conductance, which decreases 
the length of the next. year' s shoot.s (Rust and Hüt.tl 1999). 

Predicting stress reactions 

To be able to predict the specific stress reactions of a given t.ree species in Sweden it. is important 
t.o evaluate it.s life strategy. Typical stress-tolerat.ors are adapted to unproductive habitats, their 
survival being possible through t.he rapid capt.ure of resources under favourablc conditions and 
t.he abilit.y t.o st.ore t.hem for later use during unfavourable condit.ions. Typical cornpetitors, on 
the ot.her hand, are adapt.ed to stable and product.ive habit.ats, their success depending less on 
storage than on t.heir abilit.y to rnaxirnise resource capture by means of rapid morphogenetic 
adjustrnent.s achieved through reallocation 01' captured resourees. A stress factor, timt result.s 
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Figure 8.1: Causalloop for the tree system, linking growth, resource storage and different e:rtemal 
factors causing damage a.nd disturba.nce. 

in a decrease in net photosynt.hesis may reduce growth. However, since stored resources can 
be used to compensat.e for stress, at least for short periods of time, species with strong st.ress
tolerating charaderistics t.end to be less sensitive than competitors. On the other hand, stress 
factors leading to leaf or needle loss are likely 1,0 reduee growth more in stress-tolerat.ors t.han in 
cornpetitors. Althollgh bot.h competitors and stress-tolerators are adapted t.o habitats in which 
the frequency of disturbances is comparatively low, the low growt.h rates of stress-tolerators 
does not. enable needles or leaves 1,0 be rapidly replaced. On the other hand, a minor effect. 
on growth of a stress-t.olerant. competitor does not rne an thaI, t.he effect. of the stress factor 
is insignificant. Deplet.ion of storage and defenee substances may be as important, throllgh 
decreased frost hardiness and dcfence against pest and pathogens. Models based on growth 
strategy amI classificat.ion of t.he physiologie al eharaeterist.ics of plant.s for predicting responses 
1,0 stress fadors have been tested. In an exarnple with ozone, injury was est.imated from both the 
Grirne classification and the Ellenberg classification of plant species. Although both mcthods 
were useful, t.he Ellenberg classification, which includes the species reaction to light, water and 
temperature. performed better (Ball et a1. 1999). 

8.1.5 System analysis of the stress/health relationship 

Many loug-term predisposing factors affeet the carbon pool and allocation within the tree. A 
system analysis of the relationship between stress and health of forests in southern Sweden 
shows that ozane, nutrient uptake capacity, drought and structural leaf damage have an early 
and joint cffect on forest hcalth through the ehanges in carbon allocation, Fig. 8.1. Nut.rient 
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balance or imbalance may counteract or increa~e this effect, ~oil acidity ami nitrogen availability 
being the most important agents. Carbon allocation influences both resource storage (structure 
and metabolism) and thc production of defence substances. The ehronie effects of thc predis
posing stress factors also causc changcs in tree architecture, that lead to a decrcase in potential 
carbohydratc productiorl through a decrease in leaf area. The stress factors are also directly 
affecting thc nct photosynthetic capacity per leaf area. If tree vigour, expressed as wood growth 
per unit of foliage, decreases below a certain threshold value, the risk for pathogenic attacb 
and diseases enhance as this risk is determined by the amount of availablc defence ~ubstances 
in the trec. 

8.2 Forest health indicators 

Stjernquist, 1., Rosengren, u., SOneS8()n, K., Sverdmp, H., and Thelin, G., Nihlgärd, B. 

Changes in forest vitality affect fundamental tree functions such as growth, reproduetion 
and defence against pests (MeLaughlin and Perey 1999). Stress factors aeting on forest, limit 
the resouree utilisation, effective growth and reproduetion (Grime 1991). Forest vitality has to 
be studied and discussed both at the individual tree level - in order to better und erstand mech
anisms, interrelationships and responses of the tree to stress - and at the stand and eeosystern 
levels to be rnore uscful for management purposes. To identi(y the most useful forest health 
indicators, both the tree and the ecosystem leveb need to be takcn into account. 

Variou~ indieators of forest health or forest decline have been put forward and been used 
in different monitoring schemes (Alexander and Palmer 1999, Anon 1997a, Ferretti 1997, Innes 
1993a, MeLaughlin and Percy 1999). All such rnonitoring programmes aim at fimling indicators, 
preferably in the field, that are easy and robust to mcasure as weil as being able to clearly show 
the link between an agent and changes in forest health, ideally in terms of tree growth. Some 
indieators foeus on the vitality of individual trees and others on ceosystem ehanges, for example 
the frequeney and kind of pathogens, biodiversity, the GIN ratio in the forest floor (Gundersen 
et al. 1998) and the soil conditions as defined by the ratio of base cations to aluminium 
(BC I AI3+). Forest health ean also be investigated indirectly by asse~~ing the cover of different 
tree epiphytes that are sensitive indicators of change~ in environment al eonditions, such as light, 
moisture, nitrogen deposition and air pollution (Ellenberg et al. 1992, Hultengren et al. 1991). 
Lichens and mosses are often more sensitive to environmental change~ than trees and the species 
compositiun reflects the lung-term impact of stre~s factor~. 

Thi~ chapter will evaluate existent indicator~ in relation to long-term growth and reprodue
tior!. Thc time and spaee aspects are important in this asscssment. If the time lag between 
agent and effect is too long, the stress factor can be ignored or, as in the case of pe~t outbursts, 
thc link between stress factor and effect is unclear. Besides being ~pecific, indicators for general 
use nced to be easy to measure for monitoring activity out~ide thc research field as weil as cheap 
to sampie. 

8.2.1 Visible indicatürs für assessing tree vitality 

Defoliation indicators 

For coniferous species, visible damage indicators in general usc in Europe are discoloration ami 
defoliation in percent, assessed in the field or from large-scale eolour infrared aerial photographs 
(IR); the two mcthods are of comparable aecuracy (Skogsstyrelsen 1994, Schlyter 1993, Schlyter 
and Anderson 1997). Monitoring personnel ean be educated to evaluate changes in defoliation in 
a standardised way through quality assessment scheme~, so that differences between individuals 
are insignificant for the outeome of the asscssment (Innes 1993a, Hansen 1996). In a Swedish 
investigation of needle loss, the difference betwcen individuals asscssing the canopy was only 
4% (Schlyter and Anders~on 1997), weil within the range of normal confidence intervals for e.g. 
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chemical analyses. Age, anthropogenie stress faetors, insects as weil as root and butt rot are the 
most important agents infiueneing the degree of defoliation (e.g. De Vries et a!. 1997, Hendriks 
et a!. 1994, Landmann et a!. 1995). Despite being a subjective method, one knows that there is a 
dear relationship between defoliation and forest vitality in the sense thaI, without needles there is 
no growth. There are, however, only a few studies that show a relationship between growth rate 
and needle loss for conifers in Sweden (Söderberg 1993), in North America (Barnard et a!. 1990) 
ami in the Vosges Mountains in northeastern Franee (Becker 1990). The Swedish study is based 
on needle loss estimation and eoring for 16 650 Norway spruee trees and 15 000 Scots pi ne trees 
at equally many sites randomly distributed over the forest area of Sweden (Söderberg 1993). 
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Figure 8.2: Relation between observed defoliation and 
stern growth far' Nor'way spmce (Picea abies), Seots 
pine (Pinus sylvestris), Red sp,,"'uce (Picea rubens) 
and Silver fir' (Abies alba). Data from Barnard et al., 
(1989); Becker (1991) and Säderberg (1993). 

basically, the same correlation was 
found for the five geographical regions 
defined by the National Forest Sur
vey, despite large variations in climate 
within the surveyed area. This ap
pears to exclude a bias due to cli
matie infiuenees and to indicate thcre 
to be a fundamental relations hip bc
tween tree growth and needle loss. In 
North America, a fewer number oftrees 
were surveyed, a sampie of approxi
mately 2000 red spruce trees located 
in New England being involved(Krahl
Urban cl, a!. 1988), Fraser fir appear
ing to display the same type of basic 
response. (Krahl-Urban ct a!. 1988). 
The French survey included a number 
of stands in small areas of NE France. 
The sampie si",e for Silvcr fir was one 
of 1000 trees distributed over approxi
mately 275 sites. The relationships ob
tained are shown in Fig. 8.2. For Nor
way spruce and Seots pine, the rela-
tionship between defoliation in % and 

stern growth in % of undamaged trees, has been proposed by Söderberg (1993). On the basis 
of graph 1, the following empirie al relations between needle loss (BF) in % and stern growth rc 
in % of undisturbed trees(100%) were obtained for Norway spruce, Scots pine, Red spruce and 
Silver fir. 

Tc;( N oTwayspruce) 

rc(Scotspine) 

rc(Redspruce) 

TC; (Silver fir) 

101.9 - 0.575 . BF - 0.0045 . BF2 

99.51 - 0.032 . BF - 0.0096 . BF2 

99.94 - 1.667 . BF - 0.0097 . BF2 

100.6 - 1.614· BF - 0.0061 . BF2 

(8.1) 

(8.2) 

(8.3) 

(8.4) 

The set of equations ean be inverted to give the relationship between needle loss and growth 

TL (No'r1lJayspTuce) 

rL(Scotspine) 

r L (RedspTuce ) 

TL(Silver fiT) 

98.9 - 0.577 . TC - 0.0036 . rb 
98.76 - 0.252 . rc; - 0.0063· r?; 

100.2 - 1.840 . rc - 0.0084 . TZ; 
100.0 - 1.519 . TC; - 0.0053 . rb 

(8.5) 

(8.6) 

(8.7) 

(8.8) 

where rc; is the rate of growth in % of normal growth and NL is needle loss in %. The equations 
ean be usecl to convcrt growth to neeclle loss or vice versa. For example, when the function for 
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Osone 

Figure 8.4: Causal loop diagmm involving needle mass. 

Norway spruee is used for mature stands in whieh 31 % of the trees belongs to defoliation dasses 
of greater than 10% defoliation, the stern growth was found to deerease by 10% compared with 
stands with no defoliation. The visible darnage indieators in general use in Europe for oak 
and beech are those of defoliation in percent, proportion of dead branches, foliar distribution 
and erown structure, growth of leading and lateral shoots, discolouration, presence of leaf
mining insects and masting(Anon 1997a, Sehlyter and Anderson 1997, Sonesson 1999a, 1999b). 

For beech, there are indications of a relation
ship between growth and visible damage. In an 
investigation of beech damage in southern Swe
den, the ehanges in crown structure, classified us
ing large-seale CIR aerial photographs and field 
assessment, and morphologie al growth parameters 
were found to be well correlated (Stjernquist et al. 
2002). The erown structure dass was signifieantly 
correlated with growth capacity as measured by 
net photosynthesis during the period from July to 
September, Fig. 8.3. The fidd darnage classifiea
tion and the CIR dassifieation of crown structure 
were also signifieantly correla ted to the terminal 
braneh growth during the last three years (r=0.80, 
p<O.OOOl and r=0.60, p<O.OOl). The terminal 
branch growth the last three years was also sig
nificantly correlated to the photosynthetic capac
ity in July and September, as was the accumulated 
length of the lateral branches for the last six years, 
the number of lateral branches the last six years 
and the number of long shoots on the 1st-order lat
eral branches (p<0.05, n=23). (Stjernquist et al. 
2002). The wood quality also appears to be related 
to defoliation as was shown in a Danish investiga

Figure 8.3: Photosynthetie capaeity of 
damage classes in beech. n = 47 (June, 
July), 46 (August) and 44 (September). 
The damage classes in the Zarge-seale CIR 
aerial photogmph interpretation were de
termined from bmneh str"ucture, IR colour 
and defoliation and based on Runkel and 
Roloff (1985). Class l;not damaged, class 
2:slightly damaged, class 3:damaged, class 
4:severely damaged 07" dead (Stjernquist et 
al. 2002). 

tion in which the incrcase in the discolouration of the stern wood was positive correlated to 
defoliation dass (Pagh et al. 1999). For oak, the defoliation dass was related to stern growth 
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(Soncsson 2000b). Fig. 8.4 shows the relationship between needle mass and growth as a causal 
loop diagranl. As can be seen, the foliar mass can be affected in sevcral elirect or indirect 
ways. Water, inseets, ozone ami frost can dircctly affect foliar mass. Drought and an cxcess 
of nitrogen, on the other hand, have an indirect effect through changes in the uptake capaeity 
for nutrients, whereas thc effect of butt rot involves several steps, affecting the architecture anel 
efficiency of the root apparatus. Indirect effects in several steps will cause a significant elelay 
between agent and foliar loss, thus being one of the reasons for why defoliation has been difficult 
to attribute to speeifie events. 

Root vitality and root decline 

The information available inelieates there to be 
a coupling between plant survival rate anel root 
growth reduetions (Abrahamscn 1984, Ryan et al. 
1986a,b, Kelt jens and van Loenen 1989). Data on 
conifers has been plot ted in Fig. 8.5, showing the 
pattern for Norway spruce, Douglas fir anel West
ern hemlock to be basically the same. For Norway 
spruce a reduction of root growth of 55% is coupled 
with a 50% survival. In the long-term perspeetive, 
a 30-35% decrease in root growth leads to a seedling 
mortality of 100%. Frorn elata presently available 
the following empirieal relationship for tree survival 
in % ean be obtaineel: 

Survival = -104 + 3.638 . rc - 0.0163 . rb (8.9) 

where rC is root growth as percentage of control. 
The relationship applies to the survival of young 
trccs but experimental data of the same kinel for 
mature trees is not available. However, it is pos
sible that a sirnilar relationship mayaiso exist for 
mature trees. Support for this is found in the fact 
timt older trees seem to suffer more from acid rain 
than younger trees. Although the roots are highly 
important for tree vitality, relatively little effort has 
been direeted at investigating tree roots. However, 
several methods has been suggested where root vi-
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Figure 8.5: The TelatiOT~ between 8urvival 
mte and mot growth fOT NOT11Jay spruce 
in the experiments by Abmhamsen (1984), 
foT' Douglas fiT' in the experiments by Ryan 
et al., (1986a,b) and Kelt jens and van 
Loenen (1989), for Western hemlock in 
the expeTiments of Ryan et al., (1986a,b) 
and Kelt jens and van Loenen (1989). 

tality are used as forest health indicators. For instancc, root vitality can be studied by clas
sifying the roots with their associated mycorrhiza in different classes based on morphological 
structures (e.g. Clemensson-Lindell and Persson 1994). Nutrient and aluminium eoncentrations 
in the roots have also been used as indicators (e.g. Persson and Ahlström 1990/91) as have 
different physiological measurements of enzyme activity such as the TTC-rnethod or ATPas ac
tivity (Clemensson-Lindell 1994, Roscngrcn-Brinck et al. 1995). Root biomass and root length 
ean be estimated by extracting the roots from soil cores or using in-growth eores where mesh 
bags containing for cxamplc sand are plaeeel in the soil so that roots and mycorrhiza ean grow 
into it (e.g. Majdi anel Persson 1993, Vogt ami Persson 1991). Thc so-ealled minirhizotron tech
nique ean provide an insight into root dynamics without use of destructivc sampling, providing 
novel information on root nativity and mortality (Majdi et al. 1992). However, although suit
able for scientific purposes, most of these methods are very time-consuming anel/or expensive, 
making thern unsuitable as indicators of forest health for general use. 
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Tree growth as an indicator 

As discussed in chapter S.l, many tree species in Swedish forests are stress tolerants with slow 
growth rates (Grirne and Campbell 1991). These species, such as Norway spruce, show a slow 
morphological response to stress, the visible effects of stress factors on stem growth being difficult 
to identify if the monitoring period is too short. Since Norway spruce is such an important forest 
species in Sweden, many of the earlier studies of forest darnage focused on spruce. In these 
studies, generally no effects of stress on stem growth have been found. This does not necessarily 
irnply, however, that the stress factor under consideration has no effect on tree vitality. It is 
known, for exarnple, that an indicator such as needle weight can respond to a change in nutrient 
availability within a single growing season and that an increase in needle weight correlates weil 
with an increase in stern growth but it may take years for the increase to be detectable (e.g. 
Timrner and Morrow 19S4). In assessrnent of tree crown vitality, there are other rnethods that 
have been used in cornbination with, or as an alternative to, needle loss and discoloration of 
foliage. These include for exarnple the incidence of stress shoots and dwarfed shoots (Liedeker 
et a!. 1988), a damage index based on the nurnber of needle-age classes, discoloration, shoot 
length and the amount of dead branches (Tichy 1996), as weil as the recently proposed branch 
development method (Thelin et a!. 2001 b). This method is based on the inf1uence of tree 
nutrition on the allocation of dry matter to the branches (Madgwick and Tamrn 1987, Flower
Ellis 1993). Thelin et a!. (2001b) found relationships in spruce between branch length, branch 
needle mass, needle density, the shoot multiplication rate and the needle nutrient status several 
years earlier (approxirnately at the on set of growth of investigated branches). In addition, 
branch length was weil correlated with growth, calculated as basal area increment, and with 
conventionally assessed needle loss. A limited nutrient supply will probably have a long-term 
negative effect on shoot development, whereas drought one year restricts shoot growth and bud 
development primarily during that particular year. During the years following increasing shoot 
development and growth rnay repair the damage done during the drought year, provided that 
the nutrient supply is sufficient. Indicators such as branch length and the shoot multiplication 
rate may be appropriate vitality indicators in the assessment of nutrient stress effects, whereas 
needle loss is a more general indicator of current tree vitality. The branch development method 
has the advantage of employing measurements rat her than estirnates. Another advantage is 
that indicators such as branch length and the shoot multiplication rate can include effects 
that have accurnulated for several years, whereas needle loss and discoloration may be short
term transient phenornena. An approach to the stress/growth relationship involving statistical 
rnethods sirnilar to those used in epiderniological studies in human medicine are useful for 
identifying srnall changes over long periods of tirne. Such an analysis of the relations of current 
ozone concentratiom to spruce growth is described in chapter 8.4. The relations discussed 
above show that changes in stern growth over time is not a very useful indicator for monitoring 
continuous and low-level stress. If long-term experimental data sets exist, the epidemiological 
approach may be useful for evaluating the effect of environrnental changes that directly affect 
the tree, such as ozone. The use of branch growth and foliar mass rather than stern growth, 
decrease the drawback of a long-terrn lag. 

8.2.2 Nutrient concentrations and ratios to N as vitality indicators 

A key type of indicator for Norway spruce ami Scots pine used in Scandinavia is based on foliar 
analysis of essential nutrient and on the ratio of nitrogen to other nutrients. Foliar nutrient 
concentrations are closely rclated to growth (i.e. Lyr et a!. 1992, Walker 1991), and have 
been used internationally as a diagnostic parameter for assessing forest health and changes 
in tree vitality over short periods of time. The critical level far deficiency is defined as the 
concentration at which growth is reduced by 10% (Ulrich 1952). As a diagnostic tool, the use of 
foliar chernistry for individual elements has the drawback that the concentrations can vary due 
to such fadors as the nutritional status of the Boil, the age of leaves, the position of the leaves 
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Elcment Deficiency Parameter Target value 

N 12-13 
P 1.1-1.3 P/N 10 
K 3.5-4.0 KIN 35 
Mg 0.4-0.7 Mg/N 4 
Ca 0.4-2.0 Ca IN 2.5 
Zn 0.008-0.015 Zn/N 0.05 
Cu 0.002-0.003 Cu/N 0.03 

Table 8.3: Deficiencg levels for rmtrient concentrations and ratios in cur-rent gear needles 
of NOT'wag sprucc, cstimated from Scandinavian spruce stands. (Braekke 1994, Linder 1995, 
Roscngren-Brinck and Nihl9ard 1995, Ingerslev 1998, Thelin et al. 1998) 

within the crown and the time 01' the year (Innes 1993a, Raitio 1995). Many of such drawbacks 
can be avoided,howcver, if the foliar nutrient content in proportions to nitrogen is used. 

Table 8.3 shows deficiency levels in Scandinavia for individual elements in current year 
needles of Norway spruce, together with target Icvels for ratios to N (Braekke 1994, Linder 
1995, Rosengren-Brinck and Nihlgard 1995, Ingerslev 1998, Thclin et al. 1998). The underlying 
assumption is that concentrations and ratios bclow target values indicate there to be nutrient 
imbalance in the tree. Ericsson et al. (1995a) has shown that when the P/N ratio is below 
8 the arginine concentration in the needles increases, indicating an excess of nitrogen. KIN 
ratios below the target valuc may affect stern increment growth. For spruce stands older than 
40 years, a K amI P coneentration in current year needles below the defieiency level, as weil as 
a KIN ratio below 35, reduce branch growth by ab out 10%. Significant correlations have also 
been found between branch growth capacity and stern incrernent (Thelin et al. 2001b). 

Most studies have been carried out on conifers, no deficieney or target values has been 
specifieally tested for beeeh or oak growing in the poor soils that are dorninating in Seandinavia. 
Linder (1995) has suggested, however, tlmt all higher plant species have the same nutrient values 
for optimal growth. If this is t.he case, stress monitoring 01' deciduous tree species in different 
parts of Europe can use the same target values as conifers, Table 8.3. 

Bergmann (1988) has provided opt.imum nutrient values for deciduous tree speeies growing 
in central Europe. If the values for beeeh are compared to Swedish data obtained at the end 
of the 1960s, i.e. before the period 01' high pollutant deposition, all the essential nutrients, 
except N, are weil above the Swedish coneentrations, even if the investigated beech st.ands are 
growing in nutrient rich soil, a clayey till. (Nihlgard 1972, Nihlgard and Lindgren 1977). In a 
later investigation of the nut.rient content of beech stands growing on brown forest soils t.o acid 
humus-rich soils, Balsberg-Pahlsson (1989) found P and K concentrations in the upper erown 
foliage to be low as compared with the values given by Bergmann. Of the 22 stands investigated, 
15% had a N/K value indicating there t.o be nutrient imbalanee. Thus, more work is needed to 
verify the critieal levels for deciduous trees in Scandinavia 

However, there 8eems to be a clear eonnection between nutrient status and tree vitality. In an 
investigation of beech vit.alit.y in southern Sweden, the foliar K, N and P concentrations during 
July to August were negatively correlated wit.h damage dass, P< 0.05, Table 8.4. Compared 
with the values for conifers, the undamaged deciduous trees had higher N and K and lower 
P foliar concentrations. A graphical vector analysis of leaf mass, nutrient concentration and 
conte nt for the three structural c:lasses show a decreased availability of K, P and N for trees 
belonging to damage dass 2 and 3. The branch growth and development during the last 6-7 
years are to 50P IN ratio in July and August and by the KIN ratio in July (Stjernquist et al. 
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Nutrient units date IR class 1 IR class 2 IR class 3 p value 

N mg/g .lune 20.7 19.7 18.1 0.01 
N mg/g .luly 19.8 19.1 17.2 0.001 
N mg/g Aug. 21.2 19.4 17.1 0.0004 
N mg/g Sept. 16.7 15.8 13.3 0.03 

P mg/g .lune 1.17 1.12 0.98 0.0002 
P mg/g .luly 1.07 1.05 0.94 0.01 
P mg/g Aug. 1.12 1.06 0.89 0.004 
P mg/g Sept. 1.17 1.10 0.74 0.0005 

K mg/g .lune 5.24 .5.05 4.12 0.07 
K mg/g .luly 5.45 5.02 3.89 0.05 
K mg/g Aug. 6.41 5.88 3.72 0.009 
K mg/g Sept. 6.34 6.15 3.60 0.02 

Table 8.4: Nutrient concentmtions in beech leaves fmrn tr'ees classified in different damage 
classes. The sarnples were taken fmrn the upper part of the cmwn. n=46 

2002). For Norway spruce in southern Sweden, Thelin et al. (2001a) showed that the needle K 
status in trees older than 40 years was positively related to tree vitality, as measured by branch 
length and needle density, whereas in younger spruces tree vitality was limited by N or by N 
and P. 

Nutrient imbalances in the tree change the carbon allocation, and thus indirectly affect the 
defence against frost and pathogens. N utrient imbalance decreases the amounts of phenolic 
compounds, which are a strong defence against pathogen attack (Entry et al. 1991, Waterman 
and Male 1994). Sensitivity to frost, bark lesions and bark necrosis also appear to be correlated 
with nutrient status. Beeches that receive excessive amounts of N show an increase in the 
number of bark lesions and in frost sensitivity, as measured by the frost damage index (De Kam 
ct al. 1991, .lönsson 2000a,b). A decreased K/N status in the tree has also been shown to 
stimulate infection by Armillaria (Moore et al. 1993). 

These relationships show that foliar nutricnt concentrations, especially the nutrient ratios to 
N, are directly connected with tree growth and vitality. Of the nutrients, N, K and P appcar to 
be the most important although the deficiency concentrations and ratios to N appear to differ 
according to species, agc and geographical region. As indicators of forest health for general 
use, foliar nutrient concentrations and ratios to N have the similar positive characteristics as 
defoliation but are more specific in linking the stress factor to an effect on tree vitality. 

8.2.3 Soil chemistry 

Since plants and thc soil are intimately linked with each other, soi! chemistry does have a great 
impact on plant performance. It is known that plants growing in nutrient rich soi!s have a higher 
nutrient content than thosc growing in nutrient poor soi!s. It is still unclear, however, how elose 
the coupling between the plant and the soi! really iso The question of whether concentrations in 
the soil per se or ratios of one element to another (e.g. Be/Al ratio) should be used It has also 
been discussed. 

In studying changes in soil chemical status over both time and space, it is also important 
to have reliable reference values to relate to. Unfortunately, few attempts have been made to 
establish target values for forest soils. The natural variation is generally very great and may 
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4.5 

pH 
(BaCl) 

4.2 

Ca Mg K B 
mg/kg 

50 10 20 1 
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Cu Zn Base sat* C/N** 
% 

1 20 25 

Table 8.5: Suggested minimum reference values for pH, CBC, base saturation and concentration 
of various elements in the 20-30 cm soil layer in co nife mus forest in southern Sweden. The data 
refer to analyses made d to principles used in ICP-Forest. * Maximum value fOT" Al is suggested 
to be 100 mg/kg when base saturation is below 20%. **; GundeT"sen et al. (1998). 

be 10-100 fold over short distances. However, deeper in the soil profile the variation tends to be 
less. In Table 8.5 estimated minimum reference values for element concentrations in coniferous 
forest soils are introdueed. These recommended minimum values are based on several hundred 
soil analyses taken from more than 100 sites in southern Sweden (south of 61 degrees latitude) 
during the 1980s and 1990s. All the sites were covered with conifers (Norway spruce and Scots 
pine), their age varying from quite young stands to old, mature ones. The soil types ranged 
from acid eambisols to well developed podsols. These values may be useful when considering the 
use of soil chemistry as indicators of long-term forest productivity and soil buffering capacity 
in order to ensure high quality run off water (i.e. no leaching of nutrients or heavy metals to 
surrounding ecosystems). The actual values given can be diseussed lmt these recommended 
minimum values must be considered to be low for temperate forest ecosystems. 

It is well known that und er some conditions inorganic Al is toxie to plant roots. Aluminum 
chemistry depends on temperature, pH, parent material, ionic composition, humic and organic 
substances but due to the complex chemistry of Al it is still rather unelear under what precise 
conditions this happens (Schöttelndreier 2001). As an attempt to estimate when Al is toxie 
the ratio of base cations (mainly Mg2+, K+ and Ca2+) to aluminium (BC/Al ratio) has been 
widely used as an indieator for root vitality (e.g. Sverdrup and Warfinge 1993). 

Soil chemistry is important not only from a long term forest productivity perspective but 
also in view of soil water seeping down through the soil profile to the ground water or the risk of 
contaminating the water in surrounding ecosystems. Due to the large heterogeneity of the soil, 
elose monitoring of the soil water ehemistry requires using vast number of lysimeters if reliable 
data are to be obtained. Use of the C/N ratio for the organic layer appears to be a promising 
new way to estimate the risk of N03- leaehing from coniferous forest soil (Gundersen et al. 
1998). If the C/N ratio is above 30, the risk for N03- leaching is very small, whereas when 
it is 25-30 the risk increases. When the C/N ratio is below 25 the risk for N03- leaching is 
considerable in stands with a elosed canopy and no exponential tree growth. 

8.2.4 Pathogens and insects as vitality indicators 

Pathogens affect both tree and ecosystem vitality. While it is well known that strong out breaks 
of butt rot and bark beetle severely damage forest production, the vitality of the trees is also 
influenced by the size of pest populations over time. Over the last two centuries, insects and 
pathogens have been investigated as a forest management practise as the change to monocultures 
has promoted the population growth of many pest species. The identification of large pest 
populations has caused practical forest management activities but has not been used appreciably 
in risk analysis. 

Some examples of population changes in foliar grazing species due to the enhanced nitrogen 
availability through deposition or fertilisation have been reported. Increased nitrogen avail
ability increase the infestation by shoot anel leaf parasites, i.e. Botrytis cineT"ea and Cinara 
pilicornis in spruee (Flückinger anel Braun 1999). Hoffman (1995) has estimated the effeet on 



212 CHAPTER 8. FOREST VITALITY AND STRESS IAIPLICATIONS 

tree growth of insect grazing, a population eating 1.5 kg, alternative 3 kg, foliage per day eauses 
a 4% and 10% defoliation, respeetively during the vegetation period. Consequently, beeeh stem 
growth was redueed by 2.6% and 5%, respeetively. 

The number of individuals in an insect or pathogen population is , basieally, affected both 
by changes in weather and by ehanges in food resourees during the year. To be able to use the 
size of pest populations as forest vitality indicator, the suggested speeies needs to be specifie as 
weil as linked with anthropogenie environment al changes. It is important to be able to separate 
the effects of forest management from the influenee of other stress factors. The inerease in 
population must also be easy to measure at an early time. The more or less stochastic nature 
of outbursts of pests and pathogens makes them often unsuitable for use as general indicators 
of forest health, although it is of vital importanee to increase our knowledge concerning the 
processes and mechanisms why trees are attached by pests and pathogens. 

8.2.5 Evaluation of vitality indicators for trees and ecosystems 

The vitality indicators most commonly used internationally for trees and forest stands are 
those of defoliation, crown structure, stern growth and nutrient status. Indicators for risk 
evaluation of the forest ecosystem include those of insects, pathogens and the ratio of base 
cations to aluminium (BC I Al) in the the soi! water. The discussion in this chapter shows that 
the vitality indicators most commonly used can be grouped in terms of their temporal and 
spatial characteristies 

1. Indicators of tree vitality 

(a) A relatively dear relationship between the agent and tree vitality, the response being 
relatively fast, 

i. easy and cheap to measure - e.g. defoliation, crown structure, nutrient uptake 

ii. complicated or expensive to measure - e.g. root vitality, occurrence of mycorrhiza, 
changes in cell structure, frost sensitivity index 

(b) A relatively dear relationship between the agent and tree vitality, with a long time-lag 
before a measurable effect appears, 

i. easy and cheap to measure - e.g. stern growth 

(c) A diffuse relationship between the agent amI tree vitality, with a relatively quick 
response 

i. easy or cheap to measure - e.g. bark lesion or resin flow 

ii. eomplicated or expensive to measure - e.g. insect and pathogen out breaks 

2. Indicators of Ecosystem vitality 

(a) Indicators with diffuse relationship between the agent and tree vitality, with a rela
tively immediate measurable effect, 

i. easyor cheap to measure - e.g. BCI Al in runoff water, 

(b) Indicators with a diffuse relationship between the agent and tree vitality, with a 
time-lag before a measurable effect 

i. easy and eheap to measure - e.g. C/N ratio in the forest floor layer, epiphytic 
index 

Although use of defoliation or crown structure as an indicator ean have a relatively dear 
cause/effeet relationship, in multiple stress situations many of the stress agents, in working 
together, ean have the same overall result. In this situation, we therefore suggest nutrient 
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~tatus is the best early warning key indicator of anthropogenie stress in trees and forest stands. 
Root vitality, mycorrhi~a oceurrence, changes in eell strueture, etc. are just as preeise but 
the rnethods used today are either expensive or tirne-eonsuming. Ecosystern indieators such as 
BC I Al ratio and C IN in the organic layer mayaiso be uscful, since they reflect the general 
state of the forest eeosystem in a broader landscape perspective. 

8.3 Sensitivity to frost and drought 

Anna Mar'ia Jönsson, Niels Torkel Welander 

Frost and drought sometimes cause damage to seedlings and trees in southern Sweden. 
Seedling establishment, needle funetioning and plant growth are frequently affected. Moreover, 
frost and drought are predisposing and triggering factors for such damage as bark lesions on 
tree stems. However, frost and drought alone are usually not the only cause of damage, since 
they also interact with other factors such as light, temperature, wind, air pollutants, CO2 and 
nutrient status of the soil and plants. 

8.3.1 Frost 

Background 

This ehapter will focus on frost damage that eauses bark le~ions, visible sign~ of wounds in the 
eambium. Bark lesions ean affect wood quality and tree growth. Pathogenie insects and fungi 
invade lesions that are not healed, killing the tree in extreme eases. For instance, fro~t damage 
is eonsidered to be the primary faetor that favours infections by Nectria spp., which causes 
bark canker (Day and Peace 1934, Chira and Chira 1998). During the 1980s and 1990s, bark 
necrosis and resin flow in Norway spruce appeared in southern Sweden to an earlier unknown 
extent (Barklund and Wahl ström 1998). Bark lesions were found on 3% - 5% of the oaks and 
on 6% - 7% of the beech trees in 1988 and in 1993, respectively (Sonesson 1998, 1999a). Twenty 
percent of the declining oaks in northern Germany that were investigated were found to have 
bark lesions caused by fro~t damage (Hartmann and Blank 1992). 

Sensitivity to frost 

Frost darnage usually results frorn a rapid drop in temperature to be
low zero following a warm period in the spring or autumn, or following 
a mild period during thc winter. Spring frost is especially harrnful 
when the trees have started to deharden (Sehoeneweiss 1975, Thomas 
and Hartmann 1992, Thomas and Büttner 1993). One cause of bark 
necrosis and resin flow in Norway spruce has been suggested to be 
unusually mild winters, which can cause the trees to deharden early 
and thus readily be damaged by frost later in the spring (I3arklund 
and Wahlström 1998). Mild winters mayaiso cause trees to respire 
during the dOrIllant season, which lowers the earbohydrate concen
tration and inereases the risk of res in flow (Barklund et al. 1995). 

Factors interacting with frost 

Many factors influence sensitivity to frost of trees and make them 
more vulnerable to frost damage and to bark lesions. The sensitivity 
to frost differs among tree species and tree provenances. Beech, Fagus 
sylvatica, is eonsidered to be one of the tree species most subjected 
to bark lesions (Day and Peace 1934). Beeeh has a smooth, thin bark 

- water 

Figure 8.6: Causal loop 
diagmrn showing the 
effect8 of d'rOught on 
g'rOwth. 
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without any adaptation to avoid strong fiuctuations in temperature. 
This contrasts to tree species with fissured and scaly bark that shades 
and insulates the inner parts (Nicolai 1986). Different provenances of the same tree species can 
differ in their sensitivity to frost. A provenance that starts to grow early in the season and grows 
for an extended period during the autumn is subjected to frost damage to a greater extent. 

Oaks weakened by repeated defoliation, an excess nitrogen supply or locally by water stress 
are predisposed to frost damage, leading to their being attacked by pathogens (Kowalski 1991, 
Hartmann and Blank 1992, Kowalski 1996, Sieber et a!. 1995, Thomas and Blank 1996). Not 
only mild winters, but also summer droughts are cunsidered to trigger the formation of bark 
lesions with accompanying resin fiow in Norway spruce (Barklund et a!. 1995). 

High concentrations of air pollution, as indicated by epiphytic lichens on the tree sterns, 
increase the frequency of beech bark lesions (J önsson 1998). High amounts of nitrogen can 
be a predisposing fador for frost damage through stimulating growth, delaying the hardening 
pro ces ses and lowering carbohydrate concentration (Burke et a!. 1992, Larcher 1980, Nihlgard 
1985, Skeffington and Wilson 1988). Within SUFOR, the effects of excess nitrogen on sensitivity 
to frost and the occurrence of bark lesions have been investigated. Spruces fertilized by an 
excess supply of ammonium sulphate were found to be more sensitive to severe frost treatment 
(Jönsson 2000a). Beech trees fertilized by excessive amounts of N had a significantly greater 
number of old lesions, the trees that had bark lesions seemed to be less able to withstand low 
temperatures (Jönsson 2000b). Although a negative infiuence of N fertilization could be traced 
in the concentration of nutrients in the bark as much as seven years after treatment, the absence 
of new lesions indicated that the vigour of the trees has increased. Trees having lesions showed 
higher concentrations of N and AI, indicating the occurrence of leisons to be correlated with 
soi! acidity (Jönsson 2000c). Beech trees on soils with a relatively low GIN ratio and with low 
concentrations of mineral nutrients in the mineral soi! layer were predisposed to be more frost 
sensitive (Jönsson 2000d). 

Prediction of frost 

The probability of a tree being damaged by frost can be predicted from tree and site properties 
together with data on c:limate. To avoid frost damage when regenerating a forest stand, it is 
important to choose a tree species and a provenance that are adapted to the local conditions. 
Vitality fertilization that counteracts nutrient imbalances in the tree can decrease the sensitivity 
to frost and the occurrence of res in fiow and uf bark lesions (Jönsson 2000a). 

8.3.2 Drought 

Background 

The water potential of a plant may decline when water loss from it is larger than the uptake of 
water from the soi!. This is the ca se when water availability in the soi! dec:lines. Plants and trees 
may then experience stress. Mild stress simply reduces growth but causes no damage, whereas 
severe stress may result in permanent damage. In the most extreme case, the plant may die. 
The impact of the stress depends on the severity of the soil drought i.e. the water content uf the 
soil and the length of exposure as weil as the number of drought events. Not only low Buil water 
content but also low soil temperature can produce a water stress in the plant. This is especially 
true when the soil is frozen ami when plants are exposed to high light intensity in the spring, 
causing water loss from the leaves or sterns that water uptake by the roots is unable to replace. 
The infiuence of water availability on plants has been investigated extensively, such as in arid 
areas (Fisher and Turner 1978), and in trees (Hinckley et a!. 1978, Dickson and Tomlinson 
1996). Timt water availability may limit growth in Swedish forests is indicated by the fact timt 
irrigation significantly increased growth (Nilsson and Wiklund 1992, Bergh et a!. 1997). 
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Sensitivity to drought 

Various processes in the plant differ in the degree to which they respond to a given level of 
stress caused by drought. Cell enlargement is inhibited by drought at a lower level of stress 
than many other metabolie pro ces ses in the plant (Hsiao 1973, Kramer and I30yer 1995). A 
plant is espeeially sensitive to low water availability when it is growing, e.g. when the shoots, 
leaves and roots are expanding (Tesehe 1(92). Following a drought, the shoots become short 
ami the lee wes smalI. The growth allocation also ehanges, so the plant endeavouring to increase 
the uptake of the lirniting resouree, in this ease water. Thus in plants under water stress root 
growth is favoured over shoot growth (Kramer and Boyer 1995) as has been shown in seedlings 
of oak and beech (van Hees 1997). A drought period lllay have a long-lasting cffect, either during 
a growing season, or between seasons, as in the ease of spruce (Tesch, 1992) or of beech, (Löf 
ami Welander, 2000). One explanation for this may be tlmt plant leaf area is reduccd, resulting 
in a reduction in photosynthetie capacity. Sueh long-Iasting effects ean make it difficult to define 
how much of the growth reduction, or the damage can be ascribed to the eurrent environment al 
conditions, since part of the reduction may be explained by a previous drought. 

To assess whether the soi! water level has caused a stress to plant growth, the relations hip 
between growth and the soil water potential need to be known. In this context, it would abo be 
uscful if a elose correlation between the soil water potential and growth rate of a plant could be 
established over a wide range of soil water potentials. Howevcr, with prescnt knowledge it does 
not secm possible to provide a useful description of such a relationships, since knowledge here is 
restricted to a lirnited number of speeies and environment al conditions. At a water potential of 
ab out -1 - -2 MPa in the Boil, growth has ceased in most cases, although the speeifie level differs 
between species (Kramer and Boyer 1(95). Aceording to Larsoll and Whitrnore (1970), the leaf 
area and shoot expansion dedined by potentials of about -0.2 l\iPa and root growth by about 
-0.4 MPa in Q1Lcrcns rnbra. In Pinns radiata, a significant growth reduction was observed at 
-0.05 MPa although root growth was reduced to a greater extent than shoot growth (Squire et 
al. 1987). Defining a criticallevel of soi! water potential for a given speeies may be diffieult since 
the roots of a plant, or a tree may penetrate to a considerable depth in the soil and supply the 
plant with water from alternative soi! layers. Deep roots may supply shallower roots with water 
frorn deeper layers by a proeess called hydraulic lift (Hort on and Hart, 1998). Moreover, water 
may be retranslocated within a plant (Kramer ami Boyer 1995). Since the water potential of a 
plant is dependent not only on water availability in the soi! but also on the transpiration rate, 
taking account of the atmospherie eonditions is important in efforts to explain the infiuence of 
soil drought on plant growth. 

Sensitivity to drought may vary between species. Seedlings of oak (Q. mbw-) are more 
drought tolerant than those of birch (ßetnla pendnla). This has heen explained by a deeper 
rooting and lügher root growth rate at low water availability in oak than in birch (Osonubi 
and Davies 1981). A similar explanation was provided hy van Hees (1997), who found oak to 
hetter tolerate drought than beech, due to an increase in root investment whi!e Illaintaining its 
eapaeity for light intereeption when water availability declines. The above men1,ioned drought 
effects coneern reduetion in growth only. A different rating of sensi1,ivity 1,0 drought between 
species might he found when drought is related to damage. In assessing drought tolerance hy 
measuring the ahility to withstand loss of water from the leaves, up to the point when the 
leaves hecome damaged, the following order of toleranee was ohserved, beginning with the most 
tolerant: Pinns sylvestr-'is > P'icea abics > Prnnus avium > Fagus sylvat'ica, the least tolerant 
being QueT"C'us robv,r' (Lyr et al. 1(92). Thus, differenees between species in reaction to drought 
apparently depend on what plant cffect is used as a measure of drought tolerancc. It could also 
be expected that the death of leaves would lead to a reduction in growt.h, although this effect 
might not be detectable before the following growing season. 
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Factors interacting with drought 

Various factors can interact with drought. Thus, light, temperat.ure, wind, CO2 anel nutrients 
may infiuence plant water stress by affect.ing the loss of water from the leaves through either hy 
nullifying or intensifying the negative effect of lmv water availabilit.y in t.he soi!. Moreover, air 
pollutants, herbivory, availability of light anel nutricnts may affect growt.h, either by inhibition 
or by rest riet ion through deficiency in addition to the negative effect.s of drought. Uneler high 
light compareel to low light conelitions the effect of a drought may be more severe, as in the 
case of oak and beech ( van Hees 1997). A possible explanation for this coulel be that uneler 
high light condit.ions the transpiration rate is lligher (vVelander and Ottosson 2000), causing a 
greater stress to the plan. In oak seedlings subje(:ted to a combination of drought anel simulated 
winter browsing the interact.ion bet.ween elrought ancl browsing was found to be small (Kullberg 
amI vVelander 2000). In this case the seedlings were most.ly affected by the drought, since they 
were able t.o compensate for thc loss of shoot. tissue caused by browsing. In contrast t.o light 
and grm~ing, elevated CO2 eounteracted the negative effect.s of drought in see(llings of Q1LeTC1LS 

petmea, whereas drought at anormal CO2 level reduced the growth of the seedlings (Guehl et 
a!. 1994). Drought is sometimes used as an explanation for the failure of forest regeneration 
and the reduction in wood productioll. In such cases, the drought. has not been rnanipulated to 
various desired levels but rather the water content, or water potential, has been measured and 
a cert.ain level has been considered as representing a stress level or drought. In addit.ion, it is 
difficult. t.o assess how strong an effect drought has in forest since various other fact.ors int.eract. 
simultaneously, making it. difficult to elistinguish the relative importance of water availability in 
relation to other faetors. Thus, accoreling to Ni!sscm et. a!. (1996) and Gemmel et a!. (1996), 
low water potential in the soil, light level anel soil temperature, as weil as some unknown factor 
might all explain a reduction in growt.h of oak ancl beech seedlings. Löf (1999), in a study 
concerned with the establishment of oak, beech ancl Nmway spruce, founel soi! water potential 
to be correlated with soi! treatment., but. could not relate this to growth. In another study (Löf 
1999) low soil water potential was found to be the main fact.m affecting growth, although light 
and soi! t.emperature varied. 

Prediction of drought 

The probabilit.y that a plant will experience drought. can be predicted from plant and site 
properties, together with precipitation data. The plant data of importance include e.g. root 
distribution in relat.ion to soil depth and transpiration rates under various climatic conditions. 
To define a given site the hydrological properties of the soil must be known. Such knowleelge 
is comparatively easy to obtain. However, the soil water available may vary considerable with 
competition from surrounding ground vegetation and t.rees. The plant cover may change rat.her 
quickly making a predict.ion of its cOIllpetitive strength difficult, since little is known of how to 
assess this abilit.y. Available soil water is also dependent on precipit.ation, which only can be 
defined statistically. Since vulnerability in plants or in trces may change wit.h age and forests 
may contain inelividuals and species of varying age a useful prediction of t.he impact of a drought 
period on the survival ami growth in a fmest is apparelltly elifficult to n~ach. 

8.4 Air pollution effects 

8.4.1 Ground-level ozone 

Sellden G., Karlsson P. E., Uddling .1., Pleijel H. and Skär'by L. 

Ground-level ozone is considered to be one of t.he most irnport.ant transboundary pollution 
problems in Europe anel the USA. In addition, ground-level ozone is an increasing problem in 
other parts of the world in wh ich traffie and industry are in a st.a.te of rapid growt.h. In Europe, a 
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cooperative research programme concerning transboundary air pollution and its chemistry has 
been conducted within the framework of EUROTRAC. In the assessment made, ground-level 
ozone is considereel to be of high rclevance for effects on plants, human health and materials as 
well as on the global climate (I3orrell et a!. 1997). This has led to strong efforts in the last few 
years, within both the scientific amI the policy community. The most important actors have 
been UNECE amI EU. Within the LRTAP-convention drawn up UIleler UNECE, the foeus has 
been increasingly on effeet-baseel abatement strategies cl!lring the mid- and late 1990s. This 
!Iwans that abaternent rneasures needed to be cost-cffeetive in oreler to minimise the potential for 
negative cffects. Consequently, there has been a demanel for quantitative relationships between 
exposure anel effeets. In this eontext it has been founel that the exposure inelex AOT40 (the 
Accumulateel exposure Over a eoncentration Thresholel of 40 ppb ozone) correlates well with 
such effects on plants as yicld loss in wheat, ami with growth reduction in trees (Kärenlampi 
ami Skärby, 1996). Sweelen has eontributeel to this development with several important pieces 
of information (e.g. Skiirby and Karlsson 1996, Pleijcl 1996). The la test multi-pollutant nego
tiation protocol within LRTAP was signeel in Göteborg in December 1999. In addition, EU is 
presently finalising a new ozone directive anel an adjoining ozone abatement strategy. In both 
eases, exposure-effeet relationships are taken into aecount. 

Level I anel 11 mapping 

Unti! recently, the focus of European work on criticallevels for ozone has been on so-called Level 
I mapping. This cOllsists of mapping of the exceedanees of the criticallevel in elifferent areas anel 
countries amI identification of the potential risk for ozone elamage to sensitive receptors, without 
concern for dose- and response-modifying factors in terms of genetic differences between speeies 
and cultivars, different plant ages anel those climatic factors, which are of crucial importance 
for plant uptake of ozone. Inline with this, AOT40, the exposure index for ozone wielely used in 
Europe for the last few years to characterise plant exposure, does not elirectly refleet the Ilptake 
of ozone by plants. Scientifie elevelopment within this field is now at a Level II perspective, 
in whieh elifferences in sensitivity between plants and the eonsideration of other factors (light, 
ternperature, soi! anel air humidity) are included. Por forest trees also the transfer of data 
from seedlings anel sapling Ilseel in experiments to mature trees in forest stands is of large 
importance to make accurate assessments of what is happening in the field. Only by using a 
Level II approach can an accurate qllantification (including economic analysis) of yicld los ses 
and other effects become possible. The next generation of agreements in Europe early in the 
2000s concerning abatement strategies for transbounelary air pollution is likely to be based on 
a Level II perspective. 

Assessment quest ions 

So far, Level II work has focused on wheat, Triticum aestivllm, and on beech, Faglls sylvatica. 
From a Nordic perspective, it is crucial to know weather forests in the far north are exposeel to 
ozone to an extent that can cause reduction in growth. The ozone concentrations in northern 
Sweden are clevated, but to a lesser extent thall in southern Sweclen amI still less than in parts 
of the eontinent. Based on the pure AOT40 concept northern ecosystems are of lesser risk 
than those of eontinelltal Europe. However, one of the first Level Ir analyses concerneel with 
ozone (Emberson et a!. 1998) illdicates that the effects of ozone in thc Nordic countries may 
be larger than expected ami those in continental Europe smaller than expeeted. This is due to 
the climatic conelitions favouring ozone uptake in the north. The rnain reasons for this are the 
longer daylight period during the sumliler in the north, as weil as lügher humidity in air anel 
soi! amI to sorne extent lower ternperatures. 
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Plant strategy in relation to ozone response 

In the C-S-R system of plant strategies (Grirne 1979), plants are classified in relation to re
sponses to stress and disturbances. Grime (1979) defines stress as circ:umstanc:es thaI, limit 
photosynthetic production while disturbance consists of the partial or total destruc:tion of plant 
biomass. On the basis of these definitions, an air pollutant such as ozone c:an ac:t either as a 
disturbance fador or as a stress factor. When reducing net photosynthesis, ozone ac:ts as a 
stress factor. When c:ausing partial biomass destruc:tion, (shortens the life span of the leaves) 
it ean be considered a restricted disturbanc:e. Since genetic eharacteristics affed the response 
of plants to stress ami disturbances it is not surprising that competitors, stress-tolerators amI 
stress-tolerant competitors respond differently 1,0 ozone stress (Sellden and Pleijel 1995). 

Deciduous trees 

Birch 

Birch, Betula pendula, is sensitive 1,0 ozone and growth reductions are usually observed, espe
c:ially in the roots, after a single season of exposure (Mortensen and Skre 1990, Matyssek et 
al. 1992, Mortensen 1993, Günthardt-Goerg et al. 1993, Pääkkönen et al. 1993, Greitner et al. 
1994, Pääkkönen et al. 1995a,b, Mortensen 1996, Pääkkönen et al. 1996, Skärby et al. 1999). 
Furthermore, fast growing clones of birc:h were more sensitive to m~one than slower growing 
clones (Pääkkönen et al. 1993). Fast growing spec:ies, suc:h as birc:h ami aspen, change carbon 
allocation patterns rapidly in response to the ozone stress. Similar results were obtained in the 
Östad-birch experiment in wh ich bi reh trees, B. pendula, were exposed to different c:oncentra
tions of ozone in open-top chambers during 1997 and 1998. Elevated ozone levels significantly 
redueed the growth and increased the shoot-root ratio both years (Uddling et al. 2000). The 
ozone-induced chlorophyllioss and accclerated leaf fall in birc:h,B. pendula, J!'ubescens, and ver
rucosa, and in aspen, Populus tremuloides (Mortensen and Skree 1990, Matyssek et al. 1991, 
1992, Günthardt-Goerg et al. 1993, Pääkönen et al. 1993, Greitner et al. 1994, Skärby et 
al. 1999) c:ould be interpreted as aecelerated senescence. Structural investigations of ozone
exposed birch clones have revealed that ozonc exposure produces changes typical of senescenc:e, 
such as an increase in c:ytoplasmic lipids, in the translncency of the mitochondrial matrix and in 
spherically shaped chloroplasts with protrusions (Pääkönen et al. 1995a). Defining premature 
senescence as leaf death that occ:urs before normallife processes, such as the re-translocation of 
carbon and nitrogen, are terminated (Pleijel et al. 1997), it is obvious timt premature senescence 
ean occur in birc:h, especially nnder conditions of lligher ozone concentrations. For example, 
stareh was found to ac:cumulate along the small leaf veins and in the guard cells of the lcaves 
of ozone exposed trees, the amonnt increasing with increasing ozone concentration (Günthardt
Georg et al. 1993). In the Östad-bireh experiment, about 10% of the shedded leaves from thc 
highest ozone treatment had nearly twice as high a nitrogen content as leaves from the c:harcoal 
fil tered treatment (Skär by et al. 1999). 

Beech 

At the UN-ECE workshop in Kuopio 1996, deciduous trees were identified as the most sensitive 
receptors (Kärenlampi and Skärby 1996) and data from experiments with young seedlings (0-
3 years) of beech, Fugus sylvatica, was nsed 1,0 set the critical level for ozone in forest trees. 
However, at the time the data base was very poor, since only 3 independent experiments could 
be nsed when the level was set to AOT40 of 10,000 ppb*h. Until now, the most common 
method used to expose trees 1,0 ozone has been the open-top chamber, most such studies having 
involved young trees. However, the response of young trees to ozone does not neeessarily need 
to be the same as timt of mature trees since mature trees differ from seedlings and saplings 
both in morphology and physiology. Results for red oak, Quercus rubra, indicate young trees 
to be Icss sensitive 1.0 OZOlle than mature trees (Samuelson and Edwards 1993, Edwards ct al 
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1994), whereas results for giant sequoia, Seq'Uo'iadendron giganteum, show the opposit.e (Grulke 
and Miller 1994). On the other hand, mature and juvenile Douglas fir, Psendotsnga menziesii, 
responded in a similar way to short-term ozone exposure (SIlleulders et al. 1995). Using an 
epidemiologieal approach, Braun et. al. (1999) found that stem growt.h of mature beech trees in 
Swit:olerland was more sensitive to ozone than young seedlings. This suggests tha1, the present 
criticallevel for ozone (10,000 ppb*h) should be lowered to protect beech forests from substantial 
reduetions in growth. 

Conifers 

It has been weil established that ozone reduces net photosynthesis (Pye 1988; Darrall 1989) 
although a transient increase is sometirnes observed in young shoots (Freer-Smi1,h and Dobson 
1989, Wallin et al. 1990, Eamus et al. 1990). At present there is no explanation for the ozone
induced stimulat.ion in net photosynthesis. It may bc an ozone-induced aeeeieration of the rate 
of development (Greitner et al. 1994, Skärby et al. 1995) or it may be an attempt of trees to 
cornpensate for the owne-induced reduetion in the net photosynthesis of the older le,wes and 
needles (Beyers et al. 1992, Sellden and Pleijcl 1995) or a combination of both. Although, 
photosynthesis is neeessary for growth, the relat.ionship between net photosynthesis and growth 
is complex, and a decrease in net photosynthesis not neeessarily meaning a reduetion in growth. 
Typical stress-tolerators dcpend on the rapid capture of rcsourees during favourable conditions 
ami the ability to store them for use later under unfavourable eonditions. On 1,he other hand, 
1,ypical eompetitors depend less on storage than on their ability to maxi mise resouree capture 
by rapid morphogcnetic adjustments by reallocation of eaptured resourees. 

An ozone-induccd deereasc in net photosynthcsis may reduec growth. However, as stored 
resources can be used to compcnsate for strcss, at least for limited periods of time, speeies with 
strong stress-tolerating characteristies should be less sensitive to ozone than competitors. On 
the other hand, ozone exposure eausillg leaf or needle loss, i.e. ozone acts as a disturbance, 
could probably reduce the growth of stress-tolerat.ors more than that of competitors (Sellden 
and Pleijel 1995). Although both competitors and stress-tolerators are adapt.ed t.o habitats with 
a comparatively low frequeney of disturbances, the low growth rates of the stress-tolerators do 
not allow the rapid replaecment of needles or leaves. The response of trees to ozone eould tlms 
be expected to vary with speeies and plant strategy. 

In terms of growth, eonifers are less sensitive to ozone than deeiduous trees are, growth 
reduetions rarely being obscrved after a single season of exposure. For example, in white pine, 
Pinns strobns, ozone exposure for 4 months was found to reduce net photosynthesis but. not 
growth (Reich et al. 1987). In red sprucc, Picea T'Ubens, growth was not affected until after t.he 
end of the second exposure season (Amundson et al. 1991) and in Norway spruce exposed for 
two seasons in open-top chambers growth was not reduced at all (Nast et al. 1993). Similarly, 
Braun and Flückiger (1995) and Lucas and Diggle (1997) observcd no effects on stern volume 
incremcnt. or on growth of Norway spruce, respectively, after 3 years of ozone exposure. On the 
other hand, Payer et al. (1990) found 2 years of ozone cxposure to reduce the stem diameter 
increment in 2 out of 5 clones of Norway spruce. Polle et al. (1996) and Lippert et al.(1997) also 
observed ozone-indueed growth reduction in Norway spruce. It could be suggested that Norway 
spruce is not very sensitive to ozone, but the contradicting results mayaiso be explained by 
a high variability among the plants and short exposure periods, in combination with t.he low 
numbers of replieates. 

In the Östad-spruce project a total of 828 Norway spruce saplings from one clone were ex
posed to ozone, either alone or in combination with low phosphorous supply or with drought, in 
42 open-top chambers during 4 growing seaSOIlS (1992-1995). The results showed that moder
ately elevated levels of OZOlle reducecl the relative growth rate by approximately 2% (Skärby et 
al. 1999). The average allnual AOT40 value for the ozone treatment during thc four years was 
20 000 ppb*h, which is twice the preseut critical level. To illustrat.e the possible consequences 
of a 1 % reduction in the relative growth rate, corresponding to 10 000 ppb*h, simple model cal-



220 CHAPTER 15. FOREST VITALITY AND STRESS IMPLICATIONS 

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 

soil fine sand fine sand sand till till 
% spruce 100 87 87 100 100 
age 26 32 32 32 31 
sterns ha- 1 1900 1650 1650 1200 2100 
rn3sk ha-1 105 135 135 150 140 
thinned no yes yes yes no 
m3sk ha-1yr- 1* 9.5 7.5 11.0 11.8 9.3 
m 2ha-1yr- h 1.0 0.6 0.9 1.0 0.8 

Table 8.6: Site characteristics of the spruce plots selected for the ozonejgT"Owth study. The da ta 
are .trom 1990, except the pamrneter8 rnar'ked by *, which show 9T"Owth per year 1992-96. 

culations was made. They showed that if ozone only affected the growth of the young plant, the 
stern volumc of a spruce trec of "harvestable age" would be reduced by about 3%. The reduction 
would be 8% if ozone affected the trees throughout the phase of intensive growth (0-20 years). 
If mone depressed growth throughout the entire life eycle, the stern volume would be reduecd 
by ab out 11%, as compared with an environment with prc-industrial ozone levels (Skärby et al. 
1999). In an attempt to assess thc impact of ozone on mature Norway spruce trees in Sweden, 
use was made of an epidemiological approach, thc influence of ozone on the stem basal area 
incrcment being testcd on 24 Norway spruce trees distributed over five investigation plots at 
Asa Research Park similar in stand conditions and in growth patterns, Tab.8.6. Analysis of 
the correlations between basal area increment and environmental parameters, determined on 
a weekly basis, showcd there to be a statistically significant negative correlation between the 
basal area inerement and both the average daylight ozone concentrations (owneavg, as weil as 
with AOT40 per day. This indicated mone to have an impact on the weekly stern basal area 
increment. However, the magnitude of the effect, as weil as the long-term significance, remain to 
be established. Other parameters having significant impact were day of the year, precipitation 
(24h average, rnm h-1 ), air ternperature (24h average, Cl, soil water potential at 10 cm depth 
(24h average. MPa) and irradiance (24h average, W m-2 ). 

During 1993-1999, stern circumferences on five trees per plot were measured weekly frorn the 
beginning of May until the end of August. In 1995 there was a lack of ozone data for May alld 
the growth measurements started in June. Data on air temperature, relative humidity, global 
radiation, precipitation and ozone eoncentration were provided by the meteorologie al station 
at Asa Research Park on all hourly basis. In addition, in each stand the soil water potential 
was measured weekly at 10 and 40 cm depth with 5 gypsum blocks per depth. Stem growth 
was calculated as the basal area incremcnt (BAI), assuming both linear (8.10) and logarithmic 
(8.11) growth: 

BA2 - BAI 
linear stern 9rowth = --,----:-

t2 - tl 

In(BA2 ) - In(BAJ) 
loqarithmic stern 9rowth = --'--'-'----'-----'''-

. t2 - tl 

(8.10) 

(8.11) 

where BA is basal area. The statistical methods used were sirnilar to those employed in epi
demiological studies in human medicine. The correlation between stem area incrernent and 
environmcntal parameters were analysed on a weekly basis using stepwise multiple regression 
analysis, the dependent parameters being log (stern growth) ami lin stem growth ami the the 
independent parameters being average mone, m~on AOT40. year, yearday, soilPlOcm, ternpera
ture, irradiance and preeipitation. VPD correlated with all the independent variables except far 
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the yearday anel ozonavg Ums not being includeel in the final statistical analysis. The models 
explained 22-24% of the total variancc. All the parameters included in the model were sig
nificant, p<O.OOOl, except far irradiance which was significant at p=O.044 (8.12) and p=0.078 
(8.13). However, further analyses using multivariat.e statistics will be carried out to allow the 
VPD to be included in the ealculation. We have: 

BAI = 16.3 + 29.03· P + 1.16· T - 0.109· yearday - 0.21· [03al'g.] + 2.002· (j - 0.0083· F (8.12) 

BAI = 6.79+30.93· P+ 1.064· T -O.0876·yearday-O.0l23· AOT40+2.203·(j -0.0073· F (8.13) 

BAI being basal area inerernent, P precipitation, T t.emperat.ure, F irradiance ami theta WPlO. 
St.atistical analysis of the carrelation between the basal area increment ami t.he environment al 
parameters on a yearly basis was hampereel by t.he limiteel amount. of elat.a available. 

Diagnosis of ozone injury 

The 1997 Execut.ive R.eport on forest conditions in Europe stat.cd timt the st.eady increase in 
defoliation over large areas of Europe to be a matter of concern. Nat.ural faet.ors such as drought 
and ant.hropogenie factors such as air pollutants ean be consielereel to be major factors for forest 
damage, but the elifficult.ies at the current state of knowledge in est.ablishing cause-relationships 
in multi-stress situations, are acknowledged. However, the same report. states further that "an 
implement at ion of in-elepth studies of cause-effeet relat.ionships on a smaller number of plots 
lllight be considered by ICP-Forest in the future". A lack of gooel diagnostic lllethoeis for a factor
specific assessment of the effects of owne, as weil as other relevant air pollutants, was noted 
by the working sub-group on Alllbient Air quality (Deposition Expert Panel of ICP-Forest) in 
Essen in March, 1999. Microscopic lllorphollletry, at both the transmission electron microscope 
and the light microscope level, has shown Umt both needle and leaf struct.ure exhibit highly 
specific changes in response t.o different stress factors such as drought, ozone, acid rain, sulphur 
dioxide ami nitrogen dioxide. R.egardless of tree age, normal chloroplasts are lens-shapeel, t.he 
stroma being light anel the arnount of plastoglobuli usually bcing small (Walles et a!. 1973, 
Soikkeli 1978, Sut.inen 1987a, Meyberg et. a!. 1988, Holopainen ami Nygren 1989). Whether 
t.rees are exposed in a laboratory exposure system or in the field, by use of open-top eh ambers 
or of open-release systems, ozone-induceel changes are always observeel first in the chloroplast.s. 
The areas of the chloroplasts decrease, t.he density ami the granulat.ion of the stroma increase 
ami the thylakoid membranes become difficult to resolve. Similar changes have been observeel 
in mature Norway spruce anel Scots pine in the field in Finlanel (Sut.inen et a!. 1995, Slltinen et. 
a!. 1998) and in Norway spruce in central Europe (Sutinen 1987b). Furthermore, ozone-induced 
st.ructural ehanges have also been observeel in 1-year-olel needles of mature Norway spruce from 
Asa Research Park. 

Conclusions 

The growth of young birch trees is lllore sensit.ive t.o ozone than that of young Norway spruce 
trees. The Östad- spruce project showed the exposure of Norway spruce to 80,000 ppb*h to 
result in a 5% reduction in t.he biomass whereas the exposure of birch t.o 40,000 ppb*h resulted 
in a 20% elecrease. Microscopic morphometry ('an be used tu assess to wh at extent. mature 
Norway spruce trees are affected by ozone. Epidemiological stuelies of t.he short.-t.erm stem 
basal area increment indicat.ed ambient. ozone concentrations to affect t.he growt.h of mature 
Norway spruce trees. The Critical Level II approach, taking into account. e.g. species ami 
environment.al fact.ors affecting t.he uptake of ozone, is necessary for any accurate assessment of 
t.lle impact of ozone on forests, as weil as for economic eonsequences. The European scientific 
comIllullity is now IIloving towards t.he Critical Level II approach since thc next generation of 
agreements in Europe early in the 2000s ('(mcerning abat.ement strategies for transboundary air 
pollut.ion is likely to be based on the Level II perspective. Also, onc of the first. Level II analyses 
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related to ozone indicates that the cffects of ozone may be larger than expected in the Nordic 
countries and sm aller than expected in continental Europe. 

8.4.2 Acid deposition and soil acidity 

Ingrid Stjernq-uist, Hamld Sverdrup and Torkel Welander 

The discussion about forest health in relation to soil acidification has identified three prin
cipal ways in which acid soils ean reeluce tree vitality 

• An inerease in AfH , eauseel by a decrease in pR below 4.5, negatively affects nutrient 
uptake anel growth 

• Soil aeidification causes leaehing of base cations from the root zone, reducing the available 
nutrient pool. 

• Soil aeielification has direct negative effects on growth and nutrient uptake 

During the second half of the 20th century, the acidification of southern Swedish forests soils has 
accelerated, in the last 50 years pR in the upper soil layer having declineel on an average by 0.8 
pR units. Both poelzols and cambisols have been affeeted. Forest management and air pollution 
eleposition are the main agents involved (e.g. Rallbäcken and Tamm 1986a, Falkengren-Grerup 
1987). In southwestern Sweden, with its high eleposition of air pollutants, the weathering ca
pacity of the soilminerals are not high enough to eompensate for the acid input (Karltun 1994). 
Rallbäcken anel Tamm (1986b) in evaluating a forest in southwest Sweden, eoncluded that thc 
increase in proeluctivity over time is only responsible for a minor part of the increase in soil 
aeidity. Rowever, the change in utilising forests as a resouree that supports a farm as an eco
nomic unit to an intensive silviculture domina te eI by conifers probably contributes to a high 
e1egree to soil acidifieation, due to thc increase in nutrient uptake from the forest soils. 

In an investigation on the pR of streams in 48 sm all catchrnent areas differing in land 
use anel in speeies cOlnposition concludeel t.hat an increased mnmmt of spruce in alandscape 
signifieantly deereases the pR (Sigvardsson-Lööv 2000). For a detailed historieal review of soil 
acielifieation in southern Sweelen am! of the resulting chemical changes, see Nilsson and Tyler 
(1995). Despite thc aeidification eauseel by growth, spruce is the most efficient species for 
capturing air pollutants through the filtering effect of its crowns. The filtering capacity depends 
on the Ieaf area, thc leaf charaeteristics anel the structure of the tree. In addition, evergreen 
conifers generally are able to capture pollutants e1uring a longer time period than e1ecieluous 
trees. The difference between species also increase with the load of pollutants (Liljelund et 
a!. 1986, Balsberg-Pahlsson am! Bergkvist 1995). Comparisons between species show tlmt 
conifers are more acielifying than birch, the difference being 0.3 - 0.7 pR units in the mineral 
Boi!. A eonifer stand containing 50% birch inereases the pR in the humus layer by 0.2-0.3 units 
as compared with a spruee monoculture (Liljelund et a!. 1986). Aceording to Bergkvist and 
Folkesson (1995), bcech affeets the soil pR less than spruce but more than birch. Moreover, the 
influence of deciduous tree species on pR in the upper mineral soil layer, 0-5cm, depends on 
species. The influencc increases in the order Tilia - Acer- Q1lercus/Carpin1ls - Fag1ls, Tilia being 
the least acidifying species. The effect is independent of soil type. Compared to oak, the soil 
pR below beech was 0.13 units lower and and that below Acerand Tilia was 0.15 am! 0.32 units 
higher, respectivcly (Norden 1994). During the last decades the soil profile, even the laycrs 
beneath the root Wlle, shows an increase in acidification. This canIlot be explained by root 
activity alone. For many decades, the deposition of acidifying sulphur and nitrogen compollnds 
has been an importaIlt stress faetor (Rallbäcken and Tamm 1986a). Danish investigations show 
that despite reductioll in sulphur deposition during the period of 1985 to 1993, soil acielifieation 
is still increasing (Hovmand and Kemp 1996). In total, the acidifyillg factors have decreased 
the pR in Sweelish soils below 5 for 2 mill ha of forestland south of the region of Wärmland 
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between 1983/85 amI 1993/95. Soil acidification infiuenecs not only the soil charactcristics but 
also forest biodiversity and water quality. 

Changes in the nutrient pool 

Falkengren-Grerup and Tyler (1992) have estimated that in southern Swedcn during the period 
of 1950 - 1988 ab out 50% of the soil content of essential nutrients (K, Ca, Mg) in the C-horizon 
disappeared, the pool of aluminium during this pcriod becoming twice as high. During the 
1980s, when the total deposition of acidifying compounds was high and constant, the top layer 
(0-5cm) of beech forest soils lost a significant amount of K, Ca and Mg, the largest ehanges 
being in the least acid soils (Falkcngren-Grerup and Tylcr 1991). A risk assessrnent of the 
southernmost part of Sweden indicated that 65% of the investigated sites had a deficit of Ca, 
Mg or K (Barkman and Sverdrup 1996). Results for permanent coniferous forest plots in the 
same area showed timt in the late 1980s, the base saturation percentage in the mineral soil, 
20-30 cm, was only 19-26% and that the content of P and K were affeeted most (Nihlgaxd 1990). 
A new investigation in 1999 confirmed those negative trends (Jönsson et a!. 2001). That year, 
the base saturation on 80% of the plots was below 10%, K and Mg being the nutrients most 
negativelyaffected. The pH of water on 70% of thc plots was below 4.2 and on 84% of the plots 
the aluminium value had increased to above the recommended maximum level of 10011g/g. The 
infiuence of various species on the nu trient pool may weil be signiHcant, in particular if conifers 
are grown instead of deciduous trees. In an area of beech forest with a continuity since the 
beginning of the eighteenth century, small 50 year-old spruce stands exhibited a 25% reduction 
in the K and Mg levels in the mineral soil as eompared with the earlier beeeh stand. 

Base cations and aluminium 

When the pH decreases to below 4.5, the AI3+ eoncentration in the soil inereases exponentially. 
A high aluminium content in the root /\One eauses root growth reduction and damage. Although 
up to now the Held levels of aluminium in the upper soil layers have gene rally not reached 
concentrations considered toxic to plants (e.g. Thornton et a!. 1989, van Praag and Weissen 
1985). However, the soil analyses commonly employed may undcrvaluc the situation in the ne ar 
root zone (Göttlein et a!. 1999). 

The aluminium concentrations in southern Sweelish soils are in the range of 0.01 to 0.7mM, 
depeneling on the site anel the tree species (Bergkvist 1987, Bergkvist ami Folkesson 1992, 1995, 
Ljungström anel Stjernquist 1993). The ability of the aluminium ion to complex binding with 
fulvic or organic acids diminishes the amount of toxic AI in the soil, wh ich might reduec the 
negative effects on root growth amI on nutrient uptake (Foy ct a!. 1978, Asp anel ßerggren 
1990). 

A13+ inhibits nutrient uptake through compcting with base cations, especially calcium and 
magnesium, at the root surface (Ericsson et a!. 1995b). Disturbances in nu trient uptakc oeeur 
at lower AI3+ eoncentrations than are neeeleel for the dircct inhibition of root growth (Godbold et 
a!. 1988). The fact that aluminium interferes with root uptake of essentialnutrients, espeeially 
Ca, is the basis for the formulation of the growth/ aluminium relationship. Tree growth deereases 
when the ratio of Ca or base cations to aluminium, the BC / AI ratio, are elose to 1 (Rost-Siebert 
1984, Sverelrup anel Warfvinge 1995). Root length is reduced to up to 40% when thc Ca/Al ratio 
deelincs from 10 to 1 (Neitzke 1989) and a further decline in root length is found at a stililower 
Ca/ AI ratio, 0.5 (Rost-Siebert 1984). Howevcr, there secms to be between species differences in 
the reaction to aluminium as revieweel in Tab.8.7 and Tab.8.8. 

Aluminium in eombination with nitrogen further inhibits calcium uptake. High concen
trations of ammonium or of nitrate, 5.6 lllM, in eombination with O.lmM AI3+ was founel to 
decrease the Ca uptake by 50%, as compareel with a situation with an excess of nitrogen only 
(Bcngtsson 1992, ßcngtsson et a!. 1994). In contrast to other nutricnts, thc phosphorous and 
potassium uptake in bcech seedlings grown in a nutrient solution was stimulateel by aluminium 
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Specics rnl\I AI3+ Effect Reference 

Nonvay spnlcP 0.04- 1.2 scedling growth Rost-Sicbert 1983. Tischner et al. 1983 

0.8- 1.2 root length Godbold c)t al. 1988 
0.:3 sccdling growth Göransson & Eldhllset 1991, 1995 
0.1 root/shoot Godbold & .Jcntschkc 1998 

Scots pinc 0.04-1.2 seedling growth Rost-Siehert 1983, Tischner ct al. 1983 
0.8-1.2 root length Godhold et al. 1988 

6 seedling growth Göransson & Eldhllsct 1991,Ericsson ct al. 1995h 
Birch 3 seedling growth Göransson & Eldhllsct 1991,Ericsson ct al. 1995h 
Beech 0.07- 0.11 seedling growth Ulrich et al. 1980 

0.1 seedling growth Bengtsson et al. 1988 
0.5 shoot growth Kelly et al. 1990, Thornton et al. 1989 

shoot growth Bals berg-Pilhlsson 1990 

Table 8.7: Aluminium concentmtions that hamper seedling growth in Norway spruee, Seots pine, 
birch and beech. 

in low concentrations, O.lrnM (Bengtsson et a!. 1988, 1994). This positive effect has also been 
found fOT spruce (von Joms and Recht-Buchholz 1985). ßalsberg-Pahlsson (1990) found the 
uptake of phosphOTUS in beech seedlings to be stirnulated by A13+ in concentrations relevant for 
soil sohltions in southern Sweden, Imt 1.0 be recluced at lligher A13+ eoneentrations. This indi
cates thaI. under field eonclitions the aluminium - nutrient relationship is not so straightforwarel 
as many laboratory experiments with high concentrations of aluminium inclicate. The long-term 
rmction of trees 1.0 aluminium concentrations that harnper Ca anel Mg uptake but stimulate P 
and/or K uptake should be investigateel further in relation 1.0 the nutrient imbalance found in 
the Swedish soils. Besides the direct effeets it has on growth ami nutrient uptake, an increased 
AI3+ concentration in the soil also cause indirect effeets. The earbon allocation in tree seedlings 
is affected by aluminium. The carbohydrate anel phenol eontent in beech seedling roots in
creases at levels of 1 and 0.5 ml'vI AI3+ respectively, the star eh coneentration in the shoots being 
enhanced at 1mM AI3+. This effeet can be interpreted as mainly being due to disturbances in 
carbohydrate metabolism (Balsberg-Pahlsson 1990). A sirnilar carbon allocation response has 
been found for pine (Arovaara and Ilvesnicmi 1986). If low pR amI high A13+ eoneentrations 
in the soil are count.eractecl by lirning OT vitality fertilization, the balance between Ca ami Mg 
may change, resulting in a shift in thc mutual competition between the cations. For example, 
an Mg concentration thaI. is non-lirniting for growth may be inadequate in the presence of an 
excess of Ca (Mengel and Kirkby 1987, Ericsson et a!. 1995). 

To sumrnarize, aluminium in concentrations representativc fOT southern Swedish forest soils 
appear to be unable to affect root growth directly. Rowever, through interference with nutrient 
uptake, aluminium suppresses the uptake of Ca, Mg as weil as of Zn, K ami P in soils with high 
amounts of AI3+. Reducecl Ca and Mg uptakc are considered to be the main cffect of aluminium 
on t.ree vitality (van Praag et a!. 1991). The N deposition found in southem Sweelen probably 
increase t.he aluminium effect. 

H+ toxicity 

The nutrient uptake in the spruce root.s is not affeetcd by the R+ ions if the roots can adjust. 
thc pR up to neutral values. Kuhn et a!. (1995) have iclentified a threshold value at pR 2.5. 
Under more acid conditions, no adjustment is possible, the K uptakc decreasing in partieular. 

Field experilnents with beech seedlings growing in aeicl cleyey till (dyst.ric cambisol, pRKCI 
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Species mM Al:l+ Nutrient Referenee 

Norway spruce 0.1 Ca, Mg Godbold & Jentsehke 1998 
Norway spruce 0.2 Ca, Mg Göransson & Eldhuset 1991 
+ ectornyeorrhiza 2 Ca, Mg, K Kulm et a1. 1995 
Scots pine 1 Ca, Mg Göransson & Eldhuset 1991 
+ ectomycorrhiza 3 Ca, Mg Göransson & Eldhllset 1987 
Bireh Ca, Mg Göransson & Eldhllset 1991 
Beech 0.1 Ca, Mg, Zn Balsberg-Piihlsson 1990 

0.5 Ca, Mg, P Thornton et a1. 1989 
0.1/1 Ca, Mg/P Bengtsson et a1. 1988 

Table 8.8: Aluminium concentmtions that hamper nutrient uptake in NOT1vay spruce, Seots pine, 
bireh and beech. 
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Figure 8.7: To the left: Root length of beech, oak and Norway slJr'uee seedlings grown in nutrient 
solution with pH S.5, 4.5, 5.5 and 7 (Stjemquist and Welander· 2002). To the rigId: Re.sponce 
in Puptake to thc leaves as a function of pH. 

3.32) and podzol (acid haplic podzol, pHKCI 2.90) in sOllthern Sweden indicate H+ toxicity 
ami H+ reiated factors to have a strong effect in rcdllcing plant growth and root deveiopment 
(Ljungström and Stjernquist 1993). This can probably be explained by the imbalance in nIltrient 
Ilptake. The effect of pH on the root architecture diffcrs betwecn species. Thus, the root lcngth 
of beech and spruce, but not of oak, decreases significantiy when pH becomes lower, Fig. 8.7. 
The data shown in Fig. 8.7 can readily be fittcd to an isoterm such as those developed for 
BC / Al ratios, and be used as a response function in models 

1 
f(pH) = 1 + kpH. [H+]n (8.14) 

where kpH and n are determined empirically. McLaughlin and Wimmer (1999) found timt a 
deerease in root length hampers the nll trient Ilptake capacity more than a decrease in root 
weight does. Like aluminium, the H+ ion hampers the uptake of Ca and Mg (Godbold and 
Jentschke 1998, McLaughlin ami Wimmer 1999). The effect seems to be related to tree species. 
Rost-Siebert (1984) reported beech to be more sensitive than Norway spruce to high acidity 
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per sc, at least 8 timcs as high a Ca concentration being needed to counteract the H+ toxicity 
effects in beech. Experiments under controlled climate conditions, using nutrient solutions at a 
pH of 7.0 to 3.5 clearly showed a difference in nutrient uptake capacity between oak, beech and 
Norway spruce, Fig. ?? For Norway spruce, pH values below 4.5 hamper the uptake of Ca, P 
and K, whereas for heech the Ca, Mg and K llptake decreases. Oak appears to be less sensitive 
to an excess of H+ , the Ca ami Mg uptake decreasing only at the lowest pH (Stjernquist and 
Welander 2002). Under field conditions, oak seedlings grown in very acid soi!s, pHKcl 3 show 
the cxpectcd decrease in Ca and Mg uptake. In beech, the Puptake is affected at lower pH but 
with astronger responce than the other species. In contrast to oak, beech seedlings have a low 
percentage of fine roots, indicating that additional soi! factors may act together with low pH 
(Ljungström and Stjernquist 1995, Sonesson 1994). 

To summarize, H+ affects the uptake of Ca, Mg, K and P negatively and the effect can 
be modelIed by use of simple response functions. However, thcre are differences in response 
between species, these being expressed in the functiolls as different values tor the parameters 
kpH and n. For beech and oak, the uptake of Ca and Mg is affected most, and for Norway 
spruce the uptake of Ca, P and K. 

Tree species with large seeds, such as oak and beech, have a large pool of nutrients available 
for early seedling growth. The nutrient content of the seeds is dependent on soil characteris
tics. If air pollutant deposition or forest management decreases the available pool of essential 
nutrients, the capacity for seedling growth 30m! survival may be negatively affect.ed. In a study 
in southern Sweden, the quality of beech seeds in relation to soi! acidificatioll was measured. 
The result indicates timt. bot.h seed weight amI nutrient. content, especially the t.otal P and K 
cont.ent., were negatively affected by 30 decrease in soil pH (St.jernquist. 2002b). 

Conclusion 

For Swedish soi!s the effects of an increased acidification and in the concentration of aluminium 
are: 

• Soil acidity affects tree vitalit.y through changes in nutrient uptake capacity in particular. 
Generally, the uptake of Ca, Mg amI Kappears to be most disturbed . 

• There appears to be a difference between species regarding which of the nutrients are most 
affected by AI.3+ and by H+ , respectively. If the two stress fadors act together, beech and 
oak are particularly sensit.ive to 30 combinat.ion of aluminium and H+. 

The valence unspecific mechanism 

For a valence unspecific reaction t.he ion exchange matrix is indifferent t.o the valence of the 
adsorbing ions, the matrix behaving as an infinit.e continuum of receptor sites. This implies 
that whenever a base cation is absorbcd, one H+ or AI is released, the difference in change 
being adjusted for by some at. present unknown process: 

(root - H) + BC2+ ~ (root - BC) + H+ 

(root - H) + A13+ ~ (r'oot - Al) + H+ 

(root - BC) + A13+ ~ (root - Al) + BC2+ 

the valence unspecific selectivity coefficients for root exchange becoming 

Xnc [H+] 
K H / Bc = X H . [BC2+] 

XAl [H+] 
K II/ Al = X H . [AI3+] 

(8.15) 

(8.16) 

(8.17) 

(8.18) 

(8.19) 
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(8.20) 

where Xi is the exchanged fraction of substance i, the parameters in brackcts being concentra
tions and K the sclectivity coefficients. The equation for divalent base cations uptakc by trees 
is obtained by cornbining the growth rate cquation with the expression for XBC and the cxpres
sions for the adsorbed fraction of the base cation, substituting for the sclectivity cocfficicnts, 
depending on re action type. This may be usell to solve for XII and XAI, assuming BC, Al and 
H to be the dominating ions on the surface such that: 

(8.21) 

To obtain an expression for the base saturation in the roots by rcarranging the selectivity 
expressions, to expressions for exchangeable Hand Al at the root as function of the base 
saturation XBC 

1 [H+] 
X H = XBC . -K . [BCH] 

H/BC / 
(8.22) 

(8.23) 

These are then filled in Eq. 8.21 

(8.24) 

The response function f(BC/ Al) is obtained by setting the fraction of base cations at the root 
surface to 

U 
f(BC/AI) = - = XHC 

Unwx 
(8.25) 

By changing the notation of the coefficients, the response function f(BC/AI) can be given by 

[flC2+] 
f(BC/AI) = [BC2+] + KAI' [Af3+] + KH' [H+] 

(8.26) 

As can be seen, this is the Michaelis-Menten equation for the uptake of base cations, the differ
ence being that thc saturation cocfficient is dependent on competing ions for uptake positions, 
such as Hand Al. Theoretically, any ion not useful for uptake can have such an effect. Thc 
valence unspecific mechanism implies there to bc no BC-antagonisrn toward Al beyond the first 
order relation, and there to be only one isotherm in terms of BC / Al ratio, regardless of Ca or 
Mg concentration. 

The Vanselow mechanism 

For a variant of the Vanselow type of reaction, the root ion exchange matrix is viewed as a 
polydentate valence specific substrate. During the reaction, arearrangement of the solid phase 
must occur in order for three BC2+ -ions or two AI3+ -ions to be linked to a hexa-valent binding 
site by double bonds (Warfvinge, 1988). The re action stoichiometry suggested is 

(root - H 6 ) + 3· flCH ~ (root - flC3 ) + 6· H+ 

(root - H 6 ) + 2 . A(l+ ~ (root - A12 ) + 6· H+ 

(root - BC3 ) + 2 . A(l+ ~ (root - A12 ) + 3 . BC2+ 

(8.27) 

(8.28) 

(8.29) 
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The Vanselow sclectivity coefficients become by application of the law of mass action, in view of 
the activity of a phase in an ideal mixed crystal depending on the molar fraction of the species: 

(8.30) 

3· XAI [H+]6 
K H / Al = ----x;;- . [Az3+]2 (8.31) 

3· XAI [BC2+]3 
K BC/ Al = 2· XHC· [Af3+]2 

(8.32) 

The Vanselow mechanism implies that the root surface receptors have a fixed valence that 
is hexagonal orientated. This suggests the coardination of water Ca-, Mg- ami Al-hydrate
complexes to receptor sites. For a Vansclow root ion exchange mechanism reaction, the growth 
inhibition expression can be derived by the same rearrangement of the terms mathematically 
as was dernonstrated far the unspecific response mechanisrn. The response expression is 

(8.33) 

The Vanselow mechanism implies there to be a strong antagonistic effect of Ca, Mg and K 
toward Al, as weil as a strong effect of the BC/ Al-ratio on growth, since it is second order with 
respect to this ratio, implying too that plants with this type of reaction should react strongly 
in their uptake of base cations to changes in the base cation concentration. The change is one 
which has a relativcly stronger effect on uptake in relation to plants with an unspecific response. 
This implies there to be several different isotherrns far a given BC/Al-ratio depending on the 
BC concentration in the soil solution. 

The Gapon mechanism 

The Gapon ion exchange mcchanisrn implies exchange of ions based on charge expressed as 
equivalents. Each BCH -ion anel AI3+ -ion is bounel to a binding site by a single bond which 
rnaintain their valence at -1. The stoichiometry of the ion exchange reactions occurring at the 
root between the sur·face, H+ , BC2+ alld A13+ are for a Gapon reaction: 

1 2+ + (Taat - H) + "2 . BC i='" (raat - BC1/2 ) + H 

(raat - H) + ~ . A(H i='" (raot - AI1/3 ) + H+ 

(raat - BC1/ 2 ) + ~ . A13+ i='" (raat - AI1/3 ) + ~ . ßC2+ 

(8.34) 

(8.35) 

(8.36) 

For the Gapon reaetion the selectivity coefficients, after applying the law of mass action using 
single-bondeel H+ , 8C2+ anel AfH and charge fractions on the ion exchange matrix, become 

XBC [H+] 
(8.37) K H / ßC = X H . [BC2+]1/2 

XAI [H+] 
(8.38) K H / Al =-· 

[AI3+Jl/3 X H 

XAI [BCH]1/2 
(8.39) K BC/ Al = --. 

[Az3+]1/3 XBc 
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For a GapcHl root. react.ion mechani~m, 1.he upt.ake inhibit.ion expression, aft.er use of t.he gibbsite 
expression is 

[BC2+] 1/2 

f(BC/AI) = [BC2+P/2 + Kc;. ([Al] + p' [H+]) 1/3 
(8.40) 

where p is the ratio between the Gibb~i1.e coefficient and the H/BC ion exchange selectivity 
coefficient at the root surface. The Gapon mechanism, which may be the most common mecha
nism for cation ion exchange in dead organic matter in t.he soil (Warfvinge 1988), imply charge 
Burface balance ami charge exchange. This appears to seldom occur on parts 01' living plants. 

The Gaines-Thomas mechanism 

No ion exchange analogy can be investigated without trying out the Gaines-Thomas equation, 
which has been ernployed in many soil chemistry modeb. The Gaines-Thornas re action mech
anism leads t.o an expression interrnediat.e between the unspecific response expression and the 
Vanselow expression, with the exception timt the reaction sites maintain their valence at. -1. 
This implies BC2+ ion~ being bound to two single bond sites by single bonds. This i~ot.herm 
differs in pract.ice very little from t.he unspecific expression, but retains a small ant.agonist.ic 
cffect of Ca and Mg towards Al in addition to the 1:1 built. int.o the BC/ Al ratio. 

Discussion of the mechanisms 

The general equat.ions for the damage funct.ion~ can all be expressed in terms of t.he BC/ Al
ratio in order to highlight any additional antagonist.ic effects. This can also be ~een as a purely 
ernpirical forrnula based on a form such a~ 

[Bc2+]n 
f (B C / Al) = .,-:[ B==-=CO::;;2""'+ ];-n-+---:K:-:-E-'x-p .---;(.,--[ A:-::rl;-;-+-;-] +-p ---:. [-:::H;-"-+-;-;-])-rn (8.41 ) 

which is equivalent to 

[BC2+]n-m. (BC/(AI + p. H)m 
f ( Be / Al) = .,-:[ B=-=C::;;';2""'+ ];-n--m-'--.---;(-=B-:::C:'-c/ (7"CA:-:-Z -'--+-p-. H=C-) ,,-, +-'---::-K=-H-xp (8.42) 

where n and mare exponent.s and K Exp is a eoefficient that needs to be elet.ermined experimen
t.ally. For analy~i~ of the elat.a, BC/(Al+p· H) can be regarded a~ 1.he parameters one ~houlel 
use to plot rcspon~e versus Boi 1 acidity. This implies there to be several different isotherllls for 
the same BC/Al-rat.io, depending on BC concentration in t.he soil solut.ion when n anel mare 
different. An important. consequence of using the empirical expression is tImt it allows valiel 
re~ponse curves to be elet.ermined, even when t.he act.ualmcchanism of response at the moleculaI' 
level i~ cornpletely unknown. Al can be removeel from the expression for conditions where t.he 
soil solution concentration of Al is insignificant. The relations hip bet.ween the BC/ Al-limit. anel 
the BC/H-limit can be det.ermined at. t.he point. where t.he response funct.ions have t.he same 
value. From t.his, t.he relation bet.ween t.he BC/H-limit and the BC/ Al-limit. can be elerived. 

BC 1 BC 
( AT )limit = p . ( H )limit (8.43) 

For the "unspecific" response t.ype, p=l, t.he BC/H-limit. is equal t.o the BC/Al-limit. For t.he 
Vanselow response p=3, t.he BC/H-limit is equal to the 3 t.imes t.he BC/ Al-limit .. For the Gapon 
response, p=l (Jönsson et al. 1995). 

Turnillg back t.o t.he t.heoretical derivation of t.he expressions at the beginning of t.he book, 
recall tlmt Nye Tinker (1977) suggested the generic lVIichaelis-lvIenten expre~~ion for upt.ake. In 
our t.reat.ment of t.he uptake process, we arrived at somet.hing similar, st.arting from the first 
order uptake expression for the ba~e cat.ions, assuming the amount aelsorbeel on the root surface 
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to be the determining parameter for uptake. Considering the competition between Al, Hand 
BC at the ~urface for uptake acceptor ~ites, one can show tlmt the uptake expression is: 

[Bc2+]n 
rup = kup . [BC2+]71 + KExp . ([AI2+] + p. [H+ (8.44) 

This is a Michaelis-Menten rate expression, based on the concentration of substrate in the 
~oil solution. The half-rate saturation coefficient of the Michaelis-Menten expression in this 
approach i~ affecteel by the presence of Al anel H ion~ in the ~oil solution. The elifference as 
compared with the carlier Michaelis-Menten expression suggested by Nye and Tinker (1977) 
is that, whereas thc old expression ignores soil chemie al eonditions except BC availability, the 
present expression also includes the effect of Al and H in the ~oil ~olution. The response function 
derived he re has no cffect if the other nutrients are more limiting than the base cations when 
constricted by Al and H effects. It is thus the maximum uptake capacity that i~ constricted 
by these function~. The general equations for the damage functions can all be expressed in 
terlll~ of the BC / Al-ratio in order to reveal any additional antagoni~tie effects. In summary, 
the following generalized expression ran be used: 

[Bc2+]n 
f(BC/Al) = [BC2+]n + K([AI3+] +]J' [H+])m (8.45) 

where n and mare exponents and K 8xp is a eoefficient to be determined experimentally. From 
the theoretical considerations made above, the following values can be suggested. These values 
have been confirmed for grasses using the studies of Anderson and Brunett (1993) and later also 
for fungi and bacteria in a laboratory culture (Jönsson et al. 1994). We have after Sverdrup 
and Warfvinge (1993): 

Parameter n m p Applicable to 

Unspecific Spruce, Pine, Gra~~es, Flowers 
Vanselow 2 3 3 Deciduous trees, Crops, Flowers 
Gapon 1/2 1/3 \Villow, Coffee 
Gaines-Thomas 1.5 1 1 Spruce, Pine, Grasses 

Experimental data is required to determine which of the response types apply to a certain 
damage function. Experimental data seem to indicate that the uptakc of N and P is also 
restricted by the Al response. Other surface re action stoichiometries than those shown above 
were tcsted, but none except those given above fitted the data reasonably weil,. 

8.4.3 Experimental results 

When ca lied for, the data used in this stllcly was normalized by use of control experiment~. Fig. 
8.9 ~how the results of laboratory assays for Norway spruce (Picea abies), excluding the data of 
Arovaara and Ilveslliellli (1990). The spread of the data refleets the natural variation in sens i
tivity of the plant~ within a given specics. Such data have been much questionecl, since current 
methods have not shown thc capacity to detect such effects under field condition~ with any degree 
of accuracy. Regional data are however forthcoming that appear to confirrrl the existence of this 
kind of relation~hips in central Europe. The distribution of observed points around the BC / Al
response function is a normal distribution, with a standard deviation of +/-15%, r2 =0.67. The 
plot shows that one cannot expect to set sharp limits but must always work with a degree of 
uncertainty. This is not a problem in large sam pies if the uncertainty, as in this case, is symrnet
rical. Then stable avcrages can be made and the average uncertainty may be very smalI. All the 
spruce species investigated follow the unspecific response consistently (Sverclrup and Warfvinge, 
1993). The data of Arovaara ami Ilvesniemi (1990) ami Ilvesniemi (1992) on seedlings younger 
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Figure 8.8: The fom' d'iagmms show the growth r'esponses for Seots pine in relation to the Al 
concentmtions in 4 experiments of Arovaam and Ilvesniemi (l990) and of Ilvesniemi (1992). 
The best consistency is obtained by relating r-esponse to the (Ca+Mg+K)/AI mtio. 

than two year~ wa~ excluded in the figure. The remaining data ~how much greater con~istency. 
The re~ults of experiment~ by Abraham~en (1984), indicate a ~light additional antagoni~m of 
Ca in addition to the 1:1 of the BC/Al ratio. Fig. 8.9 show~ the respon~e of different types of 
pine to Al as observed in laboratory a~~ay~. Pines lie somewhere between the un~pecific and the 
Vanselow response, with the exeeption ofthe data by Arovaara ancl Ilvesniemi (1990), whieh in
dicate a less sensitivity ancl a more unspecifie response. The responses cluster, including plant~ 
with semi-quantitative data, into two groups with respect to Al sensitivity. The response data 
is for Scots pine (Finus sylvestTis) as reported by Arovaara al\(l Ilvesniemi (1990), Göransson 
and Eldhuset (1991) and McCormiek and Steiner (1978). By cornparisoll, the response for such 
pi ne species as Armand pine (Finus armandii), Masson pille (Firms massoniana), Aleppo 
pine (Finus halepensis), jack pine (Finus banksiana), white pille (Finus stTobus), Scots 
pine (Finus sylvestris), Longleaf pine (Finus palustris), Monterrey pille (Finus radiata) alld 
Loblolly pine (Finus taeda) can be found in Sverdrllp and Warfvinge (1993). Fig. 8.9 shows 
the bioassay response for Ellropean bireh or Silver bi reh (Betula pendula). There is consistency 
between res1l1ts for all bireh species, despite differcnces in base eation eoneentrations and birch 
speeies (Sverdrup and Warfvinge 1993). Silver birch is more tolerant to Al than aspen. There is 
eonsisteney between the res1l1ts of Göran~~on amI Eldhuset (1987) ami the other res1l1ts, despitc 
fundamental differences in experimental design. Aspen (populus tremuloides) is shown in Fig. 
8.9. Alder appear~ to be significantly more sensitive than Silvcr birch, Enropean beeeh and oak. 
The data was taken from frorn McCormiek ami Steiner 1978, Steiner et al. 1980, 1984, and 
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Figure 8.9: Growth response fOT NOTway spTnee (Norway spruce), Lan:h (Larix decidua), Seots 
p'ine (pinus silvestris) arid S'ilver' biTCh (Betulu pendula) in labomtoTY exper-iments. 

McCormick amI Amendola 1983. Fig. 8.10 shows a comparison between laboratory bioassay 
results for European oak (QueTc'us Tob1lT') amI American red oak (QueTclLs Tubra). I30th tree 
species show the same response. Fig. 8.10 shows response data for European beech (Fag'us 
sylvatica.) amI American beech (Fagus gTO,ndifolia) from laboratory bioassays in Germany 
and Sweden, as compared with the available field data. The comparison shows (two data points 
for beech, one point for oak and six points for orange) that limits based on laboratory data 
for beech can probably be transferred to field conditions without rescaling. I3eech apparently 
follows the Vanselow response mechanism and shows little elasticity in its response to AI as com
pared with spruce. The data was taken from Rost-Siebert 1983, Asp ami Berggren 1990 and 
the field data from Ulrich (1985). American beech appears to be slightly more tolerant to soil 
acidity than its European relative. Fig. 8.10 shows laboratory bioassay results for sugar maple 
(Acer sacchaTurn) trees from the northeastern United States ami from eastern Canada, a tree 
species used for the commercial collection of maple syrllp. Both stem growth and root growth 
data are shown, indicating the sallle response. Sour orange (Gitru8 aurantinrn) and Japanese 
mandarin orange (GUTUS nat,5udaidai) are shown in Fig. 8.10. The data originate from seedling 
experiments, youngcr trees amI trees several decades old in a Japanese nursery (Fig. 8.11). 
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These data for orange are im
portant since they inchlde not 
only seedlings, but also fully 
grown trees up to 67 years of age 
(Workll et al. 1983). They show 
that the data from laboratory ex
periments for orange can safcly 
be applied to field conditions. 
Tab.S.9 lists English name, latin 
name, type of Al response, co
efficient of the response function 
and Be / Al ratio at which growth 
has been reduced to 80% of nor
mal for various spruce and pine 
species. Mycorrhiza is consid
ered to be an important part. of 
the root system of a tree, the tree 
and the mycorrhiza fungus liv
ing in a symbiosis. Mycorrhiza 
is generally regarded as a kind of 
integrat.ed extension of t.he root. 
syst.em, and it may be as large 
or larger than the root system it
self. The mycorrhi~a system is 
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Figure 8.11: A8 can be seen jrom the data, the sensitivity 
can change over time as the plant beeome older. Orange, 
beeeh, oak and pine all appear to jollow the same pattern, 
wheTeas spruee apperJTS to show a different behaviour. All 
trees become more sensitive with age. 

generally considered to be very important for the nutrient collecting capabilit.y of the t.ree, and 
anything timt could affect the functioning of the rnycorrhiza system w(mld be of interest. Accord
ingly, a few experiments have been designed to study the effect of soi! acidity of roots without. 
mycorrhiza and trees with roots infected with mycorrhiza. The data available for Balsam fir 
(Entry et al. 1987) and Scots pi ne (Göransson ami Eldhuset 1987) may seem to suggest that 
mycorrhiza is of no rclevance for the response to Al whether the root is infected by mycorrhiza 
or not. Possibly, the opposite is the case, a tree infected with acid sensitive mycorrhiza may 
be more vulnerable than a tree without or with acid resistant mycorrhi~a species. Entry et al. 
(1987) showed the effect of soi! acidity and Al directly on mycorrhiza and other soi! microorgan
isms. Similar results were also obtained for bacteria (Ohno et al. 1988). The response isotherm 
for mycorrhiza alolle appears to be simi!ar to that of Spruce and Pine (Figs. 8.12). Mycorrhiza 
may have a key role, they form important support systems for nutrient supply to the trees. 
Quantitative elate to prove this point remain elllsive, and very much ab out the nature of the 
role actually played by mycorrhiza remain hypothetical. It goes without saying that mycorrhiza 
is no charity organization, anel what.ever benefit the tree gets from the fungus, the fungus eloes 
this only as long as it benefits from it, thus at some cost to the tree. 

Possibly, the tree can exploit the mycorrhiza for nitrogen ami water, the cost would be that 
the tree will have to compete for phosphorus and anel that the fungus would prey on carbon 
exudates from the root.. If mycorrhiza would be more tolerant to Al than the tree, then it would 
be potentially able to offset the effect of Al. Unfortllnately, this appear not to be so. Mycorrhiza 
appear to be as sensit.ive to Al as its host tree. Entry et al. (1987) invest.igated the response 
of the mycorrhiza associated wit.h Balsam fir. The data available for Balsam fir and Scot.s pine 
does inelicate that it is of no relevance for t.he response to Al whether the root is infected by 
mycorrhiza or not. Data from Göransson amI Eldhuset (1991) show tlmt there is no difference 
in response between trees infecteel with mycorrhiza and trees not infected with mycorrhiza (Fig. 
8.12). The response isotherm for mycorrhiza alolle appears to b8 similar to that of spruce and 
pine. We can therefore not expect mycorrhi~a to protect tree from the effect of soil acidity. 
On the contrary, because mycorrhiza appears to be sensitive to aluminium, trees dependent on 
mycorrhiza may be more jeopardi~ed by the effects of soi! acidification. 
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Figure 8.10: Top right: Labomtory experiments and field observations oJ gmwth decline oJ Enm
pean beech (Fagns sylvatica) and American beech (Fagns grandiJolia). Two da ta points with 
responses Jmm field observations oJ growth decline oJ Enmpean beech (Fagns sylvatica) have 
been inclnded and are shown by the open sqnare symbol in the diagmm. Top left: Gmwth decline 
oJ oak. German field da ta Jor oak has been 'induded in the diagmm (Black dot, Ulrich 1984). 
The field data show that the BCI Al concept holds nnder field conditions and that the result 
oJ labomtory experiments can be tmnsJerrcd to field conditions. Bottom leJt: Aspen (Populns 
tremuloidcs). Bottom right: Sweet omnge (Citrus sincnsis) a.nd Ja.pa.ncse ma.ndarin or·a.nge 
(Citrus na.tsuda.ida.i) in lub a.nd long term field experiments. 
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English Latin name Reaction K-value BC/AI 

Sitka Spruee Picea sitchensis n=m=l K=O.l 0.4 
White Spruce Picea glauca n=m=l K=0.2 0.5 
Black Spruce Picea mariana n=m=l K=0.25 0.8 
Norway Spruce Picea abies n=m=l K=0.35 1.2 
Red Spruce Picea Tubens n=m=l K=0.35 1.2 
Balsam Fir Abies balsamea n=m=l K=0.25 1.5 
Fraser fir Abies fmseTi n=m=l K=0.35 1.2 

Western red cedar Thuja plicata Vanselow K=O.OOOOOOl 0.09 
White Pine Pinus stTob1LS n=3, m=2 K=0.000002 0.5 
Western hemlock Tsuga heteTophylla Vanselow K=0.0000003 0.2 
Douglas fir Pseudotsuga rnenzerii Vanselow K=O.0000OO4 0.3 
White pine Pinus strobus Vanselow K=0.000002 0.5 
Aleppo pine Pinus halepens'is Vanselow K=0.000002 0.5 
Slash pine Pinus elliottii Vanselow K=0.000OO2 0.5 
Armanc! pine* Pinus armandii Vanselow K=O.0000l5 0.5* 
Sand pine Pinus da'usa Vanselow K=0.000004 0.6 
Monterey pine Pinus radiata Vanselow K=0.00008 0.8 
Seots Pine Pinus sylvestris n=3, m=2 K=0.000002 1.2 
Serub pine Pinus v'irginiana Vanselow K=0.00002 1.2 
Pitch pine Pinus rigida Vanselow K=0.00002 1.2 
Jack pine PiT/:us banksiana Vanselow K=0.00003 1.5 
Loblolly Pine Pinus taeda n=3, m=2 K=0.00002 1.5 
Lareh Lar'ix decidu.a Vanselow K=0.00005 2 
Long!eaf pine Pinus palustris Vansclow K=0.00005 2 
Masson Pine Pinus massonii n=3, m=2 K=O.OOOl 4 

Table 8.9: Response type and estimated aluminium Tesponse coe.fficients .for spruce, pine and 
other conifeTs. The Be/Al-limit was determined on root gTowth or whole plant growth, and set 
.for labomtory Tesults reduced to 80% o.f normal. *: field estimate. 

8.4.4 Discussion 

When located in the field the plants are subjected to the combined effects of different BC / AI 
values in the rooting zone. In the 0- and E-Iayer, the BC/AI value may under moderate acid i
fication be signifieantly different from the value in the B-horizon. Under laboratory conditions, 
the plants are generally exposed to uniform soi! conditions, there being one BC/ AI value for all 
roots. The laboratory experiments represent the effect of the Be/AI which the plant roots in a 
particular soi! layer would experience, this need to be weighed together with results for all the 
layers in order to estimate what the plant as a whole would experience. One conclusion is that 
multi-Iayer models are preferable for sustainability assessrnents. The often stated conclusion 
that the AI concentrations required to induce tree response in experiments are seldorn observed 
in the field is probably amisinterpretation of the experiments. When the differences between 
field and experiment base cation coneentrations are taken into account, damaging AI eoncentra
tions can indeed be seen to occur in acid soils. It is a eonsistent pattern that the growth effect 
expressed as a function of the( Ca+ Mg+ K) / AI ratio rather than of the AI concentration alone 
generally removes most of the differences between such studies on a given plant species. Sorne of 
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Figure 8.12: A eornparison between experiments with Seots pine without myeorrh-iza and Seots 
pine with myeorrhiza, showed no difference in the response of growth to soil solut-ion Al (Gömns
son and Eldhuset 1987). There is a near 1:1 eorrespondence between the response to Alfor' Seots 
pine with and without myeorrhiza. It does appear that rnycorrhiza cannot offer- the plant extm 
proteetion against soil acidity. From the perspeetive of rnyeorThiza being an irnportant part of 
the root appamtus, this is a serious treat. 

the studies revealed that the P j Al ratio mayaiso be an important factor for growth, especially 
in soils with no or little excess production of P over growth demand (Asp and I3erggren, 1990). 
Since P is an essential element and is growth rate regulating, similar effects on trees can be 
expected as weil. The nitrogen sources for the plant may be important due to several different 
mechanisms, such as nitrification, ANC production through nitrate uptake by plants in contrast 
to the acidity produced by ammonium uptake or by plant variability. In several studies report
ing the effect on Al-tolerance of the type of N source, the effect of acidity production from I\ 
transformation seem to be the most important factor in causing an effect. the conclusions are 

• Soi! acidity affects tree vitality mainly through changes in nutrient uptake capacity. Gen
erally, the uptake of Ca, Mg and K seems to be most disturbed. 

• There seems to be a difference between species regarding which nutrients are most strongly 
affected by Al:l+ and H+ , respectively. If the two stress factors act concomitantly, beech 
and oak are most sensitive to a combination of aluminium and H+ stress. 

8.4.5 Nitrogen and nutrient imbalance 

Ulr-ika Rosengren, IugTid Stjernquist and Gunnar' Thelin 

Up to the 20th century, Swedish forests developed under conditions of nitrogen limitation. 
The extra input of nitrogen from air pollution deposition was insignificant, as can be illustrated 
by an investigation from the beginning of the 1950s showing that the maximum contribution 
of nitrate-N through deposition was 0.8-0.6kgjha,yr (Emanuelsson et al. 1954). This can be 
compared with the current values of 10-20 kg N ha-1yr-1 in southern Sweden. The increased 
nitrogen availability affects trees in two principal ways: 

1. Throllgh nitrogen as a growth factor 

(a) where it increases the water dernaml of the tree throllgh an increased growth ami 
a change in the root to above-ground biomass ratio, causing an increased risk of 
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Plant species Latin name Reaetion K-value BC/AI 

Teak Tectona grandis Vanselow K=0.000004 0.6* 
Sugar maple Aeer saeeharwn Vanselow K=0.000004 0.6 
Oak QueTC'us robur Vanselow K=0.000004 0.6 
Red oak QueTC'us rubra Vanselow K=0.000004 0.6 
Pin oak QueTC'us palustris Vanselow K=0.000004 0.6 
Silver Birch Bet'ula pendula n=3, m=2 K=0.000006 0.7 
American beech Fng'us grandifolia Vanselow K=0.000004 0.6 
Beeeh F ugus sylvntica n=3, m=2 K=0.000004 0.6 
Peaeh PnLnus persien Unspeeific K=O.4 1.4 
Black Alder Ainus glutinosa Vanselow K=0.00005 2 
Paper birch Bet'ula papyrifcra Vanselow K=0.00005 2 
Gray birch Betula populifolia Vanselow K=0.00005 2 
Yellow birch Betula allcghaniensis Vanselow K=0.00005 2 
Sour orange Citrus aurantium Vanselow K=0.00005 2 
Eucalyptus Eumlyptus gummif cra Vanselow K=0.00006 2.8 
Mandarin orange Citrus natsudaidai Vanselow K=0.0003 3 
Rhododendron Rhododendron pontiewn Vanselow K=0.0004 4.5 
Crack willow Snlix fragilis Gapon K=0.08 5 
European alder Ainus glutinosn Vanselow K=0.0002 5 
Aspen Popu.lus trem11.ln Vanselow K=0.0005 6 

Table 8.10: Response type and estimated aluminium response coeffieients for differ'ent species of 
deciduous trees nnd bushes ordered according to relative sensitivity. The BCI Al-limit Tepresents 
a gTOwth reduction to 80% of normal. * BCI AI=0.S5 hased on a field value for stem gTOwth. 
n. d. represents values deTived fTOm a combination of the quantitative da ta in this study and the 
semi-quantitative data of Cmnnn et al. (l989), Kowalkowski (1987) and Ulrich (1985) as weil 
as 'unpublished data. 

drought stress. 

(b) where it decreases frost-hardiness during the winter period causing an increased risk 
of frost injuries at low winter temperatures or as a result of sudden frost periods 
during the spring. 

(c) where it increases the risk of nutrient imbalance in the trees 

(d) where it contributes to a reduction in the soi!-nutrient pool through an increase in 
uptake. 

2. Through effeets on the soil environment 

(a) where it increases the soil acidification and thc leaehing of Ca, K and Mg from the 
root zone. 

(b) where it hampers the external mycorrhiza devcloprnent ami thus deereases the nutri
ent uptake capacity of the tree. 

(c) where it increases the risk of nitrate leaching from the soi! to water courses. 
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Reaction of the ecosystem to excess nitrogen 

Since nitrogen availability is traditionally the growth-limiting factor in terrestrial ecosystems 
and in Swedish forest trees, an increased nitrogen input to the ecosystem can be expected 
to increase production (Tamm 1991). On the other hand, if the forest has received nitrogen 
beyond the point of nitrogen saturation, nitrogen loss from the ecosystem is likely to occur 
as may visible damage to the trees (Fig. 8.13). During the last two decades, a N-saturated 
ecosystem has been defined in 
different ways. The three defini
tions most frequently used are 

• An ecosystem in which pri
mary production will not 
be increased f'urther by an 
increase in the supply of N 
(Nilsson 1986). 

• An ecosystem in which N
losses approximate or ex
ceed the inputs ofN (Ägren 
ami Bosat.t.a 1988). 

• An ecosystem in wh ich the 
availability of inorganic N 
is in excess of the combined 
total plant and microbial 
nutrition al demand (Aber 
et a!. 1989) 

The different criteria used has 
confused the discussion about at 
what nitrogen level the risk of 
forest damage increases. The 
first two definitions can allow 
considerable amounts of nitrogen 
to leach out of the forest soi! 
bcfore the stand is regarded as 
having reached thc point of N
saturation. Thc third dcfinition 
reflects a sustainability perspec
tive, the idea that the nitrogen 
availability should not exceed the 
demami of the organisms living 
in the forest ami that no nitro
gen should leach frorn the for
est ecosystem and have a nega-
tive impact on othcr ecosystems. 
From a forest health perspective, 
nitrogen availability is clearly in 

Buffer 
system 
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Soil temperature and 
Water fluctuations increases 

Decomposition of the soil 
organic matter increases 

Increased leaching 
01 
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ammonium 
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Figure 8.13: Relationship between nitmgen satamtion status 
and jorest damages, accord'ing to Berg et al. 1 997. The ni
trogen deposition adds directly into the system by increasing 
nitrogen concentmtions. For mOTe detaüed explanations see 
text. 

excess if it leads to nutrient imbalance in the trecs. Even if tree growth increases, risk of 
stress from drought, frost, pathogens and pests may develop and materialize whcn situations 
are unfavourable. The GIN ratio in the topsoil has been suggested to be a uscful indicator 
of thc risk of nitrogen-leaching in spruce forests and thus, of the degree of N-saturation. The 
threshold value appears to be a GIN ratio of approxirnately 25 (Gundersen et a!. 1998). Bclow 
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this value nit.rate leaching is probable and t.he amount of nitrate in t.he outflux water increases 
exponentially as the rat.io decreases. 

Excess nitrogen and stand age 

Young stands appear t.o be able to receive large amounts of N before any restrict.ions on growth, 
such as limit.at.ion by another nutrient, appeal'. In Norway spruce stands in southern Sweden, 
the annual growth rate inereases to approx. 40 years, depeneling on the site conditions, and 
t.hen declines (Thelin 2000). It appears that the fast-growing young stands are able to efficiently 
absorb all eleposited N. Both the growth rate and t.he nutrient. requirements change over time as 
a stand develops (Miller 1995, Kimmins 1997). Stands more t.han 40 years old, however, appear 
to behave quite differently from younger st.ands, showing dear indications 01' being li mi ted by 
Kor P rather than by N (Thelin et al. 2001b). According t.o Miller (1995), nu trient deficiencies 
are most likcly to appear in young stands when crowns are being const.ructed, since fast-growing 
young stands depend on soil reserves of nutrients to a great.er ext.ent. t.han older stands do, in 
which a large share of t.he nutrient demand is sat.isfied by ret.rallslocat.ion (Miller 1986). lVfiller 
(1995) adds that "if deficiencies are rectified prior to canopy closure t.here are then unlikely to 
be any further nutrit.ional problems providing that nothing occurs t.o disrupt one or more of the 
nutrient cycles". This is probably what has happened in t.he Norway spruce stands in southern 
Sweden that for decades have reeeived an enhanced N and S deposit.ion. Apparently, when 
stands rcach t.he age of approximately 40 years soil pools of nutrients can no longer sustain the 
high N-induced growth rates. It should be emphasized that., although N additions may increase 
forest growth in large parts of southern Sweden in t.he short run, this is clearly not sustainable 
in the long run. 

N utrient imbalance 

The loss 01' nutrients through leaching and an increased removal of harvested biornass both of 
them due to a higher growth induced by N, may lead to an imbalance between nutrients in soil 
and trees. The term "rl1lt.rient imbala.nce" can he used t.o describe 

• An imbalanced nutrient situation within a tree. This is manifest.ed by an absolute or 
relative deficiency of one or more nutrients. 

• Nutrient. depletion of the soi!, i. e. when the concentrations of nut.rient.s decrease bclow 
what. would be sust.ainable for long-term forest production. 

• A deficit of mineral nu trients within t.he forest. ecosystem elue t.o an imbalallce between the 
inputs and output.s of nutrient.s. This can be described as the weathering plus deposition 
inputs being srnaller t.han leaching plus uptake caused by stern growt.h(Sverdrup and Rosen 
1998). 

The t.hird descript.ion may be regarded as t.he precursor t.o 1 anel 2. Deficits rnay exist for a long 
period of time hefore soi! or tree nutrient. imbalance devclop. Considering the weil documented 
deteriorat.ion of forest healt.h and t.he increase in soil acidity, the increase in forest produet.ivit.y 
could be seen as a paradox. However, whell this paradox is cxamined more closely, it becomes 
evident that one ean reasonably expect t.hat. in a system in which N is growth-limiting hoth 
growth am! acidification should increase when N availability iuereases. High growth rates can 
be maint.ained as long as no other limitation on growth replaces the nitrogen limit.ation. This 
will not appear before the pools 01' avai!able mineral nutrients bemme too small to satisfy the 
nutrient demam!s 01' the tree or before the nut.rient. upt.ake is ot.herwise impaired. For example, an 
excess of nitrogen, since it inhibits the development of external rnycorrhiza, leads to a deerease 
in t.he nutrient. upt.ake capacit.y of the tree. (Wallander 1995, Karen and Nylund 1997). This 
nitrogen effect. may be eit.her direct or indirect.. Further studies are needed t.o better und erstand 
t.he exaet mechanisms involved. In addition, llutrient imbalance may affect t.ree vitality through 
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• An increased drought sensitivity due to a decrease in the folim ratio of K, Ca ami P to N 
(Rosengren-Brinck and Nihlgard 1995) 

• A decreased frost sensitivity due to a deerease in the availability of K, Ca and Mg. 

• An increase in the risk of attack by aggressive pathogens and pests, e.g. Annillaria (Shaw 
and Kile 1991). The importance of a specific element depends on tree species. 

• An inerease in the risk of growth malformations due to a decrease in the foliar mtio of B 
and Cu to N 

The nutrient threshold values for leaves and needles used as indicators for forest vitality are 
given in chapter 8.7. The deficiency levels for foliar nutrient concentrations, as weil as the target 
ratios to N, are weil defined for spruce and pine, whereas the threshold values for important 
deeiduous tree speeies such as birch, beceh and oak arc more uncertain at present. 

Foliar nutrient concentration and stress 

To evaluate the nutrient demand of the tree and diagnose possible deficiencies, the nutrient 
eoneentrations and corresponding plant growth need to be known. A deficiency has been defincd 
as the coneentration of nutrient X when growth has decreased by > 10%. These types of studies 
are generally cmried out in nurseries (e.g. Binns et al 1980) or in hydropondic systems by use 
of sprouting seedlings (e.g. Ingestad 1988). However, since it has been argued that the nu trient 
demami of a tree may differ dcpending upon weather the tree is a seedling, a young plant or 
a mature tree, another way of defining both deficiencies ami optimum nutrient levels has been 
to screen the mItrient status of mature trees in the field displaying no visible damages, (e.g. 
Bergmann 1988). In efforts to understand differences in nu trient elasticity between species, data 
found in literature on nutrient concentmtions in the foliage of mature trees was examined and 
frequency distribution diagrams being created. This was done for four important Swedish forest 
tree species Norway sprucc (Picea abies), birch (Betula pubescens), beech (Fagus s;ylvatica) 
ami oak (mainly Q'UeTcus TobuT but also QueTcu8 petTea). Only data from stands with no 
visible damage were employedi ncither solitary individuals nor trees from treated experimental 
plots were included. 

The data used in the analysis was taken both from litemture and in some cases from un
published data from the SUFOR research projects 

• ßirch: mainly Swedish information, Betula pubescens being includcd, 

• Norway spruce: mainly information from southern Sweden 

• Beech: European information, Swedish information from Scania 

• Oak: European information, Swcdish information from southern Sweden. Both QueTcILs 
TobuT and QUCTCUS petTea was used. 

These frequency diagrams, besides showing between-species differences in nu trient elasticity, 
allow threshold values to be estimated, i.e. the point where the curve starts leveling off. It 
can be argued that this point can be interpreted as representing one way of setting critical 
levels for nutrients. As ean be seen in Fig. 8.15, the frequency gmph of N, Ca, K, Mg and P 
concentmtions in the foliage shows two different patterns dependent of nutrient. Over the whole 
range of soil fertility, the concentrations of K, Ca and N in spruce needles are weil below those 
for the deeiduous spceies, whereas for Mg and P, birch differs from the other species by its wider 
range in concentmtions, i.e. its greater nutrient elasticity. The Mg graph shows both higher 
as weil as a wider range of foliar nutrient concentmtion for birch. For P, the lower end of the 
curve is similar for all the four tree species whereas the upper part of the gmph clearly singles 
out bi reh, again with both higher as weil as a wider mnge of folim nutrient concentmtion. The 
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Figure 8.14: Top:F,equeney graph of the folia, eoneentrations of N and K fo, oak, beeeh, bi,eh 
and No,way spmee in Europe. Bottom F,equeney graph of folia, eoneentrations of Ca and Mg 
fo, the same speeies. 

threshold value of 1.8 for P indicated by the frequenc:y graph (where the c:urve makes a "knee" 
) c:an probably be an artefac:t. Thus, more studies are needed to detcrmine the true frequenc:y 
distribution for birc:h. One explanation for the generally higher P amI Mg conc:entrations in 
birch le,wes c:ould be tImt a fast·growing species as birch require more Mg for photosynthesis as 
well as more P for energy transport than the more slow-growing species. The frequency graphs 
of the K, Mg and P ratios to N also show patterns timt differ, depending on element and species, 
Fig. 8.14. The KIN frequency graph is for oak, beech, and Norway spruce basic:ally the same, 
probably indic:ating that, these species are similar in their use of potassium in physiological 
processes. Henc:e, one and the same KIN ratio appears to be the most suitable indicator to 
evaluate stress in forest stands, independent of stand charac:teristic:s. On the other hand, the 
graph for MglN follows the life strategies of the studied species. For birch, as a fast-growing 
species, the ratio is lligher than for the slow-growing spruce, oak and beech. This tendency 
holds both for Mg and for the Mg/N ratio. The frequenc:y graphs for P IN are more c:omplic:ated 
to evaluate. The P IN graph for spruce shows higher ratios than for any of thc other species 
generally, even when it is compared with that of birch. An explanation for this rnay be that 
spruce requires a higher proportion of P in order to store energy for producing costly defense 
substances such as resins and phenols. Future analysis of the situation for pine may be able to 
cast more light on the tenability of this hypothesis. The Mg/N ami P IN ratios may potentially 
be used as stress indicator when cornparing the vitality status betwccn different tree species. 
It has been argued that using the ratio of nutrient X to nitrogen is a more reliable way of 
diagnosing nutrient imbalanccs and thus deficiencies (e.g. Ingcstad 1979c), due to the fac:t that 
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nitrogen is the most growth promoting nutrient anel it controls growth to large extent. 
Within a wiele range, the concentration per se is not consiel-

ereel to be essential for the "vitality" of a tree the proportions 
of elements relative to nitrogen being at least as impartant 
(Lineler 1995). Linder (1995) also suggested that the relative 
proportions of nutrient X and nitrogen are similar far the all 
higher plants. However, Interpretation of the frequency graphs 
contradict the statement just cited. These elata show that far 
the ratio of potassium to N the same threshold value may weil 
be useel far each of these four tree species. Beech, oak anel 
Norway spruee seems, on the other hand, to have the same 
threshold value for Mg/N, whereas the value fm birch should 
be lügher. \Vith regard to P IN ratios, species specific values 
should be set fm Norway spruce amI birch, whi!e the same 
threshold value may be used both for oak and beech. Further 
studies are needed to verify these findings. 

Nitrogen as a predisposing factor for multiple stress 

In chapter 8.1 the current predisposing stress factars in south
ern Swcden were discusscd. Many of these factms, like nitro
gen and water, are essential and limiting fm tree growth in low 
concentrations. In his stress concept, Godbolel (1998) stateel 
that tree adaption to constraints is carbon expensive. This is 
also true of constraints which are fadors essential for growth if 
the concentration is above the optimal value. Sueh long-lasting 
constraints cause carbon costs for the repair of damage and for 
reducing physiologie al stresses. The carbon costs are species
dependent but are probably also dependent on age, due to the 
size of the nutrient pool, which can recirculate within the plant. 
Such aperiod of "self cannibalism" is theoretical longer for 
mature trees than for seedlings and is longer for seedlings wi th 
large seeds than far those with small seeels. Fig. 8.16 shows 
on top the effect of nitrogen fertilization (150 kg N ha -lyr- 1) 

anel soil acidification on thc K and P content of beech seeds 
(Stjernquist 2002b). The middle figure shows Puptake in 
2 yr old beech seedlings grown under stress conditions. In 
the figure N03-N=100 kg Ca(NO:l)2ha-lyr-l; NH4-N=100 kg 
NH4N03ha- 1yr-1 ; acid=pHKcl 3.30; mod. acid=pHK c I 3.87; 
D = drought treatment, n=lO. (Stjernquist 2002a). The bot-
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Figure 8.15: Fr'equency graph 
of the foliar' nutrient ratios to 
N (MgiN, KIN and P IN) for 
oak, beech, birch and Norway 
spruce in Europe and the fre
quency graph of the foliar con
centration of P for the same 

tom diagram shows number of shoots remaining and missing 
re la ted to total number of shoots on branches taken from the 
7th whorl from Norway spruce (Rosengren-Brinck and Nihlgard 
1995). A changed carbon allocation pattern mayaIso influence 
the possibility of the tree to withstand other stress fadors. 
When nitrogen availability increases from the limitation to the 
optimal value far tree growth, the shoot to root ratio increases. 
Thus, constraints that negatively affect the nutrient uptake ca
pacity, such as ozone and soi! acielity, should have synergistic species. 
effects when combined with a high nitrogen avai!ability. This 
has been studied in field experiments with use of the most prob-
able stress fadars in southern Sweden, excess of nitrogen, soil 
acidification and drought. Below, three examples are discussed which concern three different 
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life stages, mature tree, seeelling anel seeel. 

Seed 

In Sweelen, elecieluous trees are mainly regenerateel 
through natural seeel fall. Species with large seeels, 
like beech anel oak, have a large nutrient pool at 
gemination, allowing the seeellings to compete with 
the forest floor vegetation through growth anel root 
elevelopment. For beech, for example, the relative 
growth rate of seeellings eluring the seconel year is 
higher than the relative growth rate of the leaves. 
This is probably elue to a resielual effect of the large 
nutrient anel carbon reserves in the seeel, which is 
pooleel to the elevclopment of the stern anel main 
roots eluring the first yeaL On the very aciel clayey 
anel silty soils in southern Sweelen, impoverisheel 
of important cations through leaching, the beech 
amI oak seeellings are strongly elependent on the 
nutrient content of the seed during the first vege
tation period. Thus, the seed condition, defined as 
the nutrient content of the endosperm, is an impor
tant factor for the future survival of the plant. In 
northern Europe, the filling of beech seeds starts 
in August anel continue until leaf fall (Röhrig ct 
al 1978). Since in southern Sweden, beech leaves 
normally are functional until the beginning of Octo
ber (Staaf anel Stjernquist 1986), the time for seed 
filling is theoretically two months. In this area, 
the air pollution deposition, however, causes early 
seenescence of the leaves ami a changed crown ar
chitecture. The effects, single anel in eombination, 
of excess of nitrogen and soil acidity on beech en
dosperm mass and nutrient content were studied 
in a fielel experiment in mature beech stands. The 
excess of nitrogen was performed through fertiliz
ing with 150 kg N/ha,yr far five years. The results 
show that excess of nitrogen decrease the K content 
of the seeel by 8%, both on acid and on moderately 
aciel soil. On moderately acid soil the P content 
also elecreased by 10% (Fig. 8.16). Beeches grow
ing on acid soils was found to produce a signifi
cantly lower endosperm mass than those growing 
on moderately acid soils, the difference being as 
high as 17% (Stjernquist 2002b). These results in
dicate that regeneration of beech in southern Swe
elen is likely to be negatively affected by the current 
air pollution conditions. The combined effects of 
excess nitrogen and aciel soil conditions, together 
with low and imbalanced nutrient content, results 
in reduced seed size with a smaller relative content 
of P and K (Stjernquist 2002b). 
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Figure 8.16: Top; EJJects oJ nitrogen Jer
tilization and so'il acidijication on the K 
and P content oJ beech seed. Middle; P 
uptake in 2 yr old beech seedlings grown 
under stress. Bottom; Nurnba oJ shoots 
remaining related to total Tmrnber oJ shoots 
on bmnches taken Jrorn the 7th whorl Jrorn 
Norway spruce. 
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Seedlings 

The re action of small plants was studied in an experiment with beech seedlings established under 
a beech shelter-wood. The seedlings were grown for two years in an acid till (pHKcl 3.3) ami a 
moderately acid till (pHKCI 3.9). The nitrogen treatments were 100 kg N ha-1yr-1 of Ca(N03)2 
and NH4N03 respectivcly. Drought stress was applied during the second vegetation period from 
May to September, the individuals growing in rnoderately acid soi! and not subjected to any 
stress factor were used as contro!. The results showed N-saturated conditions to hamper the 
growth and development of beech seedlings independent of soil acidity. Nitrogen available as 
NH4-N had the most negative effect. Nitrogen excess also decrease the total uptake of P, Mg 
and K in the plants during the first two years (Stjernquist 2002a). When nitrogen excess was 
combined with low pH and with drought respectivcly, the N /Iow pH combination was found 
to have the strongest infiuence on growth and nutrient uptake. Under such circumstances, the 
relative growth rate of the leaf during the second year was zero or even negative in the case of 
the NH4-N treatment. The joint stress of N and low pH decreased P, Mg and K uptake still 
furt her. For beech seedlings, the P balance seems to be crucia!. High avai!ability of NH4-N in 
an acid soil causes a negative total Puptake in the 2 year old plants compared with the P pool 
in the seed. 

Mature trees 

A study of the effects of multiple stress on mature trees was conducted within the "Skogaby 
project" in which 30 year old Norway spruce (Piceaab'ies) were grown under different nitrogen 
and water supply. The treatments used were control (C), ammonium sulphate (NS) where 100 
kg N ha-1yr-1 , N-free fertiliser (V) whereas all macro nutrients except for N were applied in a 
single dose. These three treatments were later combined with drought to create three additional 
treatments: drought (D), ammonium sulphate + drought (ND) ami N-free fertiliser + drought 
(VD). The relation between nitrogen availability and tolerance for drought was studied by 
examining the fiushing of new shoots ami needle loss. Whereas NS treatment resulted in an 
increase in N but a decrease in the P/N, K/N and Mg/N ratios in the needles, use of N-free 
fertiliser resulted in an increase in the P /N and Ca/N ratios (Rosengren-I3rinck ami Nihlgard 
1995). When drought was added (D, ND and VD) the nutrient ratios remained rclatively 
unchanged as compared with C, NS ami V. Thus, mature trees appeared to be very efficient in 
maintaining a stable internal nutrient balance. However, as a response to the nitrogen+drought 
treatment, the trees did stop the expansion of new shoots to a greater extent than trees from 
treatment VD (Fig. 8.16). In conclusion, nitrogen status had a substantial effect on drought 
resistance which could be seen in the differences in the fiushing of new shoots rat her than in 
changes in the nutrient ratios in the needlcs (Rosengren-Brinck and Nihlgard 1995). 

Conclusions 

It is evident that an imbalanced nutrient status reduces tree vitality and predisposes the trees 
to other kinds of stress. From a broad European perspective, it has been shown that inputs 
of excess nitrogen to forest ecosystems plays a major role in forcing forest ecosystems towards 
nutrient imbalance. It has been argued that the existing nitrogen deposition is no threat to 
Swedish forests (I3inkley ami Högberg 1997). We have provided several examples, however, 
where forests in southern Sweden suffer from an excess of nitrogen. This discrepancy in opinion 
rnay, in part, be owing to the fact that Swedish forests covers a large latitudinal span in which 
they are exposed to considerable differences in climate, as weil as in nitrogen deposition, where 
the deposition decrease from southwest to northeast. Clearly, it is dangerous to generalise 
fmest response to nitrogen deposition considering the gradients involved. Nutrient imbalance 
caused by nitrogen and acidification poses serious ami increasing threats to the health and long
term productivity of southern Swedish forests. Although adaptive management and nutrient 
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compensation by base cations may improve the situation, they will remain no more than stop
gap measures. Accordingly, it is of utmost importance timt N deposition to the forest ecosystems 
of southern Sweden is speedily reduced. This requires, from the Swedish perspective. a continued 
international effort to reduce emissions within the CLRTAP framework. 

So far the effect of an excess of available nitrogen in southern Sweden is most evident as 
a predisposing stress fador which - in combination with frost, drought ami soil acidification 
- causes stem damage, nutrient imbalance in the foliage and illcreased sensitivity to drought 
allCl storm. At sites with forced high production rates, e.g. spruce monocultures, the nutrient 
imbalance effect is most evident and unlikcly to be sustainable in the long-term. However, 
differences in age and developmental stage, as weil as in regeneration strategies and nutrient 
clasticities between tree species, are likely to determine the extent to which the identified effect 
will manifest itself in the field. 

8.5 Stress by pathogens and pests 

Feli.?: HeintzenbeTg and IngTid Stjcmq11ist 

8.5.1 Pest and pathogens in Swedish forests 

Periodical out breaks of insects and pathogens, which are weil known phenomena and have been 
l'ecorded by Swedish forest authorities for the last two centuries, often result in substantial 
economic loss for forest owners. Local and regionaloutbreaks of insects have been reported 
since the middle of the eighteenth century (Lekander 1950). These reports show that the most 
damaging pest and pathogen species have been the same during the period covered by the 
records. In Sweden, which is domina ted by conifers, these species are Hylobi11s abietina, Ips ty
pogmph11s, Pitogencs chalcogmph11s, TomiC'as pin:ipeTda, Tomicus minoT, Hylastes cunic11laTi11s, 
N eodipTion scrt'ifeT, B11pal11s piniaTi11s, LyrnantTia monacha, Lyrnantria dispaT. The most com
mon pathogens are root rot (Hetembasidion GTemmeniella abietina, Lophodenni11rn seditios11m, 

Melarnpsom pinitoTq11a and ATmillaTia spp, (Skogsstatistisk Äl'sbok 2000)). 
Knowledge of how to control insect and pathogen outbreaks by means of various forest 

management practices is also weil established and includes cleal' cuts, removal of biomass , 
the avoidance of thinnings or clear cuts during the spring, summer and autumn. High biomass 
concentrations after storm felling and harvest increases the risk in los ses of productivity. Some 
of the most important species attack trees of decreased vitality e.g. Ips typogmph11s, Pitogenes 
chalcogmph11s, Tornic11s pinipeTda, Tornicns minoT and ATmillaria spp. For other species a 
suitable clirnate, temperature and humidity, during specific time periods is the triggering factor 
for population growth. 

To prevent largc olltbreaks of insects and pathogens, the Swedish Forestry Acts have, since 
1979, included regulations for tree harvest as weil as for the removal and storage of timber and 
biomass. Forest owners and forest cornpanies are responsible for ensuring that measllres to 
inhibit or reduce insect breeding grounds and infestations bc carried out. To control outbreaks, 
the National Forest Inventory has monitored the developrnent of the most aggressive species. 

In spite of a relativcly effective insect and pathogen control, new types of forest damages 
have developed in southern Swedcn during the last two deeades, the most evident being oak 
decline and resin ftow. The resin ftow phenomena was first identified in southwest Sweclen in 
the late 1980s ami the oak dccline in 1987 in the same area (Barklund et a!. 1995, Sonesson 
2001). Oak decline in Europe is connected with increased attack by Phytophthom spp aml, for 
trees with resin ftow, the presence of pathogen species has increased, especially TTyblidiopsis 
pinastr'i (Barklund et a!. 1995). These types of forest damage~ are probably associated with 
environrnental changes caused by anthropogenie stress factors, hut the direct rclationships are 
yet inadequately known. In Europe, forest arms with a high deposition of nitrogen have shown 
an increasecl infestation of foliage by grazing parasites (Flückigcr and Braun 1999). 
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The new kind of forest damages in Sweden have highlighted the need for better knowledge 
of the relationship between nutrient imbalance in the soil, high deposition of nitrogen, high 
concentrations of ground-Ievel ozone and a future climate change amI the sille of the insect and 
pathogen populations. This chapter will discuss the importance of nutrient imbalance as a 
triggering factor for increased attacks by pests and pathogens. 

8.5.2 Effects of nutrient imbalances on pest and pathogens 

Introduction 

The effects 01' nutrient. imbalances on the defense capacity of wooely plants against pests and 
pathogens has long been ovcrlookcd. However, during the last. t.wo elecades, more evidence has 
been present.ed for therc being a connection betwecn the increaseel amount of nitrogen in forest 
soils ami the occmrence of attacks by fungi amI herbivores. The current knowlcdge of the con
nection between nutrient imbalance, pathogens anel pests will be reviewed in this chapter. An 
increased amount of nitrogen in forest soils results in an increase in tree growth, which requires 
large amounts of carbohyelrates, produced elming phot.osynthesis. Carbohydrates are useel not 
only for tree growth and maintenance but. also for the synthesis of carbon-based secondary 
metabolites, such as terpenes and phenolics. These are used as dcfense substances and are 
positively correlat.ed wit.h t.he C/N ratio of the plant. (Bryant et a!. 1983). Protective chem
icals against pests anel pathogens include phenols, tannins amI lignin. Through it.s aelhesive 
charact.eristic, resins are important. in count.eracting insect att.acks. They also have antifungal 
properties by compounds tImt. are direct.ly toxic t.o animals anel fungi. For example, monot.er
penes anel alkanes are toxic t.o the fungi trans mit ted by bark beetles (Kozlowski amI Pallardy 
1997, Farrel et a!. 1991) The costs for synt.hesizing one gram of secondary metabolit.e of different 
defense substances were summarized by Gulmon and Mooney (1986), and estimated to be 2.6 
g CO2 for phenolic resillS and 4.7 g CO2 for terpenes. The production of elefense substances is 
t.hus costly compared with the eosts of leaf growth, which is given as 1.9-2.7 g C02 per gram of 
foliage. The cost.s of defense are considered as being a combination of the elirect carbon cost.s 
and indirect. costs, imJuding future reductions in plant growth amI reproduction (Gulmon and 
Mooney 1986). 

Carbon nutrient balance - growth or defense 

When the C/N ratio in the tree decreases, fewer carbohydrates are allocated to C-based scc
ondary metabolit es (Bryant et a!. 1983). During extensive growth, sccondary metabolism may 
therefore be limited (Gulmon amI Mooney 1986, Chapin 1991). This causes a trade-off situa
tion for the trec of eit.her growing or dcfending itself against herbivore amI pathogen attacks. 
Trade-offs between primary and secondary metabolism have been documented in cell cultures 
(Lindsey and Yeornan 1983). \Vhen nitrogen access is favourable, vegetative growth generally 
receives a resomee priority over secondary metabolisrn and storage (Chapin et a!. 1990, Waring 
and Pitman 1985). This has been defined as the Ca.rbon Nut.rient Balance (CNB)-hypothesis 
(Bryant. et al.. 1983) anel is st.rongly suppmted by the results of a variety of studies. Herms 
and Mattsson (1992) stated t.hat. plant defensc might decrease when t.he nit.rogen content in
creases due to fertilillation. Their st.atement was supported by Flückinger and Braun (1998), 
who showed tImt. insect attacks (genus Cinaria, Sacchipanthes) on Picea abi es increased with 
an increase in N -fert.ilillation. 

Sirnilar statements and investigations were made fm a number of other trees. In beech,Fagus 
sylvatica, the t.ot.al phenol concentrations in lcaves significantly decreaseel by nitrogen fertiliza
tion (Balsberg-Pahlsson 1992). Flüekinger and Braun (1998) showed t.hat parasite attacks 
(genus Phyllaphis) increaseel with inereasing N fertilization. Changes in the concent.ration 01' 
defense substances in Picea sitchensis as a result of changes in the root/shoot ratio due to nitro
gen fertilization have been reported, the concent.rations of the defensc substances being lüghest 
at low nutrient. and high light t.reat.ment (Wainhouse et a!. 1998). Larsson et. a!. (1986) studied 
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changes in t.he amount.s of phenolic compounds in willow Salix dasyclado8 leaves as a result. of 
N fertilization ancl shading. At high N and low light, t.he leaves contained low concentrations 
of phenolic compounds owing to fewer carbohydrates being available for the synthesis of de
fense substances. Leaves, which contained low amount.s of phenolics were preferably consumed 
by beetles Galerucella lineola. In the same experiment, high N and high light. treatment re
sulted in high arnOlmts of phenolie compounds and a low consumption of the leaves by beetles. 
These results confirm the hypotheses timt the production of defense substances depends on the 
availability of carbohydrates, which in turn depends on growth and photosynthesis. In Salix 
alaxensis, the phenolic concentration was positively correlated with the coneentration of soluble 
carbohydrates in the twig. In the experiments, fertilization and shading were found to reduce 
the amounts of earbohydrates and phenolics (Bryant 1987a). In Salix eT'iocephala, fertilized 
trees were found to be more susceptible to attacks by insect herbivores, e.g. a leaf chewing 
beetle Popilia japonica, than non-fertilized ones (Orians and Floyd 1997). 

Bryant et al. (1987b) conducted experiments which demonstrated that birch Bet1J.la T'esin'ifem 
was more exposed to grazing by herbivores when growth was increased by fertilizing with ni
trogen and phosphorus. Shading decreased birch growth and increased the twig palatability. 
These results support the hypot.hesis that an increase in nitrogen availabilit.y support.s carbon
demanding t.ree growt.h and at t.he same time disfavours the carbon-demanding synthesis of 
defense substances such as phenols. The hypothesis is further confirmed by the observation 
that plants growing on nitrogen-deficient soils appear t.o produce increased quantities of allo
chemics (Bryant et al. 1983). 

Nutrient imbalances and pathogens 

Magnesium, potassium, calcium and phosphorous are necessary nutrients for plants (e.g. Nihlgard 
1985). An imbalanced ratio of cations t.o N is considered to be an important fact.or for t.he suc
cessful infection of the host. by a pat.hogen. High deposition of ammonium to forest soils hampers 
cation uptake (France and Reid 1983), result.ing in leaching of base cations from the upper root. 
horizon (e.g. Nihlgard 1985). This is confirmed by Roelofs et al. (1985), who found t.hat the Mg, 
K and Ca concentrat.ions were lower under condit.ions of high ammonium concentrat.ions in the 
soil in Pinl1s nigm var. maT'itima st.ands. This, in turn, increases the imbalance of t.he nutrient.s 
available to the plant, changing t.he KIN, Mg/N, Ca/N and P/N ratios. Further research is 
needed, however, to reveal t.he role of the cation/N rat.ios on the infect.ion of host by pathogens. 
Nutrient imbalances have been shown to affect the amount and species composition of mycor
rhiza in a variety of tree species. A nitrogen fert.ilization of a Picea abies stand decreases the 
production of basidioma by mycorrhiza (Wiklund et al. 1995). An increased N input to oak 
stands, also causes a decrease inmycorrhiza as weil as changes in the species variety (Zak 1964) 
increasing the risk for pathogen infection of the roots. Mycorrhiza is generally considered to 
provide protect.ion against pathogen attacks. An increascd nitrogen concentration in the soil is 
correlated wit.h an increased amount of N-based compounds such as free amino acids (arginin, 
glutamic acids) in the tree. This has been shown for Scots pine (van Dijk and Roelofs 1988, 
Rabe and Lovatt 1986). Nit.rogen fertilization also causes increased spring time levels of free 
prolin in Scot.s pine (Näsholm and Ericsson 1990). Volatilization of ammonia from fur farms was 
found to result in a 102 -103 percent. increase in the arginine concentration in Scots pi ne needles 
(Pietilä et al. 1991). Nutrient deficiencies, especially of K and P, can result in elevat.ed arginine 
concentrations in pi ne (Krupa et. al. 1973, Krupa and Brännst.röm 1974). Balsberg Pahlsson 
(1992) presented further evidence for an increase in amino acids as a result. of fertilization. The 
experiments demonst.rated t.hat free amino acids, glutamic acid and aspartic acid predominate 
in beech together with glutamine and asparagine. 



248 CHAPTER 8. FOREST VITA.LITY AND STRESS IMPLICATIONS 

Armillaria root rot 

Armillaria raot rot on both coniferous and deciduous trees is caused by the pathogen Armillaria 
sp. A direct positive correlation between nutrient imbalance and the occurrence of the pathogen 
has been shown. Experiments with pine have demonstrated that a high N deposition reduces 
both the mycorrhizal abundance and the quantity of the fine roots. The declining capacity of 
the tree for water and nutrient uptake causes a increase in drought susceptibility. Consequences 
are an increasing damage by Armillaria raot rat (Ritter 1990). Entry et al. (1991) showed, by 
use of seedling of five coniferaus tree species, that the severity of root rot was greater when the 
availability of light or N was limited as compared with a balanced situation. The seedlings also 
contained lesser amounts of phenolic compounds and higher levels of sugar in the raot tissue. 

Seedlings of Pinus monticola grown with a complete nutrient supply and full availability 
of light were found to have significantly lower Armillar'ia infection rates than seedlings grown 
under limit at ions of light, nitrogen or phosphorus (Entry et al. 1986). Rykowsky (1983) showed, 
however, that a high aIllount of N in soils did not a[[ect the abuudance of Ar-rnillar'ia mdlea in 
Picea abies. 

Phytophthora root rot 

During the last 20 years, the oaks (Quercus mbuT and Quer'cus petmca) in Europe have declined 
in vitality dramatically. The pathogen Phytophthom sp. has been suggested to be an important 
agent responsible for causing raot rat in oaks (Jung and Blaschke 1995, Jung et al. 1999). 
Climate change and nitragen excess mayaIso play the role as predisposing or contributing 
factors for decline of this type (.Jung and Blaschke 1995, Jung et al. 1996, Jung et al. 2000). 
More research is necessary, however, to confirm this hypothesis (Hansen and Delatour 1999, 
Anon. 1999). 

Gremmeniella abietinaj Scleroderris canker 

The growth of Grernmeniella ab'ietina is favored by low temperatures (Dorwoth 1972) as weil 
as by high moisture (Petäistä and Repo 1987). Several humid and mild winters during the last 
decade may naturally have pramotcd the occurrence of G. abietina. However, various investi
gations have shown there to be a connection between nutrient imbalance and thc occurrence 
of G. abietina. An increased foliar nitrogen concentration in Scots pine stands prornotes the 
colonization by Grernminiella (Ylimartio 1991). Also, the cation ratio to N seems to be of 
importance. A K deficiency in the needles (4.3-4.9 mgjg dw, NjK of 4.5-5.1) as weil as a combi
nation of K and Mg deficiency was found to reduce the resistance of Scots pine to Gremmeniella, 
although Mg alone had no effect on resistance to infection (Ylimartio 1991). Contrary to the 
these results, Ylimartio and Haansuu (1993) found in studies in vitro that an increased amount 
of K, increased the grawth of G. abietina, whereas an increase in Ca negativcly affected the 
pathogen. The same experiment showed that the nitrogen concentration is important. The Cu 
concentration has no effect on infection by G. abietina (Ranta 1994, Ranta et al. 1995). 

The deposition of acid cornpounds seems to bc both direct and indircctly correlated with the 
occurrence of Gremrniniella abietina. Bragg and Manion (1984) found that a lowered pH by acid 
rain is related to an incrcase in Gremminiella in Red pine. Indirectly, acid mist may promote 
the pathogen thraugh having a negative effect on the epiphytic microftora living on the conifer 
shoots. There secms to be an antagonistic correlation between the amount of endophytes and the 
successful infection by the pathogen (Barklund and Unestarn 1988). Experiments with acid mist 
treatment of Norway spruce and Scots pine showed that the epiphytic micraftora significantly 
reduce the occurrencc of G. abietina (Ranta and Neuvoncn 1994). However, other experiments 
with Scots pine showcd no correlation to be found between sulphur deposition and the short
term colonization of G. abietina (Ranta and Ncuvonen 1994, Ranta et al. 1995, Vuorinen 
and Uotila 1997). In experiments in vitra, Laftamme and Yang (1994) studied the correlation 
between the occurrence of G. abietina and of antagonistic endo- and epiphytes on Pinus resinosa. 
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The experiments revealed interactions between a nurnbcr of endophytic fungus species and G. 
abietina. The results showed that 10% of the endophyte species inhibited Gr'ernrniniella and that 
13% parasitized on the pathogen. Nutrient illlbalance ami deficiencies in K, Mg or P in forest 
soils are known to incrcase the concentration of alllinoacids in foliage (Rabe and Lovatt 1986, 
van Dijk and Roelofs 1988, Pietilä et a!. 1991). High levels of amino acids significantly affect 
the growth of G. abietina. In vitro studies have revealed that a tenfold increase in arginine, 
glutamic acids and proline promoted myccliar growth of G. abietina but a hundredfold increase 
in arginine reduced myceliar growth (Ylirnartio and Haansuu 1993). 

Other pathogens and parasit es 

Investigations of the cffects of nutrient illlbalance on a nUlllber of other pathogens have been 
carried out. The results show that nutrient imbalance favours the presence of pathogens on 
the host. Bark necrosis on Pinus nigra var. laricio caused by SphaeTOpsis increased when the 
tree was fertilized by ammoniumsulfate. However, a simultaneous addition of K inhibited the 
lesion dcvclopment (De Kam et a!. 1991). Salix sp. stands fertilizeel by nitrogen were more 
susccptible to Melarnpsora sp. than non-fertili~ed ones (Orians and Floyd 1997). An increased 
N fcrtilization also increased at tacks by Botrytis cinerea and Sacchiohantes abietis on Yicea 
abies as weH as attacks by Phornopsis sp. and Apiognornonia errabunda on beech (Flückinger 
anel Braun 1998). 

Conclusions 

A variety of studies have shown that nutrient irnbalancc, caused by an increaseel deposition of 
nitrogen anel/or a decrease in base cations have an important impact on attacks on trees of 
insects, herbivores anel pathogens. The conclusions are 

• A nutrient illlbalance negatively affects the synthesis of carbon-based defcnse substances 
(e.g. phenolics and terpenes). This probably results in an increased attack by insects and 
pathogens. 

• Both nitrogen fertilization anel soil acidification reduce the amounts of protecting rnycor
rhiza on the roots, aHowing antagonistic pathogens (e.g. Arrnillaria sp., Phytophthom sp., 
Grernrneniella sp.) to infect the tree. 

• Some studies show that the increased risk of insect and pathogen attack ean be counter
balanced by vitality fertilizing by nutrients, e.g. potassium. However, more research is 
needed. 

• More research is needed to study thc difference in sensibility to pests and pathogens 
between different species and life strategies under conditions of nutrient imbalance. 

8.6 Countermeasures against stress symptoms 

K. Sonesson, A. M. Jönsson, B. Nihlgard and G. Thelin 

The acidification of forest soils has increased during re cent decades. This has resulted in 
low pH-values, low concentrations of base cations, low base saturation and high concentrations 
of aluminium in the mineral soi!. Furtherrnore, inorganic aluminium has increaseel in the soil
and runoff-water. During 1997 the National Forestry Board in Sweden proposed a program to 
counteract the forest soil acidification. The main airns of the progralll are 

• to sustain the productive capacity of the soil 

• to retain the vitality of the trees 
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• to lower the leakage of Al and other elements to the surfaee and ground water 

• to eounteraet the negative effeets of acidification on flora and fauna 

With focus on the causes and the effects of the ongoing soi! acidification a number of different 
countermeasures are avai!able. The countermeasures can be divided in three different categories 

• restrictions of air pollutants 

• adaptation of silvicultural methods 

• supply of limc, wood-ash or vitality fertilizers. 

In this chapter certain of the countermeasures available are presented, recent advances in con
nect.ion with mixed-species stands, liming and vitality fertilization within the SUFOR-project 
being focused on. 

8.6.1 Restrietions of air pollutants 

Of the preventive measures against soi! acidification, a decrease of sulphur and nitrogen depo
sition is particularly critical to making long-term biogeochemical sustainable forestry possible. 
Considerable efforts internationally have resulted in a decrease in sulphur input, whereas thc 
nitrogen input has remained more or less stable during the last decade (UN/ECE and EC 2000). 
At present, there are few indications of any substantial reductions in nitrogen deposition and 
this cannot be expected to occur unless governmental policies are altered. In addition, even if 
nitrogen deposition is decreased, countermeasures will be needed in order to res tore the nutrient 
capital at depleted sites. Further restrictions of air pollutants are urgently needed, although 
this topic will not be discussed further in this cha pt er. 

8.6.2 Adaptation of silviculture 

Silviculture as such has a strong influence on the acidifying pro ces ses and the nutrient stock 
in forest soi!. The size of the withdrawal of biomass at harvest, the choice of tree species, 
the method of soil scarification and the use of clear-felling or shelter-wood affect the soil in 
different ways. Certain measures used in forestry only affect the topsoi!, whereas others can 
induce changes in deeper soi! horizons and also in the runoff water. The use of monocultures, 
whole-tree harvesting, soil scarification, and the deforestation of large areas increase leaching 
losses and remove nutrient capital (Rosen and Lundmark 1990). The removal of nutrients per 
time unit is reduced if rotation periods are extended (Kimmins 1997). This is seldom an option, 
however, due to financial demands. The growth and increase of biomass is an acidifying process 
in itself. The balance within the plant between cations and anions is maintained through the 
roots of the plant giving away a corresponding ion when taking up a cation or an anion. Since 
the uptake of cations is higher than the uptake of anions, the uptake of nutrients entails a 
contribution of hydrogen to the soil and consequently also to the acidification process. The 
surplus of base cations within the plant is released when the plant dies and decomposes or is 
permanent taken away from the forest ecosystem at harvest. As a consequence, the soil nutrient 
balance is negatively affected by the harvest. 

Whole-tree harvesting, or slash removal, substantially increases the loss of nutrients from 
a forest ecosystem as compared with stem harvesting, since branches and foliage contain !arge 
amounts ofrmtrients (Mälkönen 1976, Olsson et al. 1996). According to modelling ofweathering 
rates and to calculations ofmass balances, the risk ofnutrient imbalance and associated negative 
effects on tree vitality are dramatically increased when whole-tree harvesting is practiced in a 
system in which N deposition and soi! acidification already lead to depletion of the soil nu trient 
pools. After clear-fclling, the leaching of nutrients will be high until a new vegetation cover 
has been established. Recent studies have shown there to be dramatic decreases in the amount 
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of leached nutrients in shelter-woods having 150 sterns ha-1 as compared with elear-fellings 
(Karlsson et a1. 2000). Rence, shelter-woods can serve both natural regeneration and nutrient 
conservation. By using shelter-wood instead of elear-cutting, the risk of leakage of nitrate and 
eventually of other nutrients (e.g. potassium) decreases. Different tree species influence the 
soil pR and other soil properties in different ways (Raunkiaer 1922, Resselman 1926, Norden 
1992). Spruce forest is more effective, for instance, than deciduous forest trees in collecting 
dry deposition. There are also differences between the various t.ree species in production, root 
depth and litt.er quality. A species with high production increases t.he acidification process due 
to nutrient. uptake. Tree species with a deep root system can make use of a larger soil volume 
and can more readily redistribute nutrients within the soil horizon. On the other hand, a deep 
root system is not t.he same as an active nutrient uptake further down in the root system. Litter 
from some of t.he deciduous tree species (e.g. birch, alder, ash and elm) results in a ltigher 
pR after decomposition and a greater pool of exchangeable base cations than conifers. As a 
consequence, an increase in thc share of deciduous trees in the forest implies a more positive 
nutrient situation in the long run. An increasc in t.he proportion of deciduous trees in the forests 
of southern Sweden has been put forward as one of the most important measures in order to 
improve the possibilities of achieving sustainable management of forest resources. 

Mixed-species stands 

One way of increasing the share of deciduous trees is the use of mixed-species stands. Several 
studies show there t.o be higher pR and/or base saturation in mixtures of conifer and deciduous 
species than in conifer monocultures (Trocdsson 1983, Liljelund et a1. 1986, Klemmedson 1987, 
Frank 1994). Rowever, little research has been done on tree llutrient status in mixtures as 
compared with monocultures. Increased foliage N and P concentrations and increased growth 
have been reported in mixtures of Sitka spruce and Scots pine or larch in Great Britain (Carlyle 
and Malcolm 1986, Brown 1992, Morgan et a1. 1992). Total production in mixtures of conifers 
and deciduous trees may exceed the production achieved in monocultures (Kelty 1988, Tham 
1988, Debrinyuk 1990, Mard 1996, Man and Lieffers 1999), although there are many examples 
of the opposite occurring as weil (e. g. Burkhart. and Tham 1992). One reason for the higher 
production may be the increase in nutrient availability for Olle or more of the spccies in a 
mixture. The combination of fast growing Norway spruce and oak at Jämjö, in southeastern 
Sweden was found to result in lower nutrient los ses and greater resource utilization than in 
Norway spruce monoculture, while simultaneously being finallcially more competitive (Staal 
1986). At Asa Research Park, mass balance calculations suggest that on a large part of the 
research park area the mixed-species stands are more biogeochemically sustainable than the 
Norway spruce monocultures. In order to investigate the nutrient status of Norway spruce 
in mixtures of deciduous species, 30 survey of 45 mixed-species stands on 30 sites in southern 
Sweden and eastern Denmark was performed (Thelin et a1. 2001a). Norway spruce in mixtures 
containing beech, birch, or oak had higher foliage concentrations and ratios of K, P, and Zn 
to N than pure Norway spruce stands, Fig. 8.17. Sub optimal nutrient levels were much more 
frequent. in monocultures. Spruce nutrition was also positively affected in stands with less 
than 50% deciduous basal area. This does not seem t.o be an effect of growth dilution, since 
Norway spruce growth, as weil as needle N, in mixtures and monocultures were found to be 
comparable. Rowever, differences in the top mineral soil between mixtures and monocultures 
were sm aller than expected. One possible explanation for this is t.hat soil sampIes were taken 
too elose to the spruces in the mixtures (Thelin et 301. 2001a). The positive cffect on needle K 
and P stat.us is interesting since studies have indicated deelining trends of K and P in Norway 
spruce of southern Sweden (Aronsson 1985, Thelin et a1. 1998). The spruce nutrient status 
in monocultures growing on fertile soils and in mixtures growing on poor soils was found to 
be similar. Thus, it appears tImt the inclusion of deciduous species in Norway spruce stands 
can make up for poor soil conditions. This supports the idea of using mixed-species stands t.o 
counteract nutrient imbalance in Norway spruce. 
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Figure 8.17: Medians of ratios of K, P, Zn, and B to N in c'ur"i'ent year needle8 of Norway spruce 
in monoculture8 (dark bars) and in mixtures (l-ight bars) fm' oak (n=16), beech (71.=13), birch 
(71.=16), and all combined (71.=,'14). Only nutrients for which there were significant (Jifferences 
compured with the rnonocultw'es are incl-uded. Dashed lines show target levels according to Linder 
(1995). *=p<O.05, **=p<O.Ol, ***=p<O.OOl (paired t-test or Wilcoxon signed mnk test). 

Improved nutrient status in Norway spruce in mixtures than in monocultures is probably 
the result of a combination of faetors, Fig. 8.18 (Thelin, 2000) 

• Litter quality is higher in rnixtures of Norway spruce and deciduous species than in mono
cultures. Deciduous litter is generally more nutrient-rich than spruce litter (Mikkola 1985, 
Liljelund et a!. 1986, Man ami Lieffers 1999). Understorey litter, largely absent in Norway 
spruce monocultures, may further promote litt er quality (Tappeiner and Alm 1975). The 
mixing of litters increases the mineralümtion rate and the nutrient availability (Chapman 
et a!. 1988, Taylor and Parkinson 1988, Briones and Ineson 1996, McTiernan et a!. 1997). 
Litter of lügher quality provides a more suitable environment for soi! fauna, e.g. earth
worms, which in turn speeds up both decomposition ami mineralization (Mikkola 1985, 
Saetre et a!. 1999). 

• If more light reaches the forest floor, at least in the spring prior to leafing, the Boi I tem
perature and tlms the mineralization rates are increased (Mikkola 1985). 

• The possible intraspecific rooting volume is greater in a mixture of species having different 
rooting patterns than in a monoculture. The total root oeeupation of the soil is greater in 
mixed-species stands than in monocultures (Debrinyuk 1990, Brown 1992, Morgan et a!. 
1992). This implies the total nutrient availabi!ity experienced by each individual tree to 
be greater. Nutrients taken up from deeper soillayers by a deep-rooted species reaches the 
organic layer through litterfall, thus increasing the nutrient availability for the shallow
rooted species and promoting litter quality (Man and Lieffers 1999). Roots in deeper 
horizons in a mixture can take up nutrients leached from superficial layers. Also, there 
may be a division between species regarding the timing of nutrient uptake (Chapman 
1986) and the ehemical forms in which nutrients are acquired. 

• The canopy filtration 01' air pollutants is greater in Norway spruce monocultures than 
in mixed-species stands. Norway spruce monocultures need to buffer a larger amount of 
deposited acidity and take eare of more deposited N than hardwood stands do (Brown 
and Iles 1991, Bergkvist and Folkesson 1995). 

• N retention by an aetive understorey may lower the N avai!ability to the trees, reducing 
the risk of tree-nutrient imbalancc. Also, deciduous speeies have a greater Neoncentration 
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Figure 8.18: Effects on tree nutrient balance in mixed-species stands compared with Norway 
spruce monoc'ultures in an N and S deposition environment. An increase in the share of decid
uous trees in the mixture affects the nutrition of Norway spruce positively. See comments in the 
text. 

per bioma~~ volume than Norway spruce (Nihlgard 1972, Thelin et al. 200la). 

Several of the factors referred to above mayaiso account for the limited nutrient losses from 
mixed-species stands. This is even more likely if the management of the mixed-~pecies stands 
does not involve a clear-cut phase. 

Growing shallow-rooted species with a high growth rate in monocultures may re~ult in nu
trient depletion of top soil layers. The lower growth rate found in a mixed-specie~ ~tands and 
the lesser removal of nutrients from the site per unit of time would increase the possibilities of 
achieving tree nutrient balance. However, even if the growth rate in a mixt ure should equal 
that of a Norway spruce monoculture, the nutrient uptake is distributed within a larger soil 
volume thus reducing the risk of nutrient depletion (Thelin, 2000). The po~sibilities of achiev
ing increased production by use 01' mixed-species stands instead of monocultures was already 
under~tood by forest managers in the early 19th century. Af Ström (1837) noted that ~ite pro
duction increased in mixtures consisting of one species with a deep root system and another 
species with a shallow root system. It appears that differences in deposition levels and rooting 
depth are of considerable importance in thc calculation of mass balances, which show a greater 
biogeochemical su~tainability in mixed-species stands than in ~pruce monocultures. Further 
study of the connection between rooting depth and nutrient uptake is nceded. 

8.6.3 Application of lime, wood-ash and mineral fertilizers 

Liming is a traditional way of counteracting forest soil acidification and increasing the soil 
capacity to neutralise acidifying agents. Ordinary limes tone is dominated by Ca-carbonate, 
whereas dolomitic limestone is domina ted by both Ca ancl Mg carbonates, the concentrations 
of other mineral nutrients being low (Eriksson 1993). Vitality fertilization is a nutrient and/or 
lirne application. The main pur pose of the treatment is to counteract a nutritional disorder of 
the forest ecosystem. Additionally, the acidification of the forest soil is prevented in thc long-
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term perspective (Liljelund, 1990, Nilsson and Wiklund 1995, Johansson et al. 1999). However, 
the concept focuses on the effects on tree nutrient status and tree vitality. Since N is not 
normally included in vitality fertilization, it has also been termed N-free fertilization. Applying 
ashes from forest residues recirculates those elements, that are taken from the forest during tree 
harvesting. The recirculation of wood ashes (Bramryd and Fransman, 1995) would be a natural 
way of returning nutrients removed at harvest. However, logistic systems für the handling of 
ashes are yet to be implemented and the development is restricted by the contamination of heavy 
met als in ashes (Bramryd et al. 1996). Application of wood-ashes decreases the soi! acidity and 
the A13+ concentration in the soil water as effectively as lime, and might be preferred, provided 
the content of heavy met als is kept low (Bramryd and Fransman 1995). Site-specific fertilizers 
with a balanced eombination of mineral nutrients may often promote a rapid and sustained 
revitalization of trees suffering from nutrient deficiencies (Hüttl 1990b, Evers and Hüttl 1991). 
There is presently a need of treating about 2 million hectares of forest area in Southern Sweden 
(Westling et al. 2000), the size of this area increasing year by year (Kaien 1998). Especially 
forest soils with a pH (H20) below 4.5-4.7 at the depth of 20-30 cm in the mineral soil (B
horizon) are considered to be in immediate need of treatment (Westling et al. 2000). To 
reach the goal of affecting the runoff water, forest soil treatment should be carried out over an 
entire watershed (Westling et al. 2000). The National Forestry Board in Sweden recommends 
treatment by dolomitic lime of 3 ton ha- i or a mixture of wood ash ami dolomitic lime (2 + 2 
ton ha-i). Liming in doses of 3-4 ton ha- i prevents an increase in soil acidification, and has a 
positive influence during aperiod of 30-40 years without having any negative side effects (Staaf 
et al. 1996). At lligher doses, an increased nitrification may oceur, that might cause a slight 
nutritional imbalance, and the number of fine roots and roots infeeted by mycorrhiza may be 
adverselyaffeeted (Andersson and Persson 1988). The supplying of lime, wood-ash or mineral 
fertilizers may increase the leaehing of base cations, whereas the concentration of aluminium 
and hydrogen in the run-off water usually deereases. On forest soi!s with a low ratio of C to N 
(eg. C/N<25), an increased nitrifieation and level of N03 in the soil water may appeal'. In a 
growing stand, however, the ability of trees to take up the rcleased nitrate is usually suffieient. to 
take charge of the available N03 . A high availability or excess of Ca after lüning ean reduce the 
tree uptake of K (Tomlinson 1991, Ljungström and Nihlgard 1995). The effeet of the suppling 
of lime or vitality fertilizers on soil chemistry, leakage, soi! processes and organisms depends 
on the type of material used, the size of the granules, the dosage and of the properties of the 
soi! that is treated. Adding moderate doses timt have a low rate of dissolution reduccs the 
risk of nitrate leaching. Results from three early Swedish experiments, Langban, Venjan and 
Dalby that were started in 1907, 1913 and 1951 respectively, indicated clearly that liming has 
long-Iasting positive effects on the pH value, exehangeable base cations, base saturation, the 
lowering of AI and plant species diversity (Nihlgard and Popovic 1984, Nihlgard 1996). After 
only a few years, the soi! effects are most evident in the topsoi!, whereas the mineral soil at 
20-30 cm depth is first affected after aperiod of 10-30 years (Andersson and Persson 1988). 

The environment al impact assessment carried out for the countermeasure program of the 
Sweelish Forestry Board (Johansson et al. 1999) eoncludeel that up to 1997 no evidence had 
been found that the production of forest stands had been lowered due to soil acidification, the 
growth rate of the forests in Sweden generally continuing insteael to inerease. However, if soi! 
aeidifieation continues, as has been shown by repeated measurements in Sweden (Kaien 1998), 
the production eapacity will very likely decrease. Simultaneously, mueh evidenee has appeared 
showing soi! acidification to be linked to a negative development of flora anel fauna and water 
acidification to an increasing AI-eontent in the water. A calc:ulation of the soeio-economic eosts 
(Kaien 1998) concluded that lüning of acid forest soils in Sweden was economieally worthwhile, 
provided that treatment mitigated a future growth decline of two to five pereent anel assuming 
that the effect lasted for 20-40 years. There is a deal' risk that future eosts will be many times as 
high as the present costs of mitigation. To improve the sustainabi!ity and vitality of the entire 
forest ecosystem, different kinds of countermeasures are under investigation. The posit.ive effects 
of vitality fertilizat.ion on tree nutrient status and tree vitality have been demonstrated in many 
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Figure 8.19: Changes in classes of crown defoliation from 1994 to 1998 in two oak stands treated 
wüh 1 ton Skogvital PK 4-7 Mikro ha-1 in 1994 (n=146). 

European studies (Hüttl 1990a,b, Kat~ensteiner et al. 1992, Boxman, et al. 1994, Flückiger 
and Braun 1995, Katzensteiner et al. 1995). Until recently, a positive response in terms of 
growth and vitality after treatment by N-free fertilizers in Sweden had not been documented 
(Nohrstedt 1990, Nohrstedt et al. 1993, Johansson et al. 1999). The lack of response in such 
experiments is probably due to that the trees did not suffer from a nutrient deficiency. If nutrient 
deficient stands had been used, as most often has been the case in European studies, it is likely 
that stronger effects would have been observed. An increased growth or an improved vitality 
following treatment should not be expected after the addition of non-deficient nutrients. 

Within SUFOR, research has focused on restoring nutrient imbalance in trees and the ef
fects on tree vitality, such as on sensitivity to frost, degree of crown defoliation and crown 
structure. Different kinds of countermeasures have been investigated and site-specific adapta
tions of treatments have been considered. It is important to evaluate soil and tree chemistry 
prior to treatment in order to avoid negative effects and maximize treatment efficiency. Also, 
the form in which the nutrients are added, e. g. granulated or in combination with organic 
material, as weil as the type of application, e. g. aerial or to the ground, may be important to 
treatment effects. Recent SUFOR results on liming and vitality fertilization are 

• Beech trees treated with lime showed an increase in the Ca/ AI ratio and 50% less Mn in the 
bark tissue as cornpared with the control trees, indicating changes in nutrient uptake due 
to lligher Ca supply and less acid soil eondition (Jönsson 2000 a). A tendency toward fewer 
bark lesions was found on trees seven years after liming with 5 ton ha- 1 (Jönsson 2000b). 
Ca stabilises the cell walls, and high levels of Ca may therefore reduce the severity of bark 
necrosis (Perrin and Garbaye 1984). Although bark lesions on beech are often caused by 
frost damage (Day and Peace 1934) a test of frost resistance failed to show any signifieant 
differenee between trees treated with li me and untreated control trees (Jönsson 2000b). 

• Three oak stands in southern Sweden were in 1994 treated with 1 ton Skog-Vital PK 4-7 
Micro, a nitrogen-free mineral fertilizer. Two of the oak stands responded as early as 
one or two years afterwards with an inereased foliar mineral eontent of B, K, Mn and P, 
Tab.8.ll. After four growing seasons, the crown developrnent in two of the stands was 
more positive (p<0,05) in the treated plots than in the control plots, Fig. 8.19, whereas 
oaks on the treated plots showed a tendency towards lowcr stern diameter growth than in 
the control plots (Sonesson 2000). 

• A eleclining Seots pine/Norway spruce stand in eentral Sweden with indications of B anel 
Cu deficiency was treated with a site-adapted fertilizer in 1996. After one growing season, 
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Trälshult Hjälmseryd Älmta 
Control Treated Control Treated Control Treated 

B, pg/g 1994 36.2±8.3 38.3±9.5 20.7±5.1 15.4±8.0 18.7±5.0 18.6±4.4 
1995 32.8±7.5 37.0±6.2 18.4±9.2 22.6±6.1 26.5±7.6 40.2±9.5** 
1996 17.3±4.8 20.7±7.5 9.4±4.8 12.5±5.2 14.8±3.9 23.2±4.0*** 

K, pg/g 1994 9.4±0.9 9.2±1.4 9.7±2.3 9.0±1.8 13.l±1.5 10.3±2.0*** 
1995 7.7±1.4 8.4±1.2 7.2±1.5 6.9±l.O 8.5±1.4 8.0±1.5 
1996 5.8±0.9 7.0±0.7** 6.3±l.2 6.4±1.6 9.6±2.6 8.6±2.2 

Mn, jlg/g 1994 1.8±0.6 2.l±0.5 1.2±0.4 0.9±0.3 1.8±0.5 1.9±O.2 
1995 1.9±0.3 2.l±0.4 1.l±0.4 1.3±0.5 1.9±O.4 2.4±0.3** 
1996 1.9±0.2 2.4±O.3** 0.7±0.7 1.1±0.9 1.5±0.9 2.6±0.6** 

P, pg/g 1994 1.7±O.2 1.9±0.3 1.4±0.2 1.3±0.1 2.4±0.3 2.2±0.2 
1995 1.6±0.2 1.9±0.2*** 1.2±0.1 1.2±0.2 2.l±0.3 1.8±0.2* 
1996 1.6±0.2 2.0±0.2*** 0.6±0.7 0.9±0.6 1.8±0.2 1.9±0.2 

Table 8.11: Fol'iar nutrient concentmtions and standard deviations of thr-ee Swedish oak stands 
tr-eated by 1 t Skog- Vital PK 4-7 Micra 1994-1996 (71,=54). 

the trees showed increased needle Band Cu concentrations and increased needle mass and 
dbh (diameter at breast height). The response in dbh remained for five years following 
treatment. Two years after treatment, the treated plots showed a reduced proportion of 
trees with needle loss >30%, less discoloration of needles, improved growth of top shoots 
and improved vitality of leader shoots (Thelin and Nihlgard, 200x) . 

• In a greenhouse experiment, beech seedlings were grown in acid fore sI, soil with and with
out the addition of an organic fertilizer consisting of deeomposed grape seeds. Treated 
seedlings responded with increased growth, decreased root/shoot ratios, and an increased 
shoot concentrations of several nutrients, the response being strongest for Cu, K and B. 
This implies Ihere 1,0 be nutrient deficiencies in seedlings grown in unfertilized soil (Thelin 
and Nihlgard, 1998). The nutrient loading of seedlings in rnuseries through application of 
organic fertilizers prior 1,0 plant at ion might be a possible routine to increase plant survival 
and establishment following plantation in the field. 

8.7 Forest conditions - A regional overview 

Peter Schlyter, Kerstin Sonesson, Ingr'id Stjernquist, Gunnar Thelin 

8.7.1 Background 

That the occurrenee of extensive forest damage symptoms in southern Sweden, as in the rest of 
Europe, in the early 1980ies represented a largely unexpected situation is underlined by the fact 
that the then current official forest monitoring systems initially were, by and large, inadequate 
to provided useful clata on damage levels and distribution, nor needed background information 
on what could be regarded as normal damage levels. 

The official Swedish National Forest Inventory (NFI) provided no defoliation or needle loss 
data prior to 1984. However, the NFI was designed to be a strategie resource information system 
providing statistical data on national forest resources and for the evaluation and development of 
national forest policy. Data eollection was based on a rigourous statistical design and collected 
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over a five year campaign period. It ~hould be reeognised that the NFI wa~ de~igned to monitor 
rather gradual changes in parameters like age, species composition, timbel' volumes for the 
country as a whole or for for larger ~urvey regions ami not originally organised to monitor rapid 
changes or fluctuations, between years, in the Swedish f'orests, and certainly nor to provide 
early warning of forest health. When the need to collect forest vitality / decline data, i.e. data 
on del'oliation and foliage discolouration, became apparent the NFI was the obvious institution al 
platform for this. Basically it was a matter of adding some f'urther parameters to be recorded 
by the field personnei, though in practice it raised questions of choice of sampie size, criteria as 
well as ~tandardisation and training issues. However, even when this type of data started to 
be collected one could argue timt the official monitoring ~ystem was still somcwhat lacking in 
spatial and temporal resolution, owing to NFI original de~ign, alld in particular in perspective 
of reports of a dramatic rise in forest damage in the Federal Republic of' Germany whcre the 
proportion of reported damage on older forest went from about 10 to 50these shortcomings to a 
large extent still remain unresolved. Üther types of forest decline indicator~ than defoliation and 
dis color at ion like foliage e:hemistry have been slow in introduction within the NFI framework. 

8.7.2 Regional co-operation for assessment of decline and stress 

Owing to an early concern about forest deeline in Scania, southern Sweden, and an identified 
urgent need f'or data to assess the pereeived threat to forest vitality an ad hoc group against for-
est damage (Samradsgruppen mot skogsskador) for collaboration between the regional Forestry 
Commissions (Skogsvardsstyrelsen), the County Environmental Agencics (Länsstyrelsens miljövard
senhet), Lund University scientists ami forestry see:tor representative~ was establi~hed in 1984. 
The group initiated monitoring work along severallines. It established a more den~e network of 
permanent monitoring plots supplementary to the official Forestry Commis~ion scheme where 
e.g. needle loss assessment was performed bi-yearly, and needle and soil chemistry were ~aIIl
pled; but also initiated pilot studies on high resolution regional forest decline surveys based 
on photo-interpretation of large scale eolour-infrared aerial photographs and e:arried these to 
operationalisation. Several of the approae:hes pioneered by the group have subsequently be
e:ome adopted for regional surveys or ine:orporated in national or other regional monitoring 
programmes. 

8.7.3 Regional forest decline surveys 

The degree of defoliation is the basis for most operation al fmest decliue surveys, in Sweden 
as in Europe. Defoliation has, however, been criticised as a vitality/deciine variable on the 
grounds that it is unspec:ifie:, i.e. that a tree may suffer dcfoliation for a number of reasons some 
natural other anthropogenie:. Üne could on the other hand argue that its lack 01' specificity is its 
advantage in a survey e:ontext where one wants to as~ess the cornbined impact of multiple stress 
fae:tors - rather than using a variable as a proxy for a specific environment al load. Comparing 
defoliation with other measures of vitality for Norway Spruc:e Salemaa and Jukola-Sulonen 
(1990) e:oncluded that defoliation may be regarded as an integrated rneasure of tree vitality. 
The usefulness of def'oliation as a vitality or productivity measure has been questioned on a 
more fundamental level e.g. by Innes (1993a) who elaim that there is no elear relations hip 
between defoliation and production. Nevertheless, studies from France (Becker 1990), North 
Ameriea (Barnard et al. 1990) and Sweden (Söderberg 1993) point to a relations hip between 
defoliation and produetion. Söderberg demonstrated, in a major Swedish study on Norway 
Spruce (n=16,650) and Seots Pine (n=15,600), a strong statistieal relations hip between per 
cent stern growth (based on e:oring, normalised to fully foliatecl trees at the sampie sitc) and 
estimated needle loss. Similarly, ~chemes based on dcfoliation, change~ in apical growt.h or 
branching pat.tern have also been Ilsed to assess decline in deeiduous t.rees. An other approach 
for monitoring vitalit.y is represented by chemical analysis of foliage amI root. bioassays. 
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Figure 8.20: Forest decline developrnent fOT oldeT Norway spTuce in Scania, Halland and Älvs
borg, Göteborg and Bohus län regions (SchlyteT and Anderson 1997). 

Norway Spruce and Scots Pine 

High resolution regional forest decline surveys of Norway Spruce (Picea abies) and Scots Pine 
(Pinus silvestris) have been carried out in various parts of southern Sweden since the mid 
1980ies (Schlyter and Persson 1986; Schlyter 1987a,b; Schlyter and Andersson 1992; Schlyter 
and Anderson 1997) but the methodology have have also been used in other parts of the country. 
The methodology is based on stereoscopic photo interpretation of defoliation using large scale 
(1:2,000) colour infra-red aerial photographs (CIR). The methodology provides a much larger 
sampIe than the NFI tlms allowing regional and sub-regional decline assessment; Le. the NFI 
provide about 0.5 and 0.3 Norway Spruce and Scots Pine per 1,000 hectares of forest whereas 
the aerial surveys provide 87 and 19, respectivcly. Forested land was air-photo sampled in a 
5 by 5 km grid and approximately 1,500 sampIe points were photographed between mid July 
to the end of August, onee the beginning of September. The photographs were taken with 
Williamson F-49 Mk 3 cameras with 30 cm focallength lenses equipped with Wratten 12 filters 
on 23x23 em Kodak 2443 Aerochrome film. Stereoscopie photointerpretation was performed by 
specially trained personnel from the various regional Forestry Comissions using either Zeiss Jena 
Interpretoscopes or Leitz Aviopret 2 equipment allowing variable magnification of the photos. 
At each sampIe point species, age class, defoliation of individual trees were assessed within 16 
sub-sample plots, with a total area of 1 hectare. The sub sam pIes were defined centred within 
the stereo model on a clear photographic film. The defoliation assessment was made in 20 per 
cent classes and the individual plots were registered with respect to altitude, aspect amI position 
with respect to nearness to exposed stand margins; tree top breakage and Peridermium damage 
was also assessed. The accuracy of the defoliation assessment was checked by subsequent 
field controls as well as in separate methodologie al studies. Defoliation assessment by photo 
interpretation is as aceurate, or slightly better than, conventional needle loss assessment made 
in the field by trained personell of the NFI (Schlyter and Bengtsson 1990; Schlyter and Wulff 
1997). For the operational survey 1995 the deviation of a group of nine photo-interpreters from 
the independent field control assessment of % varied between 0.0 - -2.9 for Norway Spruce (s.d 
1.4 - 6.1) and 1.4 - -3.6 (s.d. 0.3 - 3.5) for Scots pine. The forest decline between 1986 to 1995 
can be assessed for several regions in southern Sweden (Schlyter and Anderson 1997). However, 
owing to a dependency on local Forestry Commission initiative and funding constraints full 
coordination of efforts were not achieved until 1995. In 1995 the counties of Scania, Halland, 
Blekinge, Älvsborg, Göteborg and Bohuslän as well as parts of the counties Kronoberg and 
Jönköping. 
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Figure 8.21: Forest decline development for middle age Norway spmce in Scania, Halland and 
Älvsborg, Göteborg and Bohu8 län regions (Schlyter and Ander80n 1997). 

Thus the counties of Scania and Halland were 
surveyed 1986, 1991 and 1995, the counties of Älvs-
borg, Göteborg and Bohuslän in 1988 and 1995. In 
the 1995 survey area 38.9% of the older (defined 
as as above 50 yr or 60 yr depending on region) 
spruce and 24.7% of older pine had a defoliation 
above 20% i.e. were defined as damaged, cf. Ta
ble 8.12. Of the damaged trees most are to be 
found in the defoliation class 21-40% and propor
tionally fewer in the ltigher damage classes, and 
older trees are more prone to damage. An increase 
in the number of damaged older Norway Spruce is 
evident if one compares 1980ies and 1990ies sur
vey results, Fig. 8.20, though damage levels ap
pears to have stabilised, albeit at a higher level, 
in the earlier half of the 1990ies. The damage lev
els for the West coast countics around 40% gives 
clcarly cause for concern. The proportion of dam
aged Scots Pine show a much more marked vari
ability between years. This refiects the fact that a 
fully folia ted Swedish pine has a maximum of three 
years needles as compared to seven for spruee and 
the loss, or partial loss, of one years needles will 
have a proportionally larger impact on pine folia
tion. The proportion of damaged spruee and pine 
in the middle age range (30 to 50/60 yr) show mueh 
more variation,as can be seen in Fig. 8.21 and 8.23. 
In spite of the apparent improvernent in Scania and 
Halland 1995 as cornpared to 1991, darnage levels 
are stilllügher than at the bcginning of the 1980ies 
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Figure 8.25: % b'eech and oak in dif
ferent defoliation classes 1988, 1993 and 
1999. % distribution of beech in bmnch
ing classes in 1988, 1998 and 1999. After 
Anderson anti Sonesson (2000). 

when the "new forest darnages" were causing concern. The increascd trend is also present in 



260 CHAPTER 8. FOHEST VITALITY AND STRESS IMPLICATIONS 

~ 60 
~ 
Q) 50 c .--- r-- I-
.0. 
IJ) 

40 8 - I--
CI) 

(jj 30 - I-

" - r-
"0 20 
" Q) 
0> 
<tl 10 E 
<tl 
Cl 0 

- - -
-Ir- [ -

Scania 

o Halland 

o Älvsborg , Göteborg & Bohus län 

1986 1988 1991 1995 

Figure 8.22: Forest decline developrnent for older Seots pine in Seania, Halland and Älvsborg, 
Göteborg and Bohus län regions (Schlyter and Ander80n 1997) 
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Figure 8.23: Forcst decline developrnent JOT middle age Seots pine in Scania, Halland and Älvs
borg, Göteborg and Bohus län regions (Schlyter and Andcrson 1997). 

the NFI database. Dccline, measured both as per cent trees with damagc or as mean defoli
ation, broadly viewed show a siInilar spatial distribution both for older spruce and pine. The 
proportion of damaged older Spruee is presented in Fig. 8.24. Scania, and particularly the 
southern parts of the province has lover proportion of damage spruce. This could reflect better 
soil conditions but also the fact that, broadly speaking, the age of the older spruce in this area is 
likely to be lower than in the rest of the surveyed arca. The damage eoncentration in Blekinge is 
interesting in that it is located in the vicinity of an oil fired reserve power plant with historically 
significant sulfur emissions. The repeated surveys also point to a complication in assessing 
forest vitality - namely the between years varying impact of forestry activities. Some of thc 
most damage areas in northern Halland 1986 appcared to fare better in 1991 in spite of the 
rather drastic increasc in sprucc damage between the years a fact interpreted to refleet increases 
awareness of forest damagc and subsequent hygienic fellings by forest owners. Improved condi
tions as revealed by decline surveys need not per se me an imply that thc vitality of the forest 
has irnproved as a consequence of reduced stress - it could also, at least partly, be an effect of 
forest management. This points to the fact that even long term monitoring of defoliation, even 
when based on standardised methodology, have to be interpreted with some caution as changes 
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Figure 8.24: The pmportion damaged older NOTway spruce, i.e. trees with a defoliation >20%, 
in 1 995. (Schlyter- and Ander'son 1997). 

mayaiso reReet ehanges in the response of the forest.er and not. necessarily in biologie response 
only. From a monit.oring perspective this underlines t.he importanee to operate with several 
supplementary monit.oring teehniques, e.g. foliage ehemistry, root bioassay, soil chemist.ry et.e. 

Beech and oak 

The eondition of beech (Fagus sylvatica) and oak (mainly Peduneulate oak Quercus mbur L., 
and to a lesser ext.ent. sessile oak Qur-ecus petmea (Matt.) Lieb!.) in southern Sweden has been 
monitored sinee t.he lat.e 1980s Ilsing a st.andardised methodology based on field observations 
(Wijk 1989). The monitoring network is based on a 5 by 5 km cell grid. Up to 10 observation 
plots were chosen along the centre ami diagonals of the eell. Observation plots in forest stands of 
less than 1 ha, and plots without oak or beeeh were exclllded. The remaining plots were visited, 
sampie trees being se lee ted aeeording to a standardised format, cf. Sonesson (1998, 1999a,b). 
The field asscssment was made during a six-week period, from mid-Jllly to the end of August, 
by personnel of the regional Forestry Commission. Altogether nine persons were involved in the 
field assessment. Crown defoliation was assessed on the uppermost two-thirds of the erown and 
was given as a percentage of a normally foliated crown (i.e. with a 0-10% transparency). The 
estimated defoliation included leaf loss, crown transparency, branch loss and dying branches. 
Normal self-pruning by self-shading was not included. Soi! sarnples were taken in conjunction 
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Defoliation elass 
yr 0-20 21-40 41-60 61-80 81-100% Mean n 

% % % % % Mean n 

Norway spruce >50/60 61.1 31.5 5.9 0.8 0.7 19.7 116355 
Norway spruee 21 -50/60 91.7 7.0 0.8 0.1 0.5 12.2 223803 
Norway spruee 1-20 99.6 0.2 0.0 0.0 0.2 10.2 76232 
Seots pi ne >50/60 75.3 21.4 2.2 0.4 0.8 16.1 68440 
Seots pine 21 -50/60 85.5 13.1 0.8 0.2 0.3 13.3 52361 
Seots pine 1-20 99.0 0.9 0.0 0.0 0.0 10.2 6444 

Table 8.12: The per cent Norway Spruec and Seots Pine in differ'ent defoliation classcs, mean 
defoliation (calculated on class mid value) and the number of trees classified in the forest decline 
8urvey of s01dhwestem Sweden 1995. 

with the survey eonducted in 1999 and based on 5-8 sub-samples per survey plot (cf. Andersson 
and Sonesson 2000). In total, 258 soi! sampIes were taken. Deeline surveys were performed in 
1988, 1993 and 1999. The majority of the sites amI trees were investigated all three years. The 
1999 survey covered a total of 268 stands and approximately 4,200 trees, 2,606 beeehes and 
1,642 oaks being observed. 

Beeeh and oak vitality in southern Sweden have deteriorated eontinuously sinee the first 
decline survey in 1988 (Anderson and Sonesson 2000). The me an erown defoliation for beeeh 
has increased from 5.7% in 1988, to 12.5% in 1993 and to 20.8% in 1999. Oak defoliation has 
inereased as weil, from 10.9%, to 17.4% to 33.2% in 1988, 1993 and 1999, respeetively. A strong 
recruitment to higher defoliation classes is evident for both species, but most pronouneed for 
oak. In 1999, 27% of the beeeh and 59% of the oak trees had a defoliation in exeess of 25%, as 
compared to only 3% of the beeehes and 9% of the oaks in 1988, Figure 8.25. A similar trend 
is identifiable in the branehing pattern for beeeh, Figure 8.25. The pieture of a rapid decline 
in vitality is furt her affirmed by assessment of the eurrent year shoot growth of the different 
years. Whereas only 16% of the beeehes and 4% of the oaks had a good growth in 1999, elose 
to 60% of the trees of both speeies, showed a good yearly shoot growth in 1988, Figure 8.25. A 
regional trend among beGeh trees is evident from the data, with increasing incidence of damage 
towards the western part of the area that was surveyed. The regional trend for oak is less clear. 
It is interesting to note that the degree of defoliation, both for beech and oak, is eorrelated with 
the base saturation pereentage. Beech stands growing on sites with a very low base saturation 
pereentage show a significantly lügher (p=0.016) defoliation than to stands growing on sites 
with a normal base saturation percentage, as weil as on podsols as compared with cambisols 
(p=0.020). Similarly, oak defoliation is larger in stands growing on sites with very low base 
saturation percentage (p=0.026) and on podsols (p=0.085) than stands growing om sites with 
a normal base saturation pereentage and on eambisols (Anderson amI Sonesson 2000). 

8.7.4 Surveys of foliage chemistry 

Forest growth in boreal ecosystems is normally limited by nitrogen availability (Tamm 1991, 
Gundersen and Bashkin 1994). In reeent decades, forest produetivity has inereased enhanced 
N-deposition having been shown to be an important underlying factor (Eriksson and Johansson 
1993). Inereased produetivity has in turn led to an inereased denmnd of mineral nutrients 
by the trees, whieh may, depending on edaphie eonditions, be growth-limiting (Nihlgard 1985, 
Thelin 2000). Together with nutrient loss due to the leaehing of K, Ca, and Mg following soi! 
aeidifieation, the increased demand for mineral nutrients may result in nutrient deficiencies in the 
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(ern)) on whorl 7 in trees frorn stands older than 40 years in 1999 divided into groups depending 
on needle N (mg/g) , KIN (indieated *. 

trees (Hallbäeken and Tamm 1986a,b; Falkengren-Grerup et al. 1987, Tamm and Hallbäcken 
1988). Deficiencies related to N-deposition have been shown for P (Mohren et al. 1986), K 
(Thelin et al. 1998), Mg and K (Hüttl 1990b), Ca and Mg (Katzensteiner et al. 1992), and 
P amI Mg (Houdijk amI Roelofs 1993). Depending on soil properties, the nutrient for which 
the supply becomes insufficient differs between stands. Aronsson (1985) found decreasing P 
concentrations concomitant with increasing N concentrations in Norway spruce needles during 
a 20 year period in southwest Sweden. Foliage chemistry - i.e. measured concentrations of K, 
Ca, Mg, P, Zn, Cu and N as weil as ratios of these to N - have been used as vitality indicators for 
spruce and pine, or rather the existence of nutrient limiteel conelitions for growth, as compared 
with identified threshold values. 

Regional nutrient stress - Monocultures of Norway spruce 

The monitoring of forest conditions in Scania, initiated in 1984 by the ad hoc Group against 
Forest Damage (Samradsgruppen mot Skogsskador), has provided more than 15 years data on 
growth, crown condition, anel tree and soil nutrition in 33 Norway spruce and 9 Scots pine stands. 
The database affords unique possibilities for drawing conclusions regarding the sustainability 
of Norway spruce monocultures southern part of Sweden. Changes in tree and soil nutrition 
from 1985 to 1994 have been surnrnarized by Thelin et al. (1998b), crown defoliation during the 
same period was analyzed by Rosengren-Brinck et al. (1998), and changes in soil acidification 
until 1999 in Jönsson, U et al. (2001). Data from these plots have also been used for rnodeling 
the soil chemistry as affected by acid deposition (Barkman and Sverdrup 1996). Plots have 
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been utilized for studying the demand of the tree roos for N, P, and K (Rosengren-Brinck et 
a!. 1997); the relation between N-dcposition, forest floor CjN-ratios, and tree and soi! nutrition 
(Schlyter et a!. 2001); the connection between tree nutrient status and tree vitality and growth 
(Thelin et a!. 2001 b); the effects of vitality fertilization (Jönsson 2000b,c,d); and the elemental 
transport from minerals by the ectomycorrhizal mycelium (Hagerberg and Wallander 2001). 

Random trees from each monitoring site were used for needle sampling. Current-year needles 
from the first or second order side branches on the seventh branch whorl from the top were 
samplcd during the winter season (Dec-March). Five trees were used in 1985, and six trees in 
1987, 1990 and 1994. In order to minimise the effects of individual variability, the same trees 
were used for needle sampling the various years. Soil sampIes were taken as 15 subsampIes 
along each diagonal of the sampIe plot and were fused layer-for-layer, yielding two sampIes per 
plot and layer. For furt her detai!s and a description of the analytical procedures, see Thelin et 
a!. (1998). Scanian Norway spruce and Scots pine stands have developed a relative K deficiency 
(Thelin et a!. 1998). By 1994 a majority of the monitored stands had developed needle KjN
ratios below the target level of 35 (Linder 1995). The negative trend in needle K-stR.tns cOllld 
not be explained in terms of increa.sing tree age or of climatic cond 

The existence of K deficiency was further sup
ported by root bioassays performed on material 
from 12 of the Norway spruce stands that indicated 
K stress (Rosengren-Brinck et a!. 1997). During 
rccent years, from 1988 to 1993, the Ca, K, and 
Mg concentrations in the top mineral soi! have de
creased, but increased in the B-horizon, indicating 
there to be a leaching of base cations from snperfi
dal to deeper soillayers (Thelin et a!. 1998). This 
was accompanied by a decrease between 1993 and 
1999 in the base cation concentrations deeper in 
the mineral soi! (Jönsson, U. et a!. 2001). Today, 
the vast majority of plots show base ca.tion levels 
in the mineral soi! timt are below what is consid
ered necessary in order to maintain a productive, 
sustainable forestry in the long run. Of the plots, 
58% have a base saturation below 5%, a level con
sidered extremely low for a productive forest soil, 
(Jönsson, U. ct a!. 2001). 

p<C tOI6 

p<(l.00)1 

Figure 8.28: Nutrient eoncentrations in 
beeeh leuves from Maglehem in SE Sca
nia, June, July, August, September 1990, 
grow'ing on Dystric cambisol. a) Nitrogen 
and potassium, b) Phosphorus and mag
nesium (Tyler et al. 1992). 

The link between deposition of acidifying cornpounds and N and declining tree and soi! K 
status in Scania is illustrated by the co-occurrence of areas with high deposition and low needle 
K status, Fig. 8.27. In addition, computer modeling of the effects of deposition on forests 
in Sca.nia support the assumption that decreasing K-concentrations and KjN-ratios may be 
explained by deposition of N and S. Barkman and Sverdrup (1996) used soil data from the 
33 Norway spruce plots together with deposition data, Fig. 8.27, and climatic data. Mass 
balances for the base cations were calculated, using weathering rates calculated by PROFILE 
(Warfvinge and Sverdrup 1992). The rcsults indicated that in a long-term perspective there is a 
high risk of K becoming deficient in the soi! solution. The model prediction is validated by the 
extremely low levels of cxchangeable K in the mineral soil in 1999 (Table8.13 , Jönsson, U. et 
a!. 2001) and the developmcnt of K deficiency in the trees (Thelin et a!. 1998). The CjN-ratio 
in the organic layer has been suggested to be a suitable indicator of the risk of nitrate leaching 
(Gundersen et a!. 1998) amI consequently also of the development of nitrogen saturation. The 
CjN-ratio is not the ca.use of leaching, but rather is a symptom of imbalance between nitrogen 
immobilization and carbon sequestration in the soi!. In 1999, the CjN-ratio in nearly half of 
the Scanian Norway spruce stands was below 25, indicating there to be a high risk for nitrate 
leaching (Table8.13). In addition, there has been found a positive correlation between needle K 
status and CjN-ratio in the humus layer, indicatillg there to be a negative relationship between 
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Parameter Ref.value Year Mean4 % 

AI,llg/g 1002 1988 129.5 61.3 
1993 188.7 80.6 
1999 200.5 83.9 

pH(BaGI2) 4.22 1988 4.27 32.3 
1993 4.07 71.0 
1999 4.10 71.0 

Ga,llg/g 502 1988 119.5 78.1 
1993 116.6 71.9 
1999 88.4 81.3 

K,llg/g 202 1988 13.3 75.0 
1993 17.6 62.5 
1999 11.6 100 

Mg, llg/g 102 1988 7.2 78.1 
1993 7.9 78.1 
1999 5.2 93.8 

Base sat.(%) 202 1988 21.9 77.4 
1993 20.0 80.6 
1999 13.4 83.9 

G/N l (%) 253 1993 26.5 38.7 
1999 25.9 45.2 

Table 8.13: Means and percentage of plots with soil chemical values below (pH, base cat'ions, 
base saturat'ion and GIN) 07' above (Al) the suggested minimum 07' maximum levels for the 
exchangeable phase at 20-30 cm mineral soil depth in a productive long-tenn sustainable b07'eal 
coniferous 01' mixed forest soil (Jönsson, U. et al. 2001). % = % of plots deviating from reference 
values. 1; Organic layer, 2; see Forest health indicators, 3; Gundersen et al. (199S), 4; median 
for pH. 

N availability and tree nutrient balance in Norway sprucc stands in Scania. 

The nutrient imbalance, manifested by low needle K and KIN ami high K demand, may be 
seen as the first step in the decline in tree vitality. However, crown defoliation studies generally 
show tree age to be the most important factor in explaining needle loss (Rosengren-Brinck et al. 
1998), although thcrc are significant negative correlations between needle K and P status and 
needle loss as weil. However, in stands younger than 40 years the branch length was positively 
correlated with needle N status, although in older stands this relations hip could not be found 
(Thelin et al. 2001a). Rather, in older stands branch length was correlated with needle K status. 
This indicates a movement from N-limited growth in young stands «40 yrs) to K-limited in 
older stands. In addition, shoot multiplication rate appcared to be positively correlated with 
needle K status but not with ncedle N status or with tree age (Thelin ct al. 2001b). Dlder 
stands (>40 yrs) with needlc N conccntrations of less than 14 llgjg had a higher needle density 
(needle mass/branch length) than stands in which needle N was above 14. Stands in which 
needle K/N was above 35 had higher needle density and branch length than stands in which 
needle K/N was below 35, Fig. 8.26. Hence, in stands older than 40 years nutrient imbalance 
appears to affect tree vitality negatively. The lack of sirrülar effects in younger stands may be 
due to the high N demand owing to high growth rates in younger stands. Young trees seem to 
withstand a suboptimal mineral nutrient levels better. Younger trees may possibly be better 
in translocating K to where the demand is greatest, which with increasing organism size may 
become increasingly difficult. In conclusion, the vast amount of collected anel analyzed data on 
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Beech Oak 
Bergmann Class 2 Bergmann Class 2 

N, mg/g 19 -25 18 -25 20 -30 15 -25 
Ca, mg/g 3.0 -15 4.0 -8.0 3.0 -15 3.0 -8.0 
K, mg/g 10 -15 5.0 -10.0 10 -15 5.0 -10.0 
Mg, mg/g 1.5 -3.0 1.0-1.5 1.5 -3.0 1.0 -2.5 
P, mg/g 1.5 -3.0 1.0-1.7 1.5 -3.0 1.0-1.8 
Cu,llg/g 0.035 -0.1 0.035 -0.1 
Zn,llg/g 0.015 -0.05 0.015 -0.05 

Ca/N 16-60 22 -32 15 -50 20 -32 
K/N 53 -60 27 -40 50 33 -40 
Mg/N 7.9 -12 5.5 -6.0 7.5 -10 6.7 -10 
P/N 7.9 -12 5.5 -6.8 7.5 -10 6.7-7.2 
Cu/N 0.03 -0.05 0.03 -0.04 
Zn/N 0.08 -0.2 0.08 -0.17 

Table 8.14: Optimum foliar nutrient concentmtions and target mtios to N for beech and oak. 
Bergmann: values dejined by Bergman (1988). Class 2: Classijication values for class 2 accord
ing to the 3rd Forest Foliar Expert Panel Meeting (Anon. j997b). 

the Scanian Norway spruce stands reveals a picture of progressing negative effects of acid and 
eutrophicating deposition on soi! acidity and nutrition, on tree nutrition, and on tree vitality 
and growth. Growing Norway spruce in monocultures located in a high-deposition environment, 
such as in southern Sweden, does not appear to be sustainable. Today, chemical changes in 
Scanian soi!s have developed to a stage of which countermeasures are needed in order to restore 
the tree nutrient balance and tree vitality. Nutrient addition experiments in a limited number 
of stands have shown positive effects on frost sensitivity and on needle and bark nutrition, there 
being indications too of decreased resin flow. Against this background further nutrient addition 
experiments are clearly necded. 

Target values for beech and oak foliage chemistry in Sweden 

In order to use foliar nutrient concentrations, or nutrient ratios to N, to assess vitality of 
deciduous tree species, target values for the most essential nutrients need to be defined for 
each species. The suggestion by Linder (1995) that all tree species have the same optimal 
nutrient status requirements implies there to be no need to identify specific target values for 
deciduous trees. Given the variation in growth strategies, in adaptation to different edaphic and 
successional stages this appears to be a bold assumption. One may, perhaps, group together 
deciduous tree species with similar growth strategies and assign them common target values. On 
the other hand, since the boundary between nemoral and boreal forests passes through southern 
Scandinavia and many of the broad-Ieaved tree species have their nortllern limit in southern 
Sweden, a difference in nutrient requirement for Swedish provenances compared to European 
ones would appear likely. In the Scandinavian context forest decline studies have concentrated 
on the economically important species and identification of threshold values for late successional 
species such as oak and beech are urgently needed. Those for earlier successional species such 
as birch are important, but are probably less urgent from an environment al perspective. 

In the classical work of Bergmann (1988) concerning the nutrient conditions of cultural 
plants, including forest trees, the optimulll nutrient levels given for beech and oak are weil 
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Kongalund Öved Linderöd 
July 1967 Oct 1967 Oct 1967 

N, mg/g 25 27 21 
Ca, mg/g 5.0 8.8 6.1 
K, mg/g 5.8 7.7 4.9 
Mg, mg/g 1.7 2.0 1.4 
P, mg/g 1.6 1.1 1.9 

Ca/N 20 32 29 
K/N 23 28 23 
Mg/N 6.8 7.5 6.7 
P/N 6.2 4 8.7 

Table 8.15: FoliaT nutTient concentmtions and nutTient mtios to N fOT matuTe beech stands in 
Scania, Sweden, 1967 (NihlgaTd and LindgTen 1977) 

above the values for conifers, Table8.14. To identify concentration spans, as weil as ratios 
to N, Bergmann used all European information available at that time. The drawback of this 
approach was that he pooled nutrient values, independent of the sampling time of the year, the 
age of the individual tree and of location. The information originated mainly from young plants 
growing in experimental gardens, its general validity for mature trees growing under natural 
conditions by no means being obvious. A similar problem regarding differences in age and 
time is apparent in the compilation of literature data by van den Burg (1985 and 1990). An 
additional problem in this dataset is the various and unharmonized methods of sampling and 
analysis. Since quite different terms were used for the same values or categories of values in 
Europe (Bergmann 1988, van den Burg 1985, 1990), a new elassification, elass 1-3, was decided 
upon by partieipants in the meeting of the 3rd Expert Panel in Vienna in 1995 in order to 
avoid misinterpretation, Table 8.14. A new database for nutrient eoncentrations in tree foliage 
in Europe have been establisheel within the framework of ICP Forest and the European Union 
Scheme on the Protection of Forests against Atmospheric Pollution (Anon. 1997b). To identify 
the natural nutrient status of Scanelinavian beeeh and oak, information from the perioel prior 
to that of the high deposition of nitrogen or from areas outside the infiuence by air pollutant 
deposition would be needed. Since beech only forms forest stands in the southern part of Sweden, 
no sites outside the impact of high nitrogen input can be fonnd. Only three early rcliable data 
sets on foliar nutrient status are available. All of these were collected from beech stands in 
Scania, growing on podzol (Lindcröd) and on cambisols (Kongalunel anel Öved), respectively, 
Table 8.16. Comparcd with the optimum nutrient values given by Bergmann, the Ca, K, Mg 
and P concentrations at the Swcdish sites are elose to or below deficiency. However, for two of 
thc stanels the foliage was collected in Oetober, i.e. at senescence, when thc trees had started 
to retranslocate N and P (Staaf and Stjernquist 1986). The Kongalnnd data was collected in 
July, when beeeh leaves often show a dip in nutrient coneentrations. No data on oak foliar 
nutrient concentration in Sweden prior to 1990 is available. The foliar nutrient concentrations 
of deciduous tree species change eluring the vegetation period, depending on leaf growth and 
seeel elevelopment. In monitoring forest foliar chemistry, leaf sarnples are most appropriately 
collccteel in August since leaf development is finisheel then and the autulIln retranslocation has 
not yet started (Tyler ct al. 1992). 
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Figure 8.27: Interpolated maps of KIN (%) in Norway spruce needles in Scania in 1985 (a) and 
in 1994 (b) (adaptedfrom Thelin et al. 1998). Total deposition (k9 ha-1yr- 1) of N (c) and S 
(d) in the forested parts of the study area in 1988 (adapted fram Bar'krnan and Sverdrup 1996). 
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Figure 8.29: Frequency graph 01 the loliar concentration8 (bottom) and loilar rati08 (top) 01 K, 
Mg, and P to N in mature beech and oak trees in sO·Il.thern Sweden dnring 1985-2000. 

The current foliar nutrient status of mature beech and oak stands in southern Sweden was 
investigated by evaluating all existing information since 1985, Fig. 8.29. The beech dataset 
covers the last 15 years and the oak set the period since 1990. The Farestry Cornmission as weil 
as various research projects have been responsible far foliar sarnpling and analysis. The dataset 
ineludes stands from varying soi! conditions, ranging from eleyey till to poar till soils. However, 
the sampling technique and thc nutrient analysis methoels are ielentical far all investigations. 
Thc average K, P and Mg concentrations in Sweelen are weil below the European levels given by 
Bergmann (1988). Far bccch, thc conccntrations are elose to the lowest values in the ICP farest 
span far Europe, cf. Table 8.14. Far both oak and beech, the average foliar Zn concentrations 
are higher in Sweden than in the studics given by Bergmann. The K, P, Mg and Cu ratios 
to N far Sweden are all below the figures given by Bergmann. Comparcd with thc ICP farcst 
datasct, Swcdish oak and beech trees have average Mg to N ratios timt are at the lower end of 
the European span. This is also true far the P IN ratio in beech. The beech sites in southern 
Sweden with the lowest K, P and Mg concentrations show values and ratios to N that are 
below the European span. Far oak, the foliar concentrations in Sweelen carrespond to the lowest 
European val lies, but the ratios to N are below the minimum European vallles reporteel. The 
major part of the foliar sampIes in the Sweelish beech and oak investigations was taken from 
Sweclish provenances growing on poelsols amI elystric cambisols. This reflects the rat her poor 
soil conditions far most uf the existing decidllous farest stands. The deficiency levels anel target 
vallles for the ratios to N may thlls be lower than the main European threshulds. A first attempt 
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Beech Oak 

K, mg/g <4.8 <5.8 
Mg, mg/g 0.8 1.1 
P, mg/g 0.9 1.2 
Ca, mg/g 4.0 4.7 

K/N 22 26 
Mg/N 4.8 5.0 
P/N 4.8 5.3 
Ca/N 20 22 

Tablc 8.16: Suggested deficiency levels and target mtios to N fOT Swedish beech and oak stands 

to define deficicncy levels and target valucs for beech and oak is summarized in Table 8.16. The 
concentration figures given are the 10% frequency values shown in Fig. 8.29. 

Discussion 

The forest vitality monitoring in southern Sweden that has been carried out for more than 
a decade generates several questions, some of them scientific and others of a more applied 
eharacter. We have already touched upon the former. Regarding the latter, one can note that 
both the regional high resolution decline monitoring and the spatial high resolution monitoring 
of foliage chemistry has been carried out on an ad hoc basis, its not being part of any long
term program ensured either eeonomic or institutional stability. This can be regarded as rather 
eomplacent, given the fact that the forests in the sOlIthern third of Sweden are heavily impact cd 
on by acidifying compounds, nitrogen deposition and tropospheric ozone and that these forests 
represent a natural resouree that is responsible for roughly half the forest growth in Sweden. 
Forest vitality and produetion in this area is clearly of national interest from an environmental, 
eeonomie and employment standpoint. Current monitoring, organised within the national or 
the EU framework, needs to be supplemented by other data. The regional monitoring that have 
been earried out tllUs far has been the result of largcly regional initiatives from by Forestry 
Commissions and by researchers - an approach that clearly is far too dependent on loeal initiative 
and ad hoc funding to be sustainable in a long-term perspective. 

8.8 Estimation of total risk for forest health 

The assessment of the total risk for an ecosystem is best made by proper treatment of indi
vidual risks in a statistieal methodology. The problem is complicated by the fact that cven if 
certain types of risks ean be described by symmetrie al random distributions, others such as soil 
acidification effects, ozone, and fumigation are charaeterized by asymmetrie and biased distri
butions. Risk assessments are only at an early stage of development and systems for handling 
acidification (Barkman 1998), sulphur dioxide fumigation (Barkman amI Ardö 1999), frost and 
wind (ßlennow 2000) still operate singly. The integration of these remain as a very large task. 
The difficulty rests with the intricatc system of risk feedbacks within the system. Thus, the risk 
for frost is not dependent on low temperatures alone, it is also dependent on the trees his tory of 
ozone exposure, nutrient and water stress. Without the use of an integrated model, the assess
ments obviously become an exereise in gambling. Thus, with an integrated model now simply 
on the drawing board, our total risk estimates remain largely qualitative . 

• The effects of soil aeidification are amplified by aeidification 
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Specics Drought Shadows Nitrogen Frost Wind Soi! Nutrient Root Animals 
tolerance tolerance effect resist capture rot browse 

Spruce poor good small good poor nloraine 0-0.35 m much some 
Pine good modest tiny good modest moraine 0-0.5 m sorne lnuch 
Larch poor poor small modest solid 100se 0-0.7 m rnuch luuch 

V. Birch nlodest poor modest poor modest rnorainc 0-0.6 m some lunch 
G. Birch poor poor modest good solid loose 0-0.7 m some much 
Alder poor poor small poor modest wct 0-0.4 m much lunch 
Aspen poor poor large poor modest rieh 0-0 .. 5 m lunch filuch 

Cherry poor poor large pOOl' solid rieh 0-0.7 m some much 
Oak modest poor small poor solid heavy. rich 0-1.0 m some little 
Beech poor modest small poor modest drained 0-0.8 m some some 
Ash poor poor large poor solid rieh, wet 0-1.0 m no much 

Table 8.17: Overview of the effects of various factor's that can affect the health and vital'ity of 
different tree species, and indications for how these tend to react. 

• The effects of drought amplify the effects of acidifieation 

• Acidification-induced root damage increases the risk of windfalls 

• Drought deereases the effeets of ozone 

• Nitrogen availability increases the risk of frost damages. 

• An increased nitrogen availability above wh at is essential increases the risk of fungal 
in feet ions and insect attaeks 

Important too is the integration of environment al risks with risks of windthrow as weil as with 
eombinations of root rot, effects of soi! acidity on the root system and windthrow. Windthrow 
risks and frost risks depend only in part on the species (Kimmins 1997) and to a large degree 
as weil on topography. 



Chapter 9 

Biodiversity in sustainable forestry 

Mats G. E. Svensson, Ingrid Stjernqaist, Peter Schlyter, und Humid Sverdrap 

9.1 Introduction 

The global and regional decline in biodiversity during modern times is the result of several 
interacting factors duc to changes in human numbcrs, life styles, ways ofland-use and product.ion 
amI the associated load of environrnental pollution. Current risks of irreversible loss of habitats 
and extinction of species is incomparably grcatest in spccies rieh tropical areas of the developing 
Sout.h. Nevertheless, concerns for loss of local biodiversity also figure, rightly, high on the 
agenda in developed North. Viewed from a Swedish pcrspective many of the species on the 
national red list. are rare owing to the fact that they occur at or elose to their climatically 
controlled distribution limits or owing to changes in land use and methods in agriculture (most. 
are associated with the agriculturallandscape) and forestry and few of these species are at risk 
for extinction in a wider European or global perspective (Sjöberg 1994). 

The conditions for biodivcrsity changes with time are in principle given by currcnt and 
passed climate, land use and land use technologies, geochemical conditions as weIl as the stock 
and resomce status of a system in constant change (Fig. 9.1). The concept of critical load 
can also be applied to biodiversity in a general way, to determine the maximum amount of 
pollutant input that will not cause unwanted changes. This can also be extcnded to man
agement, to determine the maximum amount of human impact that will not cause unwanted 
changes. The critical load concept can be applied to the individual components of biodivcr
sity, such as individual species occurrence, ecological system functions or the geophysical and 
biogeochemical processes that support and affect the ecological system. Preservation of the 
present biodiversity status is less important than the preservation of the structural complex
ity and convergent ecosystem dynamies. Present biodiversity status is in all cases a result 
of the elimate, biogeographieal and biogeochemical history coupled with the impacts of man 
on the landscape. It is a result of a long management history, a pollution history as weIl 
as the ecological development of the landscape with different types of impacts. The estab
lishment of relevant endpoints and landscape management goal states will be of importance 
for biodiversity management, and the end points are in themselves moving targets. Future cli
mate scenarios for the Nordic countries presented by The Swedish Regional Climate Modelling 
Programme predict an increase in yearly average air temperature of 2.5-6°C and a signifi
cant.ly wetter climate in the west by the year 2100. All predictions available to us for the 
next 200 years, suggest that human physical impact on the landscape will continue, and that 
both climate and environment al pollution are likely to change almost dramatically. Thus, we 
must reali~e that biodiversity of the Swedish landscape will remain in astate of change for 
the foreseeable future. We cannot change the fact that it will change, and our environmen
tal goals must incorporate the concept of change towards ecologically desirable endpoints. 

273 
H. Sverdrup and I. Stjernquisl (ed,.). 
Developing Principles and Models jor Sustainable Foreslry in Sweden. 273-296. 
©2002 Kluwer Academic Publishers. 



274 CHAPTER 9. BIODIVERSITY IN SUSTAINABLE FORESTRY 

Our interpretation is that the biodiversity 
refers to the different kinds of plants, ani
mals and other living organisms in all their 
forms and levels of organization tImt exist in 
an area. It includes: 

Genetic diversity - The distribution of ge
netie variation oecurring in a partieular 
population of a species. 

Species diversity - The nurnber of speeies 
inhabiting a certain area and the 
amount of each species in that area. 

Ecosystem diversity - The number of dif
ferent species inhabiting a partieular 
area, and relates to the variety of habi
tats, biotic communities, and ecological 
structural processes, and the variety of 
ecological processes (alpha diversity). 

Landscape diversity - The number of 
different species inhabiting different 
ecosystems in a partieular geographi
cal region, and relates to the diversity 
of ecosystem types in that area, their 
geographical extent, geographical con
nectedness and population stability ro
bustness. (beta diversity) 

Preserving biodiversity and practicing sus
tainable forestry are globally stated aims in 
several international accords, above all in the 
CBD (European Cornmission, 1995). Con
sequently, the issue of integrating environ
mental values and multiple benefits of forests 
into practical forest management has gained 
wide interest. Biodiversity is one of the most 
difficult environmental problems to predict 
and describe in a way that allows design, 
planning of mitigation strategies. Biodiver
sity management has often focused efforts 
on saving high-profile endangered species. 
The problem with this species-by-species ap-
proach is that it is expensive and often un-
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Figure 9.1: The difference between potential bio
diversity and observed is explained by the ac
tion of seveml "filters". Every area is suitable 
for a certain army of species. The history of 
the area, and the dispers al capacity of species 
in neighbouring area decides which species that 
will be present in the potential species pool; the 
historical filter. Physical conditions and physi
ological aspects will decide .which species in the 
potential species pool that wül germinate and/or 
establish itself; the physiological 01' abiotic fil
ter. The availability of habitable sites, competi
tion (within and between species), predation and 
herbivory will then decide which species that will 
actually survive and propagate; the biotic filter. 

successful when there are no habitats left for the endangered species, it generally ignores the 
ecosystem perspective, though a focus on one species have in some cases resulted in an ecosystem 
approach to its preservation. An alternative approach to regional biodiversity management has 
been to develop a more or less comprehensive inventories of the status of specific taxa, indicators 
or species in a region, and through information systems, negotiation and land planning, to de
velop management strategies. It its a problem that the approach focus on quantity of parts and 
components, but seldom on the fact that interactions of the parts in the system may be superior 
in importance to the number of parts or value coefficients attached to specific components. On 
an operationallevel such surveys are unlikely, except for limited areas, to complete in a spatial 
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sense and unlikely to cover more than taxa of interest to the interested amateur biologists i.e or
nithologists, flora project groups etc. The usefulness for biodiversity planning even of complete 
datasets but with limited spatial (e.g. 5 by 5 km) resolution is not to be taken for granted (.10-
hansson 2000) even though some limitations may be overcome by remote sensing, GIS modelling 
and GAP analysis. Biodiversity loss links to almost all general environmental problems. Experts 
give biodiversity loss rank seventh as a priority problem, and public opinion ranks it eighth (Eu
ropean Commission, 1995). Available evidence on several species shows a declining trend of di
versity within ecosystems, habitats and among species in the EU (EEA, 1996). Climate change, 
acidifying compounds and nutrient nitrogen are expected to have individually and integrated sig
nificant effects on the biodiversity. Landscape history is important determinator for the resource 
stock at hand, as weil as the structural properties of the landscape ecosystem. There will always 
be a difference between the natural potential biodiversity and the biodiversity actually observed. 

Biodiversity is always impacted beyond the nat-
ural, because all lands capes inhabited by man are Abundance 

to some degree culturallandscapes. The important 
quest ion is how to define the sustainable biodiver-
sity. This may be seen is a critical load context as 
what is the minimum acceptable and sustainable 
biodiversity in a whole landscape unit. This calls 
for methods of expressing biodiversity in quanti
tative and measurable terms. The threats to bio
diversity are several, and in modern landscapes, 
several will be relevant at any time: 

• Direct species loss of sm all scattered popu
lations, caused by high vulnerability to mi
nor changes in habitat and basic conditions. 
Hope of spontaneous recovery is virtually nil 

• Habitat loss and fragmentation of the land
scape caused by agriculture, urbanization, 
industrialization, communication infrastruc
tures and other economic activities 

• Change in disturbance regimes (hydrology, 
fires, large scale vegetation changes, for
est stand structure caused by management, 
coastal processes ) 

• Change the physical and chemical conditions 
of the ecosystems owing to pollution 
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Figure 9.2: In assessments of effects, both 
the rare and the common is important. 
There will be a number of species with low 
abundance, but high area coverage, whieh 
will contribute much to the eharacter of 
the landscape and the bulk of the vegeta
tion, whereas other rare speeies will be low 
in both abundance and area coverage. In 
SUFOR both aspeets are important for the 
assessment of effects of management, cli
mate change and pollution change. 

• Climate change causing change the geographical location of current habitats for various 
species (Sykes et al 1996, Cowling et al 2001). A threat potentially aggravated by habitat 
discontinuity and a potentially fast rate of change in climate 

9.2 The Swedish cultural landscape and biodiversity 

The gradual change in landscape from a "natural state" to one governed by the needs of human 
habitation and associated activities for population suspension (agriculture, forestry, industry, 
infrastructure) is, however, a much more long-term process reflecting the steady increase in 
the human population over millennia. The change from hunting and gathering to agricul
ture and the subsequently intensified use of the landscape for agriculture transformed, indeed 
transplanted, most European forest ecosystems al ready in pre-history (Atkins et al. 1998). 
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Remaining forest and woodland were in varying degrees used or managed for human needs. 
Larger more pristine forests survived longer in less populated areas e.g. northern Scandinavia. 
In Europe to day few and minuseule forest areas can be regareled as pristine (Peterken 1996). 
The general structure of the cultural land
scape in southern Sweelen was establisheel al
ready by the Late Iron Age ami persisted 
well into the 18th century (Wielgren 1983). 
As such the land use anel ecosystems re
flecteel the limits posed by geologie coneli
tions, climate, available teclmology and hu
man pressure, Fig. 9.1 By the 18th century 
human population increase aneluse of forests 
in southern Sweden hael transformeel them 
considerably, the extent of the fmest was re
duceel, as was its age anel forests were fairly 
open in charader. Forest had been cleared 
for permanent fields for farming, to provide 
areas for haymaking but also by rotational 

'f ... Pristine 

Culturallandscape 
with historical filter 

:.a landscape 
.Si 
~ 

Current situation 

Landscape impact 

Figure 9.3: Ecosystems are initially resilient to 
farming after burning on a couple of elecaeles change, but after reaching the criticalload of im
return period. Forests were integrateel in the pact, a large change can be expected. In biodiveT"
in-field and out-field agricultural production sity, recovery does not follo"W the same path and 
system. Forests were usually grazed, often may involve lang delays. The societal implica
pollardeel eloser to villages, and apart from tion is that prevent'ion is economically superior 
grazing provided fuel, material for crafts and over restamtion. 
construction timber. Population inerease in-
creased the press ure on the agricultural system. Signs of a non-sustainability, with a loss of 
meadows to crop proeluction and an increased use of forests for grazing and fire-wood, were 
at hand in many areas of southern Sweelen by the early 18th eentury (Anderberg 1991, Gadd 
2000). As a consequence of these press ures forests were by 19th century rat her open, low in 
timber, relatively young anellarge areas in the south anel south-western part of the country had 
been transformed into treeless Calluna heaths used for grazing. Further increases in population 
resulteel in a tide of erofters settling in forests outside villages aeleling to the exploitation of 
the forest resource through additional grazing anel sm all seale elearanees for erop produetion 
in elireet association with the croft. Drainage projects, an inerease of agricultural aereage, set
tlement in the northern part of Sweden, emigration to North Ameriea all helped to ease an 
even hareler use of the land resourees. The introduetiorl of fertilizers anel modern agriculture 
transformeel farming productivity thereby redueing land use pressures on the forests, anel the 
last century has seen yet another major change in the forests in southern Sweden. Reforestation 
programmes targeting the man made heaths, government forest policies and the establishment 
of a strong Forest Service organisation, support for forest drainage, road building, programmes 
to exchange mixeel or broael-leaved forests on former grazed lanel with spruee mono-cultures ete 
have given the result that forests in southern Sweden are more closed, older and eontain larger 
timber volumes than they have for eenturies. From a biodiversity point of view we may note that 
forest cover a larger proportion of the landscape than they have in historie times (Emanuebson 
in SNV 1993) have a smaller proportion of broad-leaved tree speeies, less bog and less bog 
forests. Modern forests in southern Sweden contain liUle dead wood (but not neeessarily less 
so than during previous perioels of intense use as grazing lands and a fuel resouree). Indeed, 
larger amounts of old broad-leafed trees (e.g. Fmxirms, Ulmus, Tilia, Quercus) with eleael wood 
were more associated with pollarding anel animal husbandry than with forests proper. The only 
larger stable broad-leaveel forests were composeel of beeeh. Lately, new landscape seale changes 
in bioeliversity, e.g. an inerease in thin-leafed grasses and an accompanying elecrease in Blue
berry (Vaccinium myrtillus, owing to systemic biogeochemieal change through the deposition of 
trans-bounelary a.ir-pollution have been observed (Rosen et a1. 1992). 
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9.3 The need für system analysis üf biüdiversity 

An operational framework is needed for analyzing terrestrial ecological systems from local to 
national scales and, in so doing, aims to define the role of GIS and environmental modellillg 
have to play in the conservation of biodiversity as reported by the European Environmental 
Agency (EEA) (see www.biodiversity.be/bbpf/econf/econfdath.htmlforstatements).Itis an 
accepted priIll~iple that appropriately scaled information is reqllired to llnderpin the complex 
decision making needed to llnderstand, maintain and restore biodiversity. Ongoing research 
in the SUFOR programme and other landscape ecological research has shown that landscape 
history is very important for biodiversity. The changes callsed by climate and hllmans over 
the centuries are still evident in the landscape strllcture and species pools. This stresses the 
importance of a long-time perspective when analyzing the state of the present biodiversity in 
an ecosystem as weil as the chosen end point for restoration. 

Agriculture has contin
uously changed the land
scape of southern Swe
den during aperiod of 
6,000 years (Welinder et 
al 1998). However, the 
impact was never evenly 
distributed among eeosys
tems, the farming and t'or
est managing methods of 
a certain time period de
cided which kind of ecosys
tems was most affected. 
For example the first farm
ers were dependent on the 
high nutrient concentra
tions in the soi!s of the 
broad-Ieaved forest, chang
ing the soi! characteristics 
and exchange the forest 
stand from dominated by 
broad-Ieaved tree species 
to birch, hazel and alder. 
On the other hand, forest 
and agricult.ure land are 
never isolated from other 
activities in the society. In
dustrialisation and urban
isation has changed, often 
irreversible, the habitats of 
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Figure 9.4: Climate and pollution change will change the endpoints 
fOT growth as well as biodiversity in the next 200 years. The drawn 
line represents the maximum potential of growth or biodiversity as 
a function of climate change towards wetter and warmer, roughly 
cOTTesponding to a north-south gradient in Europe. Significa.ntly 
more growth than now will be possible, and it is achallenge for 
the future to be able to exploit this for profits in a sustainable way 
in the future. Biodiversity will never again become what it once 
was, nor will we keep what we have now, instead we will move 
towards new endpoints. The standard prcservation and conserva
tion paradigm rnay no longer be valid vnder such c'ircumstances, 
because the very endpoints may change in a rather fundamental 
way. Any biodivers'ity conser'vat'ion pol'icy mvst consider this in 
its biodiversity strategy. 

many species. During the last centuries this influence has grown in space ami time, from the 
local to the global, from short term easily reversible change to slow long-term changes difficult. 
to identify and reverse (Lundgren 1994). The impact mayaiso be substantial before any sig
nificant response in biodiversity can be identified, duc to the resistance and resilience of the 
ecosystem. An ecosystem may possess several stable states and the predisposing effect of one 
or multiple impact factors working over a certain time period sllddenly push the ecosystem to 
a new visible statc (May 1977, Larsen 1995). Therefore, the change of biodiversity over time is 
not linearly. A loss of resilience can cven result in a catastrophic shift into a more impoverished 
state (Scheffer et al 2001). The following factors may be of importance for loss of resilience: 
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• Regional climate change 

• Specific forest ecosystem or forest re sour ces exploited by man 

• Forest management methods 

• Alteration of biogeochernical cycles 

Like many environmental problems the time delay in identifying changes in biodiversity depend 
on the difficulties to interpret early warning signals and the ecological impacts as weil as decision 
rnaking concerning cffective countermeasures. Fig. 9.3 and 9.4 show the long-term historical 
change in biodiversity caused by various impacts on the landscape. The biodiversity state 
of an eeosystem may show significant hysteresis in recovery, associated with very long delays 
in response. It must also be remembered that some biodiversity changes are more or less 
irreversible, and once effect has oceurred and manifested itself, there is no return to the initial 
state. The distinction of when the effect of an impact is reversible or irreversible is quitc 
Ilncertain and a precalltionary principle may be warranted. The loss of biodiversity deseribes 
both the dimension of change and the speed of the proeess. Compared to a historical and 
more sustainable use of the forests, the eurrent biodiversity state is a result of an accelerated 
loss of species caused by thc anthropogenie stress factors as weil as the forest management 
methods of the last decades. Future threats like climate change and an increased need of 
forest resources for society purposes, i.e. bioenergy, may push the ecosystem to an even more 
impoverished biodiversity state. Another important, and probably the most important threat 
is the potential drastic decrease in agriculture land that will turn many Swedish regions into 
alandscape dominated by forests. The recovery process may involve going back to conditions 
with substantially less human impact than was required to initiate the change. The implication 
for society is that it will be much more expensive to restore a damaged ecosystem biodiversity 
than to prevent the damage to occur. To maintain or restore biodiversity is not a question of 
creating a forest ecosystem timt can hold as many species as possible. As discussed above to 
maintain the biological processes and functions of the ecosystem is aprerequisite fm species 
survival. A restoration decision must hold in mind that the resilience ofthe ecosystem and its key 
organisms may change according to landscape fragmentation as weil as the filter effects causcd 
by an increased compctition capacity of subordinate vegetation, pests and herbivores (Grime 
2001). Only a system analysis of these factors can identify possible end-point ecosystems of 
recovery or restoration. On the other hand many discussions of biodiversity res tor at ion identify 
the pristine forest ecosystem, i.e. the situation before any significant human impact, as a suitable 
end-point state. However, the characteristics of the pristine ecosystem is hard to identify due 
to the historical filter described in Fig 9.1. It mayaiso be impossible to reach if the climate 
and ecosystem processes has irreversible changed over time, even if the forest stand will be free 
from further human impact. If the pristine ecosystem can be described, restoration beyond 
the historical filter cannot be reached without heavy costs, both economic and social. With 
system analysis, the future development of forest biodiversity may be evaluated if the following 
characteristics are identified: 

• thc end-point ecosystem 

• the long-term resilicnce capacity 

• future environmental impacts on ecosystem resilience 

Studies in the SUFOR programme will in cooperation with other research programmes, work 
towards this goal. 
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The research into biodiversity in SUFOR. has a very deliberate purpose of developing assessmellt 
ami plalllling tools for praetieal applieation 1,0 management questions ami problems, with the 
purpose to design landscape management. This implies that we want 1,0 be able to make 
quantitative predietions of biodiversity ehanges caused by forest management and other human 
impacts. Overview of the proposed structure for a hiodiversity model system is shown in Fig. 
9.5. It is importarlt to realize timt the response time to change is very different for the different 
boxes. Groune! vegetation plants ami trees are relativcly mobile with respect 1,0 large scale 
geographie al changes and may respond by moving their oceurrence area. In contrast, insects as 
particular family of species are very mueh less mobile despite their Illotorical mobility, they are 
less plastie in their adaptability and can only survive under very narrow ranges of conditions. 
This demamis a larger biodiversity and speciation rate, in oreler to match the larger natural 
variation as a genera, hut leads to a larger cxtillctioll rate Oll species basis. Animals like birds 
or herbivores are also very mobile and mueh more adaptive, allel tlms a lower biodiversity is 
required togethcr with a lower speciation rate. Thus the geographie al adaptation time 1,0 a 
fundamental change is in the order of years anel dec:ades fur largt' animals, several decades 1,0 a 
few centuries for plants and trees, but millennia 1,0 milliolls of years for insec:ts. The numerical 
species count based biodiversity for the different groups cannot be linearly added without a 
proper transformation. A larger numerieal species biodiversity in one group is not neecssarily 
lllore worth than a sm aller numerieal spccies biodiversity among another group. The questions 
pertinent are: 

• What are the combined, long-term effects of climate change, air pollution and forest usc 
on biodiversity in the fore sI, landscape of southern Sweden? 

• Evaluate the relative and individual long-term cffec:ts of: 

climate change, 

air pollution 

forest use 

geochemieal soil charaeteristics 
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Figure 9.6: A causal loop diagmrn for ground vegetation dynamics with 7'(;spect to gr-ound cover 
and response to pollution and clirnate change. 

the integrated effect of climate change, air pollution and forest use on biodiversity in 
the forested landscape of Southern Sweden. 

• Estimate the critical load of acidity ami nitrogen to achieve a certain limitation of envi
ronmental damage. 

• Identify especially sensitive geographical areas and ecosystems as well as how many areas 
of high biodiversity is needed for maintenance of the overall biodiversity of today? 

Due to resource and time limitations in the SUFOR programme, specific components of the 
total biodiversity system were highlighted: 

• Occurrence of wood-living insects species 

• Occurrence of lichens species 

• Forest tree speeies 

For the biodiversity of wood living insects, the influence of dead wood, tree species composition, 
forest structure defined as tree age as well as occurrence of fires in the forest were identified as 
crucial factors. These components were also analYlled in relation to landscape structure. The 
system is illustrated in the causal loop diagram of Fig. 9.8. This figure also show the causal 
loop diagram of the total system of insect biodi versity. 

9.4.1 Ground vegetation modelling 

Several approaches have been tried for modelling of vegetation changes callsed by pollution and 
management impacts (van Dobben et a!. 2001; Schouwenberg et a!. 2001; vVamelink et a!. 
2001). Such changes can be reinterpreted to implications concerning changes in biodiversity 
of the ground vegetation. Such models have been focused on the species with higher grollnd 
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coverage or by assembling plants 
into groups with predefined proper
ties and functions. A ground vegeta
tion model is being developed (Hans
son 1995), the basic ontline of it's ba
sic principles have been outlined in Fig. 
9.6. An example of what a gronnd veg
etation model may yield is shown in 
Fig. 9.7, where results from applying 
the prelirninary VEG model has been 
shown (Hansson 1995). Similar models 
are being developed at the ALTERRA 
institute in Wageningen, Netherlands 
(The SUMO-SMART2-NTM system). 
The scenario shown is a preliminary 
calcula tion for the Farahall research 
site at Hallandsasen, southern Sweden. 
An early model version with response 
functions for acidity, nitrogen and com
petit.ion was used. The diagram shows 
the response of the mainly changes in 
Boil pH and nitrogen inputs assumed 
t.o have start.ed in earnest around 1960. 

Figure 9.7: Prelim'irtaTY calculation for the Fämhall 
research site at Hallandsäsen, southern Sweden. The 
cltanges in ground vegetation at this forest stand wüh 
Norway sprucc and Seats pine is mainly driven by aC'id 
deposition effects, nitrogen inputs and fm'est stand 
stern density which all changed during thc simulation 
period. 

The deposition was assumed to decline 
after 1990. The response is initiated by the onset. of increased nitrogen deposition and the see
ond change by recovery from soil acidification and nitrogen pollution. The ehanges in ground 
vegetation at this forest stand with Norway spruce and Seots pine is mainly driven by acid 
deposition effects, nitrogen inputs and forest stand stern density in this run, t.hey all changed 
during the simulation period. The change in t.he nitrogen input which first. increased from 5 
to 25 kg N ha~lyr~l and then declined t.o 12 kg N ha~lyr~l. Acid inputs increased from 5 
kg S ha~lyr~l to 35 kg S ha~lyr~l and then declined simultaneously wit.h nitrogen to 15 kg 
S ha~lyr~l. In this partieular case, compet.it.ion was included for nut.rients, but not fully for 
competit.ion for light. Recovery of non-present plant. species was set. t.o occur inst.antaneously 
onee condit.ions allow for it.. No change was assurned for climate during t.he period. The plant 
species used should be seen as funetional classes which have for the sake of experiment borrowed 
their properties from the species mentioned. The changes in ground vegetation at this forest 
stand wit.h Norway spruce and Seots pi ne is mainly driven by acid deposition effects, nitrogen 
inputs and forest stand stern density in the model (Hansson 1993). In this particular case, plant 
cOInpet.ition was included for nutrients, but not fully for competition for light. Recovery of a 
non-present plant species was set t.o occur instant.aneously onee conditions allow for it. 

9.4.2 Biodiversity of insects 

In SUFOR, much emphasis was placed on speeies diversity of wood-living inseet.s which consti
tute only apart of the whole insect biodiversit.y system (Fig. 9.8) in the landscape, and rnany 
simplifications have been made. 

9.5 Conclusions 

Assessments of change and modelling of biodiversity needs to take into aceount the irnportance of 
the structure and feedback systems in the ecosystem. This can only be done by system analysis 
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Figure 9.ß: A eausal loop diagmm JOT the biodivCTsity system of insects in the fOTested lands cape 
is shuwn. The biodiveTsity eornpunent madc up of insccts are a paTt of the total biodiversity, and 
to a paTt dependent on otheT biodiveTsity components. The biodiveTsity components studied in 
the SUFOR programme havc mainly been focuscd on insects on dead wood and physieal stTuetuml 
propeTt'ics of the fOTest. 

methods and by a careful and stratified sorting of the available evidcncc. With biodiversity, we 
must be ready to act without fuIl knowledge and makc decisions under considcrablc uncertainty. 

Figure 9.9: The loeal environment aTo'und houses, vil
lages and minOT r'uads aTe impoTtant pools of biodiveT
sity in the lands cape. PTotecting these habitats is bene
.fieial fOT biodiveTsity PTcScTvatiun, but have in practice 
no OT insignijieant impact on agTicultuTe, fOTest pro
duction and fOTest land projitabüity. 

Quantitative coIlection of qualitative 
information is useful for model devel
opment, but lacks predict.ive power by 
itself. In the SUFOR programme, the 
intention is to take the step forward 
into prediction and management de
sign. In the second phase of the SU
FOR programme, the a larger part of 
the biodiversit.y syst.em will be taken 
into account. and integration into a 
holistic picture of the ecosystem will 
be attempted. Fig. 9.3 shows a 
phenomenon that points out that the 
change in biodiversity is a proccss wit.h 
partly long delays, hysteresis effects 
in recovery, typical of non-equilibrium 
processes. The available databases are 
valuable, but. without sorting, also the 
source of massive redundancy to most 
important issues. It is necessary to 
prioritize and select same aspects that 
can be used to representatively esti-
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mate the whole ecosystem biodiversity. Without. models, 
cannot be properly sorted, nor used for future predictions. 

the presently available information 

We mUHt keep clearly 
in our minds the present 
perspective of a very dy
namic future , as well as of 
a very dynamic ne ar his
tory. In the next 200 years, 
the world population will 
increase by 50%, some say 
more, the world will adopt 
energy production systems 
not. based on oil, t.he cli
mate will change signifi
cant.ly, as well as t.he pollu
tion situat.ion will change. 
Acidification of soils by de
posit.ion of Sand N will 
be strongly decreased, land 
eutrophicat.ion by N de
position will be somewhat 
reduced, but. it will con
t.inue and t.he fut.ure cli
mate will be significantly 
warmer anci wetter t.han 
now in most. parts of Swe
den. We will get many as

Figure 9.10: After a forest fir"c, pioneering tree species such as 
birch, cherry, aspen a:n.d rowan initially coZonize the ground. These 
.stands are succeeded by Zarger deciduous hardwoods 0"1" by Zarge 
conifers. Photo: M. Svensson. 

peets of the climat.e at presently existing in the northwestern European continental sea border 
(Great Britain, Northern France). All this makes predictions offuture biodiversity very diffieult 
and impossible to do without good models. Most is uncert.ain, but we can be certain of this; 
t.he biodiversit.y of our landseapes will be in a constant state of change for at least the next 300 
years, most. likely forever, it will certainly not become what it was once, historically, neither it 
will remain as it is today, anci it will evolve into something significant.ly different. The problem 
of biodiversity change is in t.his perspective not a phenomenon that can be made to stop, for 
biodiversity to be conserved, but rat her a problem of managing a process of change towards 
desirable endpointH. The inescapable conclusion is that. we will need both goals for future bio
diversit.y, anci estimateH of possible new endpoints under free landscape development., but. more 
importantly, for different scenarios of landscape management aud utilization. 
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9.6 Principles of biodiversity preservation in forestry 

Sven G. Nilsson, Mats Niklasson, lanas Hedin, Hiikan Ljungbery 

9.6.1 Introduction 

Biodiversity is the variety or diversity of life (Hunter 1999). Here we define biodiversity as the 
genetic variation within species, species richness and variation of forest types/forest ecosysterns 
with an emphasis on species richness. Genetic variation within species and species richness 
of rnicroorganisms is outside the seope of this diseussion. The single most importarlt factor 
causing a loss of biodiversity is human land-use (Nowieki et al. 1998). Sustainable forestry 
irnplies rnaintaining biodiversity at a high level, and where it is eroded or destroyed restoration 
is an essential eomponent of the sustainable use of forests (FreIich and Puettrnann 1999). This 
applies in partieular to Western Europe, where very little of natural forests remain (llannah 
et al. 1995, Peterken 1996). The basic principles of biodiversity preservation in sustainable 
furestry build to a large extent on general principles of biodiversity preservation. Frorn several 
recent analyses and reviews (e.g. Gaston 1994, 1996, Lawton and May 1995, Kllnin and Gaston 
1997, Hanski and Gilpin 1997, Hanski 1998, Hansson 1997, McCarthy and Lindenmayer 1999, 
Hanski and Ovaskainen 2000)) we can extraet some general principles (Nilsson and Niklasson 
2001): 

• The probability tlmt a species is present inereases with the amount of sllitable habitat. 

• Thc extinction risk of a local population increases strongly with diminishing populatioIl 
size. 

• Species with large territuries need a minimum amount of suitable habitat at the landscape 
level, either all in one large patch ur grouped in several small patches situated ne ar enough 
to permit movement between the patches. 

• Several ncarby patchcs of a habitat incrcase the probability that species dependent on that 
habitat are prescnt. Thus, isolated patches have a lower prob ability of being occupied. 

• In a grollp of habitat patches, the long-term survival of a loeal population can depend on 
patches that at a given time are unoccupied. 

• Extinction of a local population can oceur many years after the arIlOlmt of sllitable habitat 
in alandscape has deereased below some critical threshold. 

• As a consequence of the previous prineiple, the most eost-efficient restoration of habitat is 
to incrcase the habitat(s) that has decreased most reeently and to increase habitat near 
biodiversity hot-spots. 

• Species that oeeur on rnany sites in alandscape are often eommon at the sites where they 
are present. Thus, rare species are often locally rare apart from occurring at few sites. 

• Species occurrences are often "nested", which means that at sites with rare species the 
common ones are also present. 

• The risk of local extinction inereases with population variability, habitat specialisation 
and low dispers al ability. 

• Many species are dependellt, directly ur indirectly on natural disturballees, such as fire, 
willd-throws, water fluctuations and grazing by large herbivores. 
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• Disturbances due 1,0 man can replaee natural disturbances only if they resemble natural 
disturbances in critical aspects (e.g. by creating key structures like large snags, downed 
dead wood anci burnt dead and living trees of many species). The disturbance process in 
itself does not guarantee a preserved bioeliversity. 

These basic principles should be integrated with wh at is known about the natural biodiversity 
anel disturbance regimes of a region, to arrive at some principles of biodiversity prcservation. 
Therefore, after discussing the historieal aspeets of biodiversity we give a short review of what 
is known about natural elisturbance regimes in southern Sweden (Nilsson ami Niklasson 2001). 

9.6.2 Definition of sustainable biodiversity 

Sustainable biodiversity in Sweden is defined in the SUFOR programme as the maintenanee of 
viable populations of all indigenous organisms oecurring in the country. This definition nlllst 
be interpreted, since the spatial seale of biodiversity preservation is not stated. vVe interpret 
it as the preservation of viablc populations of species in all regions where climate and forest 
types allow their existence. A regional approach is central for efficient biodiversity preservation. 
Sinee the climate is changing we must now ancl then revise our species lists, ami one aspeet 
is the possibility of bringing back species previollsly exterminated by forestry. The concept of 
minimum viable populations is evolving which also means a constantly upelated monitoring of 
population sizes etc. We still know very little about this aspect for a majority of speeies (e.g. 
Nilsson et a!. 2001). Clearly much rernains 1,0 be done in terms of monitoring and research 
before we know if present forestry practice is compatible with a sustainable biodiversity. 

9.6.3 Establishing the baseline of forest biodiversity 

Sustainable biodiversity is in Sweclen clefined as the maintenance of viable populations of all 
indigenous species in their former distribution ranges. However, establishing which species 
are indigenous and what are their natural distribution ranges constitutes a problem. Is the 
current distribution of species in equilibrium with climate anci vegetation zones, or is it largely 
determined by the recent fragmentation and clegradation of their habitat? These quest ions can 
only be answered by obtaining hard data on the past distribution of plants and animals and 
their response 1,0 various degrees of human impact upon their habitats, from moderate cultural 
modification 1,0 degradation, fragmentation and outright destruction. In order 1,0 be able to 
assess ami counter the current threats against biodiversity we need a long-time perspective, 
where anthropogenie influence ean be distinguished from natural eauses such as climate changes 
or natural vegetation successions (Nilsson1997a, Cowling et al 2(01). This may pose a problem, 
since the modern anaiogues of many past habitats are more or Icss drastically altered or even 
nonexistent. With today's growing awareness that the increasing human impact causes an 
accelerating loss of biodiversity, a new field of applications für palaeoecological methods is 
emerging. The most important palaeoecological method for reconstructing vegetation history is 
pollen analysis (Prentice 1988). In several reeent studies, "floristic diversity", i.e. the number 
of pollen taxa, has been used as a measure of biodiversity (e.g. Birks and Line 1992, Odgaard 
1994, 1999, Lageras 1996). Huwever, "pollen diversity" will mostly reflect the landscape diversity 
around the sampling site: a lanclscape including hay mcadows, fields, forest clearings, hedgerows 
ete. will automatically yield a higher number of pollen taxa than a more homogenous forest 
landscape. In this way, small-scale human impact will, by increasing the habitat diversity, 
almost inevitably result in an increase in floristie diversity, regardless of what the effect has 
been upon the diversity of the different habitats themselves. Furthermore, studies of reccnt 
conservation forests has shown timt tloristic diversity, although it may imlicate the degree of 
openuess ami former grazing pressure in a forest, is not correlatcd with the species richness uf 
tree-dependcnt lichens amI beetles (Nilsson et a!. 1995). In addition, factors of vital importance 
for biodiversity such as the age structure of the forest anci the presencc of dead, dying or hollow 
trees amI war se woody clebris on the ground remain inaccessible tu the palynologist. Depending 
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on the type of management structures such as old, dying trees, hollow trees or dead wood Illay 
be totally obliterated, even if the forest remains standing and no evidence of change can be 
seen in apolIen diagraul. On the other hand, many species can find refuge in ancient trees 
in the cnltllral landscape, in environments tImt bear little palynological resemblance to ancient 
forest (see below). These reasons have made insect analysis (palaeoentomology) an increasingly 
attractive instrument in palaeoenviromnental reconstructions (Brayshay and Dinnin 1999). The 
great value of insects as palaeoenvironrnental indieators lies in the faet tImt a large nllmber 
of taxa can be ielentified to species level, anel that many speeies have very narrow habitat 
toleranees. This allows the analyst to lllake detaileel inferences abont the past environment 
from the habitat prcferences of the speeies present in the sampIe. Furthermore, insect analysis 
offers elirect knowlcelge of a grollp that is both numerically and ecologically a very important 
part of the eliversity of forest ecosystems. 

9.6.4 Structure and biodiversity of the natural forests of Europe 

Since the Early Neolithic, European woodlands have been affected by dcforestation, girdling, 
coppicing, pollarding, shifting cultivation, grazing ami other human activities (Pott 1992). In 
Western Europe toelay, virgin forests in astriet sense are nowhere to be founel. Even forests 
resembling a pristine state are limiteel to a sm all number of isolated "habitat islands", alrnost 
always in plaees where topography, hydrology or low productivity has rnade agriculture and 
forestry irnpractical or uneconomical. The representativity of these small patches can often be 
questioned, duc to their small size ami isolation, and their atypieal geology or topography. An 
important issue in conservation biology is thllS how the structure of the woodlands has changeel 
as a result of human impact, ami what impact this has had on biodiversity. The most striking 
difference between natural forest ami managed forest is the age structure of the tree population. 
Natural forest is far more elominated by old ami very old trees than managed forest, anel there is 
an abundance of old, dying trees, hollow trees or dead wood of various tree species and in various 
degrees of decomposition. The amount of dead wood can be at least ten times that of managed 
forest (Warren anel Key 1991, Nilsson et al. 2001). The pre-cultural European forests are often 
depicted as continuous, dark and irnpregnable, but there are several reasons to think tlmt this 
picture is incorrect. Notwithstanding the fact timt shores oflakes and rivers, wetlands, cliffs and 
areas with very thin or infertile soils have always provided open spaces, gaps will also have been 
created by the death of old trees, inseet outbreaks or catastrophic events such as storms or forest 
fires. Although forest regeneration is usually rapid, it seems likely timt more permanent openings 
have been maintained by large herbivores such as deer, bison amI before their extinetion also 
auroch, wild horse and forest clephant (Owen-Smith 191:\7, Nilsson and Ericson 1997, Bengtsson 
et al. 2000, Vera 2(00). For example, recently burnt forest provide an abundance of nutritious 
saplings, forbs and grasses that should have been highly attraetive to these large herbivores. 
Beaver colonics in their rnovernent along streams produce open flooded meadows sUITounded by 
nurnerous dead trees, and it has even been suggested tlmt early man may have used these for his 
initial colonization of thc forests. Rackham (1998) gives many examples of both man-made anel 
natural sem i-open tree-lands in Europe (corresponding to the savannas of other eontinents), and 
stresses their irnportance for biodivcrsity preservation. To summarize, the proeesses mentioned 
above created a mosaic of different sllccessional stages in elose juxtaposition in the virgin forest. 
Probably as a result of this, many forest species have evolved to depend on both ends of the 
successional spectrurll. Insects whose larvae depenel on dead wood frequently need open space 
as adults for mating anel elispersal, and abundant flowers prodllcing neetar and pollen as a 
source of energy and protein (Warren anel Key 1991). How the various evolutionary histories of 
different deeiduous tree species rnay have influenceel the habitat prcferences of their respective 
beetle fauna is discllssed by Gärelcnfors and Baranowski (1992). Many red-listed saproxylic 
beetles and epiphytic lichens are toelay mainly found in/on old solitary trees or groves in the 
wooded pastures or hedgerows of the culturallandscape (Harding and Rose 1986, Nilsson et al. 
1994, Rackham 1991:\). One might question whether these species are indigenolls forest species. 
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\Vc helievc that thc original disturbance regimes of the past, with frequent forest fires, fiooding 
near large rivers ami lakes amI! or grazing maintained adynamie, partly open forest landscape. 
For the species which have evolved in these open forests, the cultural lands cape is one of the 
few environments timt offers suitahle habitats today. 

9.6.5 Human impact in the forests of Europe 

Most palaeoentomological data on the hiodiversity of pre-cllltural forests comes from British 
studies. The presence of a virgin forest element in Early- to Mid-Holocene beetle faunas was 
first demonstrated by Osborne (1965), and has later been confirmed hy others (e.g. ßuckland 
1979). The persistence of the virgin forests has heen a matter of debatc. Earlier belicfs that 
fragments of primary forests may have survived as late as the seventeenth century has been 
replaced by the realisation timt human impact upon thc woodlanel was considerable alrcady in 
prehistory (Buckland anel Dirmin 1993). However, records from several sites suggest tImt, in 
spite of the extensive forest clearance cornmencing in the Ncolithic ami continuing throughout 
the Bromle Age and Iron Age, relatively undisturbed woodland long persisteel in agriculturally 
marginal areas (Dinnin 1997, Whitehouse 1997). Finally, natural forest elisappeared almost 
completely from Britain (as from most of Europe), and it is hardly surprising that the forest 
fauna has suffered greatly (Buckland ami Dinnin 1993). Osborne (1997) lists a number of wood
living beetles from the Neolithic, inclucling such species as Rhysodes sulcatu8, now extinct over 
most of Europe. Buckland and Dinnin (1993) list 29 species of beetles recorded from Holocene 
deposits in Britain, but now extinct from the area. No less than 17 of these are associated 
with timber and/ or clead wood. Other elements of the forest fauna survive only in scattered 
fragments or in poor analogues of their original habitats (Speight 1989). All in all, among 
ßritish beetlcs the evidence for regional extinctions due to climatic change during the last 1000 
years is rather unconvincing, while the evidence for extinction due to anthropogenic infiuence is 
overwhelming (Wagner 1997). 

9.6.6 Differences between southern Sweden and northern Europe 

Berglund et a!. (1991a), Nilsson (1997a, 1997c) ami Lageriis (1997) describes the history of 
the culturallandscape in southern Sweden. In this area, the deforestation (with the exception 
of southern Scania) has been neither as early nor as complete as in Britain, but nevertheless 
the cultural impact in the forest has been consiclerable for 6000 years (Berglund et a!. 1991b). 
In southern Scania, the virgin forest was transformed to a more open forest containing shade
intolerant trees around 5100 BP, while a major deforestation occurred around 2700 BP (Regnell 
1989). There are considerahle regional differences in the timing and intensity of human impact 
even between various parts of southern Sweden. Human impact was delayed in inland/upland 
areas compared with more fertile lowlands (Berglund et al. 1991b). In the uplands of central 
Sm aland (Lagcras 1996), land use was long limited to wood pasturage, until a major defor
es tat ion transformed the landscape into a semi-open pastorallandscape (ca 0-500 AD). Around 
500 AD an agrarian regression resulted in reforestation of ahandoned pastures, a situation that 
persisted until a second agrarian expansion ami deforestation took place in the Middle Ages 
(1000-1400 AD). This resIlIted in a diverse cllltural landscape with pastures, hay meadows, 
permanent arable fields ami some slash-and-burn cllltivation. Scveral stIldies suggest that in 
so me areas considerable human impact may have been even later than indicated, and that the 
species-rich deciduons forests Inay havc persisted locally nntil only a few hundred years ago 
(ßjörkman 1997, ßjörkman ami Karlsson 1999, Lindbladh 1998). During the last 150 years, 
slash-and-bllrn cllltivation ami hay production has ceasecl, grazing has decreased ami coniferous 
forest has expanded at the expense of open land (Nilsson 1997a, 1997c). 
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9.6.7 Palaeoentomological studies of biodiversity in Sweden 

In Sweden, recent palaeoentomological studies have largely been focused on the climatic de
velopment and faunal successions of the last glacial cycle (e.g. Lemdahl 1988 , Gaillard and 
Lemdahl 1994, Coope and Lemdahl 1995, Lemdahl 1997); but t.here are also several st.udies 
of t.he insect. fauna in archaeological contexts (e.g. Lemdahl and Thelaus 1989, Lemdahl et. 
al. 1995). Alt.hough recent. palaeoent.omological st.udies cont.ain several records of saproxylic 
beet.les, cvcn cxtinct. species such as Rhysodes sulcat.us (Lemdahl, pers. comm.), comprehensive 
studies of the Fennoscandian beetlc fauna of middle t.o late Holoccne forest. environments are 
scarce. Recently, bcctle divcrsity and forest. history during the last 1,000 years have been stud
ied on sevcral sites in southern Srnaland (Ljungberg, unpubl.). In spite of the short. t.ime frame 
compared with most other palaeoentornological studies, also these re cords contain species now 
locally or even regionally ext.inct. In one of the sites, 23 species of wood-living beetles today 
included on the Swedish Red Data List (Gärdenfors 20(0) have been recorded in peat deposit.s 
from the last 1000 years. Of these, no fewer than 16 are today extinct from the area. Consid
ering the rclatively high biodiversity of the site today, this number is surprisingly high. The 
extinct species are mainly those associated with old deciduous trees and coarse woody debris 
in late stages of decomposition. In accordance with the statements above also the early decid
uous forest (where little or no evidence of human impact can be discerned) contained species 
depending upon sun-exposed habitats. 

9.6.8 Disturbance regimes of southern Sweden 

Due to the long his tory of human impact on southern Swedish forests it is extremely difficult to 
draw conclusions on what is the "normal" disturbance regime based on the present situation. 
Therefore, it is necessary to analyse past conditions using different techniques for reconstruction: 
pollen analysis, dendrochronology, macrofossil analysis and historical accounts (see preceding 
section, as weil as Eliasson and Nilsson 1999, 2001, Harmon 1999, Lindbladh 1998, Niklasson 
1998). From the present we can however draw sorne irnportant conclusions based on records 
of abiotic factors like storni frequencies amI incidence of natural fires (e.g. Lightning Igni tion 
Density (Granström 1993)). Wind is a very import.ant dist.urbance agent that cause both large
and sm all scale disturbances. It is very difficult to draw conclusion of what is "natural wind
fall frequency" based on the present patterns of wind felling. This is due t.o the fact Urat the 
structure and stability of natural forest is completely different from the production forest. The 
same reasoning accounts for fungi aml insects that may have mass out breaks in sorne years. 
Because of the massive changes in tree species composition ami forest structure that has taken 
place due to forestry and changes in land use the last 100-300 years (Nilsson 1997a, 1997c), the 
present population density of so ca lied pest species may be lligher than long ago. Examples 
could be sorne insects and fungi. e.g thc bark beetle TomicU8 piniperda and the fungi Heter
obasidion ann08nrn. The disturbance regime of alandscape is the result of a complex mix of 
fadors. Lightning Ignition Density (Gransträm 1993) ami the relation ami allocation of land
scape elements like lakes, bogs, watercourses (Niklasson and Gransträm 2000, Hellberg 1999) 
is probably largely decisive for the resulting fire frequency, and for southern Swedish conditions 
especially: human impact (Niklasson and Drakenberg in press). As al ready mentioned, storrn 
alld hurricane frequencies (Henry amI Swan 1974, Falinski 1986, Pontaillcr et al. 1997) are 
important factors boHI at a large and a small scale by felling amI breaking trees. Less studicd 
but probably as irnportant for the disturbance regime is the soi! moisture and texture by giving 
different stability to trees and stands to wind (Falinski 1986) amI by providing conditions for 
different field vegetation and fuei for fire. Orten neglected when discussing disturbance regimes 
are the tree species themselves, which may display very different properties in resistance to rot, 
regeneration strategies, fire resistance ami stability to wind, life span etc. Such factors have 
largc influence on the disturbance regimes ami thc population dynamics that rnay be important 
to consider when planning for sustainable forestry. Impact frolll grazing and browsing animals 
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on successions (Bergqvist 1998, Kullberg 2000) have been largely neglected as weil as thc cffccts 
of grouting by wild boar (\Velander 2000). The ecologieal effeets of the beaver were probably 
also prominent. In thc following we will give a short overview on the palaeoecological data 
available for reeonstruetion of the natural disturbanee regime of the nemoral and boreonemoral 
(Sjörs 1963) zones of southern Sweden. The hlfgest disturbance agent at present is forestry in 
south Swedish forests, approximately 3-5% of the forest area is annually affected by different 
forestry aetivities like thinning and clear-cutting. Although there arc some similarities to wind 
disturbance, there are some fundamental and indisputable differences, above all the removal 
of biomass (mainly wood) frOln the forest eeosystem. Another largcly neglected factor is that 
extremely few trees are allowed to fulfil their natural life eycle bceause rotation times are con
siderably shorter (typically 80 to 120 years) than the maximum life span of most tree species 
(from 150 to more than 800 years). The fundamental consequenees of this for biodiversity are 
described below. 

Fire 

Fire is probably thc single disturbance agent with the lm'gest impact on the dynamics and 
cOlnposition of past south Swedish forests outside the nemoral :.\One. Compared to wind dis
turbanee, the past situation is much better known for fire due to the direct evidences found in 
biologieal archives (charcoal, fire scars in trees and stumps). The impact on vegetation and 
the importance of fire for biodiversity is described in Heliövaara and Väisänen (1984), Skog 
ami Forskning (1991), Ahnlund ami Lindhe (1992) and Wikars (1992, 1997). A Illore extensive 
review of fire regimes is given by Granström et al 1995), and human use of fire is summarised by 
Larsson (1995). Today, t.he allllUal area burnt by forest fires amount to a few hundred hectares 
in southcrn Swcden (Anon. 1981). This equals to about 0.01% of the area, which of course is 
very little compared to the arca disturbed by forestry annually. However, the few exactly dat.ed 
south Swcdish fire histories so far published or under work show tlmt 2-5% of the forest arca 
burned annually in the past (Niklasson and Drakenberg 2001, Niklasson and Karlsson 1997, 
Page et a!. 1997, Niklasson et a!. 2001). Today, most fires start because of human activities 
(neglectance, power lines, trains, camp fires ete) but Granström (1993) showed that ignition by 
lightning can contribute up to 25% of the fires and that thc highest lightlling ignition dellsities 
were found in Southeast Sweden. He also showed a strollg gradient over south Sweden in fire 
ignition density, with low figures in the west and high in the cast, very rnuch following the gen
eral trend in humidity. In the humid province of Halland in southwestern Sweden, fires ignited 
by lightning are rare (0.0-OJ)003 km-2 yr-1), while in the dryer climate of early summer in the 
provinces Kalmar ami Östcrgötland in southeastern Sweden fires ignited by lightning occur 7 
timcs more frequent (0.0021-0.0024 km-2 yr- 1 ; Granström 1993). Palaeoeeological studies of 
fire use mainly tree rings or charcoal in peat and lake sediments. The two methods largely 
supplement eaeh other. Tree ring records are remarkably accurate fur dating fires, but covers 
rather short time frames (-600 years in S. Sweden). Charcoal studies in sediment are rather 
inaccurate but span over very long times, usually over several millennia. In southern Sweden a 
further eomplicating faetor, compared to northern Sweden, is that forestry amI other activities 
normally have actively removed old trees and wood with fire-scars. Therefore, most studies with 
tree-ring reconstrncted fire histories are restricted to areas with low productivity and human 
population density. Fire histories with tree-ring material of Pinu8 8ylve8tris from southern Swc
den display very frequent fires compared to northern Sweden. In Tiveden National Park (Page 
et al 1997, Niklasson et a!. in press), the mean fire interval was about 20 ycars from early 1400s 
to the start of fire suppression in 1850. In Kvill National Park, Northeast Srualand (Niklas
son and Drakenberg 2001), the results were similar with very short fire intervals, but with a 
mueh earlier suppression of the fircs, beginnillg already around 1770. In Murstensdalen, eastern 
Värmland, fire intervals were somcwhat longer but still short: 30-40 years with fire suppression 
since early 1800s (Niklasson amI Karlsson 1997). In Hornsö kronopark in castern Smäland, fire 
intervals were around 30 ycars with the last large fire in 1868 (Niklasson and Gustafsson 1999). 
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In Siggaboda, south Smaland, frequent fires were recorded 1555 to 1752 and no fires after that. 
From the Asa case study arca, frequent fires were recorded at olle point in the park during the 
17th century. It is worth mentioning timt in 1652, four of the six studied areas in southern 
Swedell had experienced large fires. This fire year has also been reeorded frequently in northern 
Sweden and must have been a truly exeeptional summer in terms of large forest fires. It is clear 
that the conifer-dominated studied areas in South-Southeast Sweden all have experienced fires 
2-5 tirnes more often than reported from north Sweden (Kohh 1975, Niklasson and Granström 
2000, Zackrisson 1977). Fire intervals of 20 years are probably ne ar the intrinsic shortest time 
required for the vegetation to recover and be fiammable aga in (Schimmel ami Granström 1997). 
This implies a strong human impact on the fire regime. Slash-and-burn agriculture and burning 
for improving Calluna heathland is weil documented in many parts of southern Sweden but 
bnrning in forested arcas is a much less known practise of the past land-use regime (Weimarck 
1953, Larsson 1989, Granström 1993). To differentiate between natural and human fires is of 
course very difficult, but many indirect factors point towards a widespread use of fire in forest 
by humans, probably for improving grazing. A large diserepancy in number of fires per ar8a 
unit compared to natural levels (Granström 1993) is evident in Kvill ami Siggaboda, but it 
is difficult to draw conclusions since the studied areas are generally too small to permit such 
comparisons. In Tiveden on the other hand there was no visible change in fire regime when 
humans entered the area in the 17th century, suggesting a large natural component in fires. 
During the earlier times individual fires were very large, which indirectly support that naturally 
fires prevailcd (Niklasson ami Granström 2000). With these results as a background, it is clear 
that a controlled re-introduction of fire for biodiversity rcstoration purposes into South and 
Southeast Swedish forest ecosystems is strollgly supported by the past situation and is urgently 
needed from a conservation point of view (see below). The highly improvcd conditions for sexual 
regeneration of most post-fire deciduous trees, Betula, Populus, Salix, would also significantly 
support in restoring the tree species composition towards more natural conditions. 

Decid uous rorest 

In the ne moral :.\One and in the decidnons-dominated forests in the boreonemoral, our knowledge 
of the past situation is even more restrictcd anci confined largely to charcoal records in sediments. 
In general, charcoal (=fire) in sediments is much more rare in deciduous forests (Karlsson 
1996, Hannon 1999) in the southwest part of Sweden than in southeastern forests (Lindbladh 
and Bradshaw 1998). This trend is in accordance with the levels of natural lightning ignition 
(Granström 1993), but it also refiects the general difficulty or almost impossibility of igniting 
fnels in a deciduous forest. However, charcoal is not completely lacking even in the moistest rich 
dcciduous forests ami strikingly oft.en charcoal is found in connection to large shifts in the tree 
species composition (Karlsson 1996, Harmon 1999, Björkman and Bradshaw 1996, Ivcrsen1941). 
The only reasonablc explanation for this is human use of fire for clearance or crop-cultivation 
etc. A practical experiment condllcted in the 50' s in Denmark fully supported the possibility 
to burn deciduous forest during certain conditions (Steensberg 1993, Iversen 1958). Still, wind 
in combination with fungi should be the major faetors driving the dynamies and governing the 
cOlnposition of deciduous forests in the south. However, the freqllency and intcnsity of windfall 
events are unstudied in this part of Scandinavia. Such studies would be valuable, especially 
in connection with biodiversity assessment studies, for improving guidelines for sustainable 
management in deciduous forests. In natural deciduous forests the main disturbance factor 
apparently should have been wind, creating thc typical small-seale gap phases (e.g. Emborg 
et al. 2000). The cffect of different. mix of deciduous ami coniferous trees on wind disturbance 
patterns should be a priority for research in southcrn Sweden. The oak, Qv,ercu8 mbur, is 
probably a tree that has a high fire adaptation, but this is so far only dedueed from American 
studies and observations (Abrarns 1992), and the not ion of high Qucrcus pollen levels in south
east Sweden in the past (Björse et al. 1998). The general regeneration failure of oak in dense 
forests is weil known (Löf 1999, Vera 2000), and also documented in south Swedish forests 
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(NilsSOll 1985). Frequent fires of a low intensity certainly shollld have Illaintained forests sparse 
enough for the light delllanding oak-regeneration. Recently, it has been proposed that the oak is 
strongly favoured in areas with continuous and heavy grazing (Vera 2000). This may very weil 
explain the occurrence and dominance of oak in southern Sweden in SOIne areas, but not in the 
whole region. On the contrary, heavy grazing in combination with slash and burn agriculture 
seem 1,0 have severely decimated the oaks in most Swedish grazing comrnons ("utrnark") 200-300 
years aga (Eliasson and Nilsson 1999, 2001). The reason may he that slash and burn agriculture 
also eliminated thorny shrubs (cf. Vera 2000). To conclude, it is rather clear thaI, fires have 
been present and frequent in many parts of south Sweden, mainly in the castern parts but also 
in the north-central part. The high frequency of fires is difficult to imagine, but definitely many 
forests were more open than at present due 1,0 fires. The role offire in most deeiduous-dorninated 
forests has probably been very marginal; instead wind, water ami grazers must have been the 
major disturbance agents. Oak is probably an exception to this, since llluch inclirect evidence 
suggest it has a rat her effic:ient adaptation 1,0 fire. Deeper studies into the disturbance regimes 
of southern Sweden are called for, both in deciduous, mixed and coniferous forests. References 
of pas I, forest composition, disturbance frequencies and intensity of disturbance in all forest 
types, preferably combined with parallel biodiversity assessments and experimental fire studies, 
is highly needed for further development of sustainable forest management models. 

9.6.9 Critical features für biüdiversity preservatiün in fürests 

This section is based on the review by Nilsson et a!. (2001a). As pointed out above, fire has had 
an irnportant role in the natural disturbance regimes in southern Sweden. Rowever, although 
it is important to understand the connections between landscape features and fire frequencies, 
the relation is rather loose (Granström 2001). Tlms, in our view, the ASIO model of forest 
management in boreal forests (Angelstam 1997) will solve few of the most urgent problems with 
biodiversity preservation. These are more eonnected to key structurcs creatcd by disturbances 
instead of 1,0 the disturbance process per se. Therefore, we stress the importance 01' sufficient 
amounts 01' burnt trees, old trees (>150 years) and large dead trees (diameter >40 cm) with 
different exposure in the landscape that are created in large amounts in naturallandscapes by 
disturbances. Even in so-called "diversity-oricnted silviculture" all the largest trees are removed 
(Lähde et a!. 1999), with obvious negative consequences for demanding species. 

Densities of large living trees 

Large and old living trees are irnportant for many species, especially among insects, fungi and 
lichens (Nilsson et a!. 2001a). R.eference densitics of such trees ought 1,0 be established for 
different types of forests in different regions. In boreonemoral forcsts, trees with DBR above 
70 cm may be considered as large trees, as also suggested for tropical forests (Clark and Clark 
1996). Sorne measurements in boreonemoral forests in ROuthern Sweden, castern Poiami ancl 
Siovakia indicate densities around 15 such large trecs per ha in old-growth forests with a mixt ure 
of deciduous and coniferous trees (Nilsson et a!. 2001b). In the same forests, densities of trees 
with larger hollows were 10-30 per ha, ami no spruces and very few deciduous trees helow a 
diameter of 40 cm contained hollows (Nilsson ct a!. 20mb). In managed forests in ROuthern 
Sweden less than 1 % of these reference densities of largc trees occur at present (SNV 1999), Fig. 
9.11. Note that the present densities of such large trces are higher in pastures than in forests 
managed for timber production. This probably applies 1,0 most of Europe, althollgh we only 
havc data from Sweden. For a restoration of biodiversity and establishing of viable populations 
of species dependent on old trees the densities of large trees must probably be increased 1,0 

about 20% of reference densities (Nilsson et a!. 2001a). However, very few relevant studies are 
available and more tests are obviously necded 1,0 gel, Illore seeure results since this is one of the 
most economically demanding rneasures for forestry to accomplish. 
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Large dead trees 

In general, forestry reduces the density of large dead trees 
much more than that of thinner trunks (e.g. Green and 
Peterken 1997, Kirby et a!. 1998, Spetich et a!. 1999). 
Cavity nesting birds oftesn prefer standing dead trees 
with large diameters (e.g. Raphael and White 1984, Hag
var et a!. 1990, Bunell et a!. 1999). Further, many 
wood-beetles are dependent on standing dead trees and 
can not develop in downed logs (e.g. Pa Im 1959, Nils
son 1997b) Some of the more specialised wooel-elependent 
beetles only live in large trunks that usually do not ex
ist in manageel forests. The habitat requirement of sev
eral species in nemoral anel boreonemoral forests suggests 
that a diameter of 40 cm may be a criticallower limit for 
the most dem an ding species living in dead trees (Nils
son et a!. 2001a). Thus, for maintaining biodiversity 
big trunks are crucial, because with the presence of large 
dead trees also smaller dimensions of dead wood will be 
automatically available. Furthermore, big trunks remain 
standing for longer than smaller trunks (e.g. Raphael 
and White 1984, Lindenmayer et a!. 1997) and deeom
position of their wood takes a longer time (Harmon et a!. 
1986, Stone et a!. 1998). Even after long drought, there 
will remain some moist wood in the eentre of big t.runks 
prevent.ing sensit.ive speeies from drying out. These vari
ous considerations have led us to t.he hypothesis that for 
a given volurne of dead wood big trees ean save more 
species from local ext.inetion in managed forests than 
the same volume of thinner trees (Nilsson et a!. 2001a). 
Some measurements in boreonemoral forests in southern 

Figure 9.11: Densities (No. per' ha) 
ollarge l'iving trees (DBH >70 crn) 
in the boreonernoral part 01 Göta
land, sontherTI. Sweden. Densities 
(No. per ha) ollarge dead tTees 
(DBH >40 crn) in bOTeunernoral 
Sweden. Note that the den.sity is ex

Sweden, eastern Poland and Siovakia indieate densities trernely low in rnanaged lorest.s bnt 
around 30 deacl trees with DBH above 40 eIn per ha in not zero. 
oie! growth forests with a mixture of deciduous and conif-
erous trees (Nilsson et. a!. 2001 b). About half of these large dead trees were standing, but. only 
14% among trunks with diamet.ers between 20 and 40 crn. The present. amount of large dead 
trees in sout.h Sweden is less t.han 1% of the reference density (SNV 1999), Fig. 9.11. For a 
restoration of biodiversity and establishing of viable populations of species dependent on dead 
trees the densities of such trees must probably be increased t.o about. 20% of reference densit.ies 
(Nilsson et a!. 2001a). 

Burnt forest 

At least 70 speeies, rnainly insects and fungi, are directly dependent on burnt forest in northern 
Europe (Wikars ami As 1999). Many more species in the boreonemoral forests are dependent 
on features and sueeession stages that norrnally follow after flre, e.g. deciduous successions 
dominated by birch ami aspen (Nilsson and Erieson 1997). In the south-eastern part of Sweden, 
with a high natural flre frequeney, a sparse pine- and oak-elorninated forest wit.h bi rehes ami 
aspen probably was the most common type of forest in the past (Björse et a!. 1998, Lindbladh et 
a!. 2000). In thc area wit.h the highest flre frequcncy even an open savannah type of forest. may 
have been present. However, this is at present highly speculative since too few palaeoecological 
studies have been made timt focus on these questions ami that would permit us to draw general 
concillsions. It call also be suspected that wet ami moist soil conditions could provide protection 
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from fires where fire-sensitive decidllolls species, e.g. Fagus, could survive. In other parts of thc 
world, like in North America, oaks in temperate forests have been shown to be strongly promoted 
by fires (e.g. Abrams 1992). Unfortunately, reference forests with natural disturbance regimes 
are lacking, as are relevant scientific studies in Europe. Anyhow, fires were not only important 
as an agent providing many sun-exposed dead trees, but also by opening up thc forest around 
old living trces. It is notable tlmt most beetlcs living in old oaks are favoured by sun-exposure 
(Ranius and Jansson 2000), ami the same seem to be true for red-listed pine-dependent beetles 
(Gärdenfors and ßaranowski 1992). 

Reserves contra managed forests 

ßiodiversity preservation can not only be based on features and substrates left in managed 
forests. Thc spccies most sensitive to transformation of the forest can only survive in large 
reserves in the long run (0kland 1996, Soule and Sanjayan 1998). However, to prevent genetic 
impoverishment some exchange of individuals bctween such reserves may be needed. Therefore, 
some "stepping stones" with suitable habitat ought to occur in the managed forest too. For 
specics adapted to burnt forest, relatively less amounts of burnt trees compared to thc original 
situation may be needed to maintain thc dependent species in the landscape. 'Ne base this 
suggestion on the high dispersal rate of fire dependent species, but duc to the long and highly 
efficient fire suppression even some such species have gone extinct frorn Sweden. On the other 
hand, species dependent on features that are relatively stable over time like old living trees 
amI large dead trees seem to have lower dispersal propensity (Nilsson amI Baranowski 1997a, 
Ranius and Hedin 2001, Hedin 1999). For example, a beetle, Ceruclw8 chrY8omelinu8, living in 
large dead trees may be lacking in apparent suitable habitat only 1-2 km away from occupied 
patches (Nilsson et a!. 2000). Recent population stlldies on the fauna connected to old, hollow 
trees suggest that the spatial elistribution of the trees is important, anel tlmt they should occur 
in groups in order to be of the highest value for biodiversity preservation (Ranius 2000, Ranius 
and Wilaneler 2000). Groups of old living trees mayaiso be better than widely scattered trees 
for preservation of cryptogams in manageel forests (Hazell and Gustafsson 1999). Unfortunately, 
little information ab out the effect of elifferent distribution patterns of dead trees is available. 
However, two species of beetles living in basidocarps of Fames jamentariu8 have lligher frequency 
in clurnps of habitat (Sverdrup-Thygeson and Midtgaard 1998, Kehler amI Bondrup-Nielsen 
1999). This may be a general feature among rnany deael-wood insects (Rukke 2000, Schiegg 
2000). These studies support the recommendation timt groups of dead trees are better than 
the same 1ll1mber of trees spread out in the landscape. Thus, we conclude tImt retention of 
patc.hes of old living trees anel eleael trees rnay be most cost-efficient if they are positioned in 
larger stands or groups. One possible exception is retention of natural eelges between wetlanel 
and forest. To leave such ecotones may be useful even if they are long and narrow, because 
water disturbances in combination with deael wood is necessary for some species (Nilsson and 
Baranowski 1993). However, relevant stuelies of green tree retention strategies in nemoral anel 
boreonemoral forests seem to be lacking regarding these ecotoncs. 

Indicator species of a high biodiversity 

Recently, a large-scale survey of forests in Sweden have used indicator species among vascular 
plants, cryptogams and fungi for finding habitats prcsumed to contain red-listed species (Nitare 
anel Noren 1992, Hansson 2001). Howevcr, we know of no stuelies validating these species 
as indicators, with the cxception of the lichen Labar'ia pulrnonar·ia. Forest stanels where this 
species occurs have higher number of red-listed lichens ami also more red-listed beetles living 
in hollow trees (Nilsson et a!. 1995). However, thc number of other red-listed wood-bcetles 
was not corrclated with presence of this lichen. The present designation of habitats valuable 
for bioeliversity preservation in Sweelen suffers from a lack of inclicator species depenelent on 
open forest habitats. Open forest habitats with older trees are today very rare in managcd 
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forests because 01' their intrinsic counteracting impact on forest wood production. Rundlöf ami 
Nilsson (1995) ami Nilsson el. a!. (200la) suggested some possible indicat.or species t.hat are 
dependent on open forest habitat.s. In general, due to their generalised habit.at. requirement.s 
vert.ebrat.es rnay be less suitablc than ot.her organism groups as indicat.ors of a high biodiversity 
in forests (Nilsson et a!. 2001a). However, evidence is aecurnulat.ing t.hat large carnivores 
are import.ant. for a high biodiversity because t.hey depress populat.ions of smaller carnivores 
and herbivores (e.g. Soule and Terborgh 1999). Wit.hout. t.he large carnivores, predat.or-prey 
interactions are disrupt.ed threatenillg many species. Therefore, t.he presence of large predators 
(wolf, lynx ami bear) in t.he landscape lIlay be one component of sllstainable Ilse of forest.s. 
However, t.hey are hardly suit.able as inelicat.or speeies (Linnell et. a!. 2(00). \Nith t.he growing 
int.erest in sustainablc forestry, reliable biodiversity assessment met.hoels must bc e1evelopeel. A 
large eliscrepancy has o('cnrrcd between thc bioeliversit.y preservat.ion strat.egies applied and t.heir 
evaluation. Thus, practise has run far ahead of validation test.s of proposed indicator syst.ems. 
This Ilnfortunat.e state 01' affairs ollghL to be rectified. The costs for green tree n~t.ent.ion are high 
ami ecological and economical research should definitely make t.his aet.ion more cost.-efficient. 
The general presumption that ret.aining and creating import.ant. struct.ures for biodiversity in 
all landscapes, irrcspective of their biodiversity st.at.us at t.he present time, will also result. in a 
high biodivcrsity should bc tested. If forest continuity and substrate history is import.ant for 
retaining a high biodiversity in nemoral and boreonelIloral forests, as suggest.ed by Nilsson et 
a!. (2001a), structurcs ahme Illay not. be appropriat.e indicators of a high biodiversity. Forest 
continuit.y lIleans t.he presencc over long t.ime (t.wo or more tree generations) of features e.g. 
shmb anel/ or tree cover (t.ree cont.illuity), ancient or big trees (ancient tree cont.inuity) or big 
dead trees (laga cont.illuity) (Nilsson and Baranowski 1993, Nilsson et a!. 1995). In the highly 
transformed forests of southern Swcden, species may be better inelicators than struetures, but 
this crucial suggestion must be testeel and evaluated. Such tests are expensive, because sampling 
anel species ielentification of diverse groups 01' forest living organisms are necessary ami t.he only 
way to obtain reliable answers to these questions. If appropriate resources are not. allocated 
to validation t.ests wc will continue with rnethods of uncertain reliability. This may prove very 
expensive in the long run causing unnecessary species extinctions. 

Deciduous trees and biodiversity preservation 

The proportion of spmce in the forests of southern Sweden has increased over a long period 
of time, anel the present high proportion is one of the most important reasons for the present 
biodiversity crisis (Nilsson 1997a). For example, the Lesser Spotted Woodpecker Dendrocopos 
rninor requires at least ab out 20% older deciduous trees within its large t.erritory (Wiktander et 
a!. 2001). An increased share of deciduous trees in the forests in this region rnay therefore seem 
to be an obvious solution. However, such a development can only solve a few of the problems. 
Species such as mallY vascular plants can benefit from more light reachillg the forest floor in 
decicluous and mixed forests compared 1,0 spruce forests. However, if e1eciduous forests replace 
spruce forests the colonisation rate of Illany herbs may be to slow to recolonize the new decicluolls 
forcsts for hundreds of years (Brunet ami von Oheimb 1998). Therefore, the continuity of the 
prescnt deciduous forests ami the planning for and establishment of Ilew e1eciduous forest near 
colonisation SOllrces may be equally, or even more, important factors for bioeliversity preservation 
than just focusing on the proportion of decicluous forests in the landscape. The acidification 
of the upper soil is partly due t.o the high proportion of spruce (Bergkvist ami Folkesson 1995, 
Nilsson and Tyler 1995). This part of the soil and its surface layer is a very important habitat 
for snails, which are sensitive to low pH ami calcium content. In reeent e1ecaeles, snails seem t.o 
have totally disappeared from coniferous forests on oligotrophie soils (Gärdenfors et a!. 1995). 
This rccluction of bioeliversity lIlay havc important consequences for other organism groups. In 
the Netherlands, it has convincingly been shown that a lack of snails in the forests can impair 
the reproductive success of birds (Graveland and Drent 1997). The laying birds need snails 
as a calcium supplement when breeding. It is very likely that the sallle problem occurs in 
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sontherll Sweden. If an increased proportion of deciduous trees in the forests can incrcase pH 
ami calcium contcllt of the soil sm'face sllails Illay rccolonise forIller c:oniferous foresI,. However. 
the problem with a low colonisation rate of snails is the saille as for herbs (sec above). The most 
prolllising aspect of an increased proportion of deciduous trees in the forests is that green trec 
retention may be more cost-efficient when the forest is cut. Since old and dead deeiduous trees 
are more important for biodiversity res tor at ion and preservation in southern Sweden eompared 
to eoniferous trees (Nilsson and Niklasson 2001), increased opportunities of leaving deciduous 
trees at final cutting oc:cur with more such trees in the managed forests. As pointed out above, 
the present extremely low density of old dec:iduous trees ami large dead trees are perhaps the 
most severe problems for biodiversity restoration and preservation in southern Sweden. 

Natural regeneration and biodiversity preservation 

One of thc major hypotheses of the SUFOR prograIllme is thaI, an increased area with natural re
generation is one of the solutions for a sustainablc forestry. In terms of biodiversity preservation 
there are few reasons to object. However, there are somc possible pitfalls. If eOlliferous forcsts 
are regenerated bclow a rat her den se stand of sccel trees (shclter-wood), spruc:e may increase 
its clorninance in future stanels more than if the same forests were regenerated by dear fdling. 
Thus, in such eases natural regeneration Illay even be negative for bioeliversity prescrvation in 
the long term. On the other hand, in deciduous and mixed deciduous/coniferous forests natural 
regeneration Illay be an effident way to increased biodiversity in the future. However. this de
pends very Illuch on how the regeneration rneasures are performeeI. For example, if spruces are 
lcft as seeel trees the regeneration can be elominated by that species. Converscly, if all spruc:es 
are cut ami deciduous trees are retaincel the stand can elevelop into an important site for bio
eliversity in thc near future. Such measures are c.rncial for restomtion of biodiversity over large 
areas of soutliern Sweelen, where only one or a few percent of the forest area at present supports 
a high biodiversity. Probably, this proportion must be increased 5-10 times for preservation of 
viable populations of all forest living speeies, due to long time lags in loeal E'xtinction. Such 
extinctions are E'xpeeted because huge areas have been transformeel from mixed forest.s with 
eleeieluous trees 1,0 spruce elominated as reeent as in the last 50 years. Furthermore, the forests 
have become much denser in the last century with negative consequences for many species (e.g. 
Berg et a!. 1994, Nilsson anel Baranowski 1997b, Ranius ami Nilsson 1997). 

9.6.10 Recommendations for biodiversity restoration 

When managing habitats with trees, many measures can be changed to improve biodiversity 
preservation ami restoration. \Ve havc recently givcn recolllmendations for habitats with trecs 
in sOllthern Sweden (Nilsson anel Niklasson 2001). These reconlIllendations are translateel he re 

• Known centres of high biodiversity c:onnected to trees, listed in Nilsson anel Niklassoll 
(2001), shollid be preserved. Suitable habitats for the most demanding species in eaeh 
centre ought 1,0 be restored in the ne ar surrounelings. 

• Inventories in oreler to identify additional centres of high bioeliversity shoulel be starteeI, 
mainly using well-known inclicator groups such as cpiphytic lichens anel wood beetles. 
Such inventories are also important to design effective management plans for each area. 

• Biodiversity considerations in forestry should be adapted to the more demanding species 
known 1,0 be present in the landscape. 

• Tree specit's COIllposition in conservation forests should be managpd, so that species that 
have clecreasecl most in rccent centur'ies nIe increasecl. In southern Swedcn this means 
deciduo\!s trees, especially oaks Qn~rY;ns 8pp., lilIle Tilia cordata, aleler Ainus ylutinosa 
ami ha~el Corylus avellana. \Vhen cuttings are performed, this gives an opportunity of 
increasing the amount of co ar se woody debris. 
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• EU-rules für wooded pastures must be changed to encourage the retention of old trees 
and their successors ami also leaving dead trees amI heaps with branches in sun exposed 
situations. 

• Coniferous trees amI young deciduous trees that threaten the survival of old trees (> 150 
years old) should be cut or pollarded. Relevant tree species are mainly oaks, lirne, elm, 
maple and ash. In many arcas with species dependent on old trees there is a lack of trees 
of these species in the 100-200 year age interval. The continuity of the crucial habitat is 
dependent on survival of the ancient trees in the coming century. Only branches below a 
diameter of 10 CIIl (occasionally 20 cm) should be cut on old neglected pollards. Using 
this recolIlmendation, the crown can be reduced on old pollards to prevent wind breaking 
of the tree. A few branches must however always be left .. Cutting of all branches tImt is 
orten done at present in Sweden will kill many of the old pollards. 

• The amount of coarse woody debris should be increased at all management measures. 
When large trccs must be cut, C.g. for safety reasons, high stumps ollght to be left 
together with thc trunks in suitable places. Such sites ShOllld preferably be sun exposed 
, e.g. along power lines. 

• Flowering shrubs, e.g. Cmtacgu8 8pp., Salix caprea, PmTI'US spinosa, R08a sJiJi. and 
VibuT7I.urn OPUlU8, ShOllld be retained ami planted wherc absent both in pastures, protected 
and managed forests. 

• Natural fire disturbance should be introduced in several very large forest reserves (several 
1000 ha), especially in southeastern Sweden. Accidentally burnt forests ought to be left 
uncut. A strategy for reintrodllcing fire in forests ought to be developed. 

• The "key habitat" inventory should be complemented with habitats tImt today not are 
considered as "forest land" in the Swedish law. Such habitats, especially wooded pastures, 
harbour the majority of the populations of threatened insect alllilichen species dependent 
on old trees in Swedcn. 

• Ditched wetlands in forest habitat should be rcstored as wetlands to increase the amount 
of dead trees and landscape heterogeneity. 

9.6.11 Conclusions for a sustainable forestry 

In terms of sllstainable forestry some rneasures are especially important for biodiversity restora
tion and preservation: 

• Restoration of more natural disturbance regimes in many forests is ('rucial in developing 
a sllstainable forestry. In southern Sweden this means increasing the use of fire in forest 
management, including forest reserves. To be a really useful measure only stands with 
many, or preferably all trees left should be burnt. 

• The densities of very old trees (> 150 years) mllst be increased strongly, e.g. probably 
more than ten times the prescnt density in southern Sweden. 

• The densities of large dead trees (DBH>40 cm) mllst be increased very strongly, and in 
southern Swcden to more than tcn times the present density. 

• Naturally occurring forest types and trees that have decreased most in recent centuries 
should be lüghest priority for restoration. 

• Restoration measures should preferably be positioned within dispersa! distances of de
manding organisms (1 or a few km) of known loml "hot spots" with high biodiversity. 



Chapter 10 

Acidification and the Forests, 
Socio-economic Cost 

Christer Kaien, Bengt Nihlgard and Hamld SverdT'Up 

10.1 Introduction 

The continuing anthropogenic acidification 01' forests soils in Sweden is a serious threat to the 
longevity of these utilities. Anthropogenie aetivities can thus lower the total value the forest 
represents, whieh in turn would have a negative impact on the welfare of Swedish society. The 
acidification of soil results in the leaching of plant nlltrients (Falkengren-Grerup 1995) such as 
potassiurn, calcium, and magnesium, which in the long t.erm can cause nutrient deficiencies 
(Thelin et a!. 1998), threatening the productivity of forest. soils. The proeess of acidification 
also results in elevated concentrations 01' dissolved aluminium and ot.her toxie metals in the soi!, 
ground wat.er, and surface wat.er (Berggren et al 1990; Johansson et al 1995). Biodiversity in 
lakes ami rivers in areas affected by wat.er acidification is seriously impoverished (Brodin and 
Henriksson 1995). Acidified ground water can cause problems of various sorts, such as t.he by 
eorroding of pipe-work (Bertills et. a!. 1989) and the creation of health risks (Bjert.ness and 
Alexander 1997), since t.he acidification increases the mobility of various harrnful met als such 
as aluminum, mercury, copper, zinc, cadmium, and lead (Johansson 1995). Acid deposition 
accclerates the deterioration of building mat.erials as weil as of objects of art and of historieal 
interest., particularly in urban areas (Kllcera et a!. 1996). The understanding of how forests are 
affected by acid deposition has improved signifieant.ly and it has become deal' that many values 
in society are threatened by the ongoing acidification of Swedish forest soils (Johansson et a!. 
1999). There are measures 01' several kinds, apart from the lowering of the acid deposition, which 
can be carried out to mitigate such effeets. Liming and fertilising with wood ash are two such 
measures timt have been in focus within recent decades. Although these rneasures can prevent 
many of the negative effects of acidification, they cannot restore the soil to it.s natural condition. 
Liming and fertilising mitigates the impact of acidification and thus improves the conditions of 
the soi!. Since mitigating forest soil acidification involves eertain costs, it is relevant to explore 
the extent of these costs to assess if they are soeio-economic justified before action is initiated 
on anational scale. To judge wh ether such counternlCasures are eeonomically justified, one 
first needs to estimate their total economie costs. From an economic perspective, the costs of 
mitigation measures should be less than the total economic losses tlmt would otherwise result. 
l'vIany factors make studies of this sort complex ami difficult. to carry out, however. For example, 
it is very diffieult to estimate the long-term cffect.s on the different ut.ilities involved. Converting 
the effect.s on e.g. the environment or on cultural heritage, to economie eosts is also very 
complicatcd. The econornie impact of a dec:line in forcst production depends on such factors as 
when decline would occur and its magnit.ude. If we knew the volume of timber lost., it. would be 
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possible to estimate future impact on costs through use of today's timber prkes. Other utilities, 
such as those of a reereational character, as weil as biodiversity and ecological services, are more 
difficult to set a eurrent econornic value upon. Estimating future negative impacts there can be 
there can be trickier. One reason for that is that many of the cffects involved have no current 
rnarket value. There are two types of uncertainties timt need to be multiplied in estirnating the 
future economic eosts of acidification, namely the ecological and the economic. 

Total Uncertainty = Ecologica.l Uncertainty' Economic Uncertainty (lU.1) 

The uncertainties are complicated furt her when the political and the social domain are included. 
The ecological and the economic impact of different actions are partly dependent upon the 
political success of enforcing rest riet ions so as to alter tlle social behaviour tImt caused thc 
problems in the first plaee. 

The aim is to explore the possibilities and drawbacks of USillg ecollomic valuation to estab
lish the basis for deciding what. measures should be earried out for mit.igating a future negative 
environment al effec:ts. In this connection, various values timt are negatively affected by forest 
soil aeidifieation are examined. The expected costs of not undertaking measures to mitigate 
forest. soil acidification needs to be compared with the costs and economic gains of measures 
t.o mitigate these effects. The cost of liming and the effects of acidifieation are considered in 
this paper. Other effects, such as eut.rophication, are outside the scope of this paper, although 
acidification may indeed lead to an increase in nitrat.e leaching from forest. soils. In addition, 
both the abatement. costs of reducing the production of acidifying pollutants at sourc:e and polit
ieal aetivities aimed at combat.ing acidification, such as the signing and ratification of prot.ocols 
under the Convention of Long Range Transboundary Pollution (CLRTAP), are omitted. 

10.2 Ecology and Economics 

The int.eraetion between eeology and economics has become an important focus of study re
cently. The int.erest in studying causality relations between economics ami the ecology of forest 
has grown since it has been noted that economic activities often result in negative environment al 
effects and t.hat this has serious implications for sustainability. Any economy depends on the 
environment as a source of life-support services and of raw materials. Unfortunately, neither 
the market nor a planned economy takes account of the entire value of the goods and services 
involved, or of the costs borne by society if the supply of natural resources is reduced or the 
services are impaired, either now or in the future (Folke et al. 1993). Harold Hotelling (1895-
1973) developed a model of the effieient use of resourees over time, one that. helps to explain 
how nat.ural resourees are driven to degradation or even extinction (Norgaard 1995). According 
to Hotelling's model, even when market priees fully refleet the value of a natural resouree, it is 
economieally cffieient under sorne eireumst.anees to degrade an ecosystem or exploit a speeies 
to extinction. Hotelling's logic was quit.e simple. If the value of a natural resouree does not 
inerease as rapidly as the rat.e of interest, both individual owners of the resouree and soeiet.y at 
large are eeonomieally better off in exploiting the resource more quickly and putting the returns 
the exploitation has brought. in the bank. These returns can then be invested in the creation of 
humanly produced capital timt earns areturn greater than the rat.e of interest. In this econornie 
view, natural resomees are a form of natural capital that can be converted into human-produced 
capital and shoulcl be so converted if they fail to earn as much as the human-produced capital 
does. This reasoning not only deseribes why econornically rational owners of natural resources 
exploit t.hem to extinction, but also prescribes that the owners "should" do this. Thus, as long 
as we assume tImt markets reflect t.rue values, both historical and ongoing losses of genetic, 
species and of ecosystem diversity are efficiellt amI "should" occur. Hotelling's rcasoning cur
rently dominat.es resouree econornic theory and the policy adviee from economists (Norgaard 
and Howarth 1991). Enviwnmental economics Ims been developed sillce tJlf~ late 1960s and 
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today we have a better understandillg of interactions betwecn the economy and the environ
ment. New disciplines have also been founded by persons who argue that the present economic 
discipline does not take adequate account 01' ellviromnental degradation (Turner et al. 1994). 
Ecological economies is a trans-diseiplinary 
approach to environrnental seienees that ex-
amines the interdependent relationships be-
tween ecological amI economic systems as 
weil as between mounting global environmen
taI, population, anel economic problems. The 
overall objective is to sustain both ecological 
amI economic systems by identifying ways by 
which local and short-term goals and incen
tives, such as those of local eeonomic growth 
amI aelvancement of private interests, ean be 
made consistent with global and long-term 
goals (such as sustainability and global wel
fare) (Costanza, 1996). The basic world view 
of conventional eeonomics is one in which in
dividual human eonsumers are the central 
figures. Their tastes and preferences are 
taken as given and are the dominant deter
mining force. The re80uree base is viewed as 
essentially limitless, duc to technical progress 
and infinite substitutability. In ecological 

EmPloym,,'0 . C~"rumpli," 

\.) 
Economic growth 

Figure lU.l: For' most people, the general per
ception oj a society's development and weljare 
seerns to be rcgarded as a selj-reinjorcing loop. 
By stirnulating cons'Il7nption, econornic develop
me nt increa.scs. An increa.se in economic devel
oprnent incr'ea.ses ernployment. 

eeonomies, scientists from different areas meet side-by-side to dcvelop methods, tools ami mod
els that address different aspects of sustainability (Costanza et al. 1994). They adopt a holistie 
and systernie view and they believe it to be necessary to go beyond the tradition al disciplinary 
borders. Neo-classieal eeonomics distinguishes three different types of capital: natural, human 
and manufaetured capital (Costanza et al. 1994). Ecological economists regard these different 
types of capital as being complementary to each other, whieh is different from conventional na
tional economics, where these are regarded as exchangeable (substitutable). Natural capital is 
regareled within ecological economics as a limiting faetor for further development. It is believed 
within eeologieal economies that a minimal demand for sustainability is to maintain the natural 
capital stock at its prescnt level. It is therefore better to improve the effectiveness with which 
we extraet and re fine the natural resourees rat her than increasing the actual withdrawal. For 
forestry, this implies tImt the volume production (growth rate) should not be regarded as the 
best option to increase the economie value. A more sustainable strategy would be to improve 
the efficiency with whieh we handle ami refine timber. 

10.2.1 Accounting the Environment 

Thc gross national produet (GNP) of a country as measured in terms of its national accounts 
is comrnonly used as an indicator of a nation's wealt.h. If the GNP inereases, the society's 
welfare is assurned to inerease. Quantifying the national account.s of is a complex task and no 
attempt will be made to clarify details of the theory aml practice regarding it. Certain aspects 
on the matter, however, are of interest. here. How, for exaruple, should non-marke ted goods 
aml services be dealt with? Hultkrantz (1991) asks in this connection, how one should handle a 
natural reserve. The establishment of a natural reserve is designated in the national accounts in 
Sweden today as a cost. The exclusion of prodllctive land from commercial llse results in a loss 
of economic profits which otherwise wOllld havc been inclllded in the national account.s. On thc 
other hand, the reason for establishing a natural reserVE' is that of society's regarding the forest 
as being more valuable than it.s being used for timber product.ion. Establishment of the forest. 
reserve thus increases the national wealth by providing for more appropriate use 01' the area 
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in question. In the present national accounting system, it is nevertheless identified as a cost. 
GNP is a rneasure of cconomic activity and one way of increasing the activit.y is 1,0 stimulate the 
consurnpt.ion within the society. Thus, an increase in econornic activity has direct effects on the 
GNP and lead to perception of an increase in wcalth (Fig. 10.1). Whcn econornic devcloprnent 
occurs, unemployment usually decreases, whieh is one of the most important political goals. 
More people having a job also stimulate consumption. These threc components reinforce each 
other amI drive eeonolllie progress forward. With an inerease in economie devclopment, a general 
environment al degradation usually oecurs due to an inerease in the emission of pollutants amI 
in loss of natural habitats. Pollution or degradation of the environment reduces societal welfare 
without nccessarily affecting cconornie activity (Fig. 10.2). One reason for this is that many val
ues are not ineorporated into the GNP, despitc their contributing to welfare. Assigning economic 
value to natural resources is very important since one often valucs societal wclfare in eeonornic 
terms. If an economic activity transforms an overallloss of value into a net environment al asset 
but the losses as such are neglected, this can give a false picture 01' the increase in wealth. 
The problem of valuing the loss of natural resources or damage to them has ga in considerable 
attention internationally, many count ries endeavouring to improve their national aceounts by 
inclusion of these faetors. By signing the Agenda 21 document in Rio de Janeiro 1992, Sweden 
committed itself to developing their environmental accounts in a manner taking better account 
of the connections between economic activities amI environment al degradation. If one can ad
equately conceive thc impact. on the environment of some action or stat.e affairs in monetary 
terms through converting environment al degradation into economic costs, this allows the infor
nmtion ab out such degradation to be integrated into the national accounting system. This can 
help improve the manner in which environmental effects are dealt with in polit.ical decisions. 

It wemld seem appropriate to consider 
some critical views towards the practise of 
"setting a price on our environment". First, 
it forces us 1,0 set an economic value on as
sets and utilities, even if they have no present 
value on the conventional market. For exam
pIe, if one converts the value of biological di
versity into an amount of money, it can be 
argued that this is neither practical nor eth
ically justified. Also, it may be very difficult 
1,0 deal with the fut.ure in this way. In the 
present economic system, we set an economie 
value on, or sirnply produce future environ
mental effects - effects that not we but future 
generations have 1,0 pay. These future gener
ations have no opport.unity of int.ervening in 
the process. Thus, we pul, ourselves above fu
ture generations and there is no appropriate 
economic (or democra tie) method to prevent 

Employment - . o .. ;,""m,,"," 
, Environmental 

degradation 

Economic growth 

Figure 10.2: Economic development is often 
connected with an increase in envimnmenta.l 
degmda.tion that in time re.s-ults in costs to the 
society and thus negatively affects socictal wel
fare. 

this from happening, except that of moral commitment. In addition, the establishment of en
vironmental accounting can lead to one's relying, and beeoming elependent upon measuring 
invaluable gooels auel services in economic terms. It is eliffieult to set an economic value on 
many of the utilities conneetcel with the environment. It can also be questioned wh ether it is 
appropriate to elo so in light of moral anel ethical standards. An ex am pIe of this would be to 
place an economic value on some other species, on the risk of an environmental catastrophe or 
on people's manner of experiencing natural seenery or the beauty of nature. There are several 
arguments that could be put forward, neverthclcss, to just.ify the development of an enviromnell
tal accounting system. Politicians base rnany 01' their elecisions on economic information, anel 
environrnental degraelation rnight be disregarded if such costs were omitted. If poliey rnakers 
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need 1,0 make trade-offs, it is essential to know what is being traded-off against what. Unless 
one has sOIne idea of the economic value of an environrllental asset, the basis for making an 
appropriate decision is insufficient. Environrnental accounts, despite their drawbacks, provide 
one picture of how one utilises one's natural capital and how it is degraded. For example, if one 
hectare of forest is felled and sold on the market, this natural capital is converted to eapital in 
lllonetary terms. One ean ask whether anything has been gained in this conversion. Natural 
eapital has decreased and monetary eapital has increased. Since forests are a renewable re
source and, if managed properly, the same conversion can be performed again after some time. 
Sustainability implies thaI, this conversion can be carried out forever. For oil or iron ore the 
situation is different since there natural eapital which is not renewable is being extracted. It can 
tlms be argued that in principle the conversion of non-renewable resourees leads neither to an 
inerease nor a decrease in the net national product. The net national product (NNP) is thus a 
more aecurate measure of the value of a nation's productions since it includes the total change 
in eapital stock. The task of evaluating in a fully appropriate way total value of a forest would 
require a massive workload and represent a job timt could never be completed. 

10.2.2 Socio-economic justification 

From a socio-economic standpoint, a justified measure ean be described as an investment that 
increases the total national welfare if it is earried out. The liming of lakes can serve as an 
illustrative example. Roughly 100 million SEK is spent annually on the liming of lakes and 
streams (Ahner amI Brann 1996). For this aetivity to be considered socio-economically justified, 
the total economic value of receiving water of improved quality needs to be as high or lügher than 
the cost. A problem here is how one should estimate the economic value of the quality of water 
being improved. Lakes have value in various respect that are more or less eonneeted to earl! 
other. Not only does the commercial value of the fishing industry improve with a measure of 
this type, but also the value of recreational fishing improves, whieh is of eonsiderable value both 
for Swedes and for tourists from abroad. It is generally easier to estimate the positive effects 
on the fis hing industry using conventional economie methods than to evaluate the total value 
derived from recreational fishing. One should point out thaI, approximately 50% of the total 
harvest is attained through recreational fishing (SCB 1995). It is difficult as weil to estimate 
the economic value of an increase in biologie al diversity or how future generations will appraise 
an improvement in water quality. Four different types of eosts in an environment al accounting 
system can be distinguished: damage costs, restoration costs, mitigation costs and avoidance 
costs (SCB 1997). Eaeh of these is described briefly below. 

1. Damage costs designate the economie eonsequences of avoiding countermeasures 1,0 mit
igate the impact of an envirollIllental problem. For our purposes, these costs refer to the 
economic consequences of acidification of the forest soil continuing. 

2. Restoration costs refer 1,0 the estimated costs of restoring a damaged area to its original 
status. It is usually difficult or impossible, however, 1,0 restore a damaged ecosystem 1,0 

its original status. 

3. Mitigation cost concern situations in whieh it is impossible to restore an area to its 
original status. Such costs, whieh ean be defined as those of restoring the environment to 
an aeceptable level, depend on the level one considers acceptable. 

4. Avoidance costs represent the costs of preventing future damages from arising. These 
costs indude those of rninimising the risk of a future impact on an ecosystern by such 
means as a change in management, for exarnple. In our case, these costs relate to the 
different alternatives thaI, are available for mitigating the risk of future damage costs by 
improving the capacity of the forest soils to prevent aeidification. 
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l\Iitigat.ion eost.s are referred t.o hereaft.er in discussing alt.ernative Illeasures t.hat. can be under
taken t.o restore already affected soils t.o an accept.able level and tlms reduce the risk of a future 
impact.. 

10.2.3 Impact of the Discount Rate 

The disCOlwt rate furt her c:omplicat.es the estimat.ion of future damage cost.s. Even if one 
concluded that. t.he lirning of forest. soils would be econol1lica11y worthwhile, it. is not. cert.ain 
t.hat. t.his holds true when t.he discount rate is included. Cost estimates are dependent. on t.he 
rnitigat.ion costs, the dal1lage costs, the t.ime prior t.o impact. auel t.he discount. rat.e. A rneasure 
of particular value carried out today assurnes a lügher value in t.he fut.ure. Consider a bank 
investment of one SEK with 3 percent int.erest rate. In ten years, t.he value will have increased 
t.o 1.34 SEK, and in 30 years it. would be 2.43 SEK. This is because of c:apit.al produced in 
the bank at the present interest. rates. A measure that. cost one million SEK today has to 
prevent a eosts of 2.43 million SEK after 30 years, to be considered worthwhile. In our example 
of preserving forest product.ivity, the cost of losing some fut.ure amount. shoulel be discount.ed 
t.o the present value of it bcfore it. is compared with t.he present cost of mit.igat.ion. A forest 
used cornrnercially has a life cycle of approxirnately 70-120 years, making t.he discount. rat.e 
an extrernely irnportant faet.or to consider. The reason for using the discount.ed value is the 
belief t.hat a11 forms of capital - natural, human and manufactured - are substitutable. One 
could therefore compensate a future generat.ion's loss of nat.ural eapit.al by capital tImt. has 
been produccd. As rnent.ioned earlier, eeologieal economists do not share this view ami argue 
t.lmt t.he natural eapit.al st.ock is fundamental and represents t.hat. on which a11 ot.her econornie 
act.ivities rest. Aceording to their view, natural capital is only complement.ary t.o human- and 
manufactured capital. It is not possible thercfore, to uneonditiona11y cOl1lpensate the loss of 
natural capital by capital of ot.her t.ypes. They argue t.hercfore, t.hat. natural capital has to at 
least be kept. int.ac:t at t.he present. level. According to this line of reasoning, t.he diseount rate 
should not be considered in attempting t.o just.ify a rnit.igation cost. 

10.2.4 Estimating the Economic Value 

An economic value is supposed to be a measure of people's wants and desires. In eeonomics, 
the words "bencfit" and "cost.", respectively are used t.o indieat.e whet.her if a value is posit.ive 
or negative. Wheu people fee! bet.ter off, a posit.ive eeonomic value arises, and when t.hey feel 
worse off a negat.ive econornic value arises (e.g. Perman et. al. 1996). Thus, an economic 
value only rneasures human prcferenees. Furt.hermore, it. can only measurc present. (or past.) 
preferenees. Fut.ure preference, that. is, how future generations a11ocat.e t.heir values, cannot. be 
measured t.oday. In ot.hcr words, an eeonornic value is an ant.hropocent.rie tool for measuring the 
prefcrences of present. generat.ions. Plaeing an econornic value on a nat.ural re sour ce tlms only 
describes how we allocat.e our economic means and excludes by definit.ion bot.h other speeies and 
fut.ure generat.ions of human beings. Measuring the econornic value of natural resourees can thus 
be hazardous since many stake holders are excluded. Preferences are derived from wants and 
desires, and perhaps also needs, whieh are dynarnie ami are dependent. upon t.he individual and 
the present. situat.ion. Economist.s often explain t.hese fluctuations as being due to interact.ions 
between supply and demand. When t.he supply of a ut.ilit.y is in excess, the dernand is low. 
The value t.lmt aecrues for each unit. of the utility has a lower value t.han it would have if thc 
supply were lower than t.he dernand. Thus, a natural resouree is generally valued more when it. 
is scarce. Values, or preferences, are also dependent. t.u a certain ext.ent. upon knowledge. If we 
knew t.oday timt. a specific ut.ility would be searce in t.he ne ar fut.ure, the value would usually rise. 
Tlms, knowledge of the fut.ure affect.s prescnt. value. Economic valuation of a nat.ural resource 
can t.hus be crit.ieised since it. does not include appropriat.e considerat.ion of t.he possible lack of 
knowledge. A nat.ural resource ean be said t.o represent a certain total value. When rneasuring 
t.hc eeonomie valuc of a natural resource from a society's point of view we should rneasure the 



10.2. ECOLOGY AND ECONOMICS 303 

Total Economic Value 

Use Value 

Current Use Value Option Value E xistense valu e 

Figure 10.3: The total economic value of a natural TeSOUTCC involves values of different types. 

total economie value (TEV). Different stakeholder~, for example, benefit from forests in different 
ways. A resouree tlms has many valnes and as many of these as possiblc should be considered 
when estimating the TEV, whieh can be compartmentalised into different types of values (Fig. 
10.3). 

TEV can be divided into two broad categories: nse value and non-use valne. The nse 
value can be further divided in current use (for fore~t~, for example, forestry, recrcatioll, carbon 
fixing, etc.) amI optionalnse value (e.g. establishing a natural reserve). The non-use value of 
somcthing is nsually defined as the e:ästence value, reflecting peop!c's allocatioll of value to the 
kllowledge that a specific resouree exist~, even if they never will use it themselves. The existence 
value of biodiversity is often referred to as a non-u~e value. 

10.2.5 Methüds für Valuing Natural Resüurces 

Different methods have been developed to measure the economic value of non-marketcd goods 
and service~. The most frequently nsed are the travel cost method (TCM), the hedonic pricing 
method (HPM) and the eontingent valnation method (CVM) (Wibe 1994). The travel cost 
method uses the revealed preference~ for a utility, as represented by the capital spent to actually 
benefit from the re sour ce involved. For example, the value of a national park can be estimated 
by use of this method through the total amount of money used when visiting the park being 
determined. Since people live at different distances from the park, they have different travel 
costs. By observing the numbcr of trips made during a given period and the differing travel 
costs involved, a demand function can be identified. The Hedonie pricing method explores 
factors tlmt affect the market value of a good. The most cOinIllon application of this method 
is to the private property market. The market price of an estate is dependent on factors such 
as location, size, number of rooms, neighbourhood, ete. This method can be used to examine 
thc extent to which different utilities contributc to thc total prke. For example, if a house is 
loeated dose to a recreational area, it rnay be higher in value than if it were loeated dose to a 
waste dnmp or a highway. By dctermining the value timt can be eredited to thc presence of the 
rccreational area, one can gel, an idea of its value. The contingcnt valuation method (CVM) 
is an approach that is poplliar today. This method involves conducting interviews to find out 
wh at people are willing to pay for a Iltility, for exarnple a walk in th8 forest. An average valne 
is then ealclliated to refleeting the value people attached to walking in the forest. By Ilsing 
hypothetical questions, the rnethod can also be nsed to estimate the value ()f intangibles, such 
as thc existence value of biodivcr~ity. A problem with measuring the value of non-markcted 
goods and services, apart from rnethodologieal problems, is that it is questionable whcther a 
value of this sort. should be induded in the national accounts. Thc main reason for this concern~ 
the problem of alloeation. Since llon-markcted goods amI services clo not compete on an open 
markct, they are not compared with utilities timt have a particlllar market value. On the other 
hand, it ean be arguecl that goods on the rnarket have a form of shadow price since t.hey are not 
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competing with the non-rnarketed goods and services. It should be noted that it is inappropriate 
to add the value of different CVM studies and to thus obtain a total value. Stndies of this sort 
involve the assumption that all other factors are equal (Cetcr-is par-ibus) (Bostedt 1995). 

10.3 Environmental Accounting in Sweden 

Work at establishing an environment al acconnting system started in Sweden in 1990, when the 
government decided to set up a committee on the rnatter. In 1991, the resnlts were presented 
in the study "Räkna llled miljön" (SOU 1991). The government gave two important directives 
to the committee. The first was to judge whether it was possible and appropriate to establish 
national accounts concerned specifically with natural resonrces ami environment al issues. The 
directive sternmed from the UN's recornrnendation to include complementary environment al ac
counts in current national accounts. The second directive was to specifically study the meaning 
of sustainable development. Sincc 1987, whcn the Bruntland commission coined the term, ensur
ing future generations timt they wonld inherit a level 01' national wealth no less than timt today 
became an important political issuc. It was acknowledged that tlle commonly used measure 01' 
wcalth - gross national product - was insufficient for dctermining whether future generations 
would have thc same opportunities to fulfil their nccd as prescnt generations do. The aim in 
establishing environment al accounts was to register changes in the environment in both physical 
and economic terms. Due to the importaI1Ce of healthy forests for Sweden's welfare, increasing 
emphasis has been placed on cstablishing environmental accounts. Three governmental institu
tions are cngaged in the process of establish such accounts: the National Institute of Economic 
Research (Konjukturinstitutet, KI), Statistics Sweden (SCB) and the Swedish Environmental 
Protection Agency (SEPA). Values not directly visible on the market (of the forest industry) 
havc been included so as to provide a bettel' picture of thc total economic value. A household's 
consumption of game rneat, berries and mushrooms had not previously been converted into 
rnonetary terms ami was thus not represcnted in the GNP. These valucs are now being studied 
more closely so that they can be included as monetary values in environmental accounts. Other 
examples are the ecological services forcsts provide in terms of carbon fixation, water purifi
cation and habitat for biological divcrsity, which are also convcrted into monetary terms (KI 
1998). In the governmental committee studying the possibilities of establishing environment al 
accounts, efforts have been made to set an economic value on Swedish forests. 1ms Hultkrantz 
assisted in preparing an appendix (Guld och gräna skogar) in which he discuss ways to include 
forest values not previously included in the environment al accounts (Table 10.1). He estimates 
tlmt the total value derived from forests in 1987 amonnted to 22,000 million SEK. This was 4 
thousand million more tlran the amount inclnded in the national acconnts. The gross valne of 
felled timber was used to estimate the valne of the timber. The valne of berries, mushrooms 
and game meat was calculatcd as being 1,520 million SEK or 7% of the total value of the forcst. 
The losses of biodiversity and of nntrient stock (dne to acidification) were included as costs of 
600 million each. Carbon fixation contributed with a value of 3,800 million SEK. The value of 
non-rnarketed goods and services contributes with 19% of the total valne. It should be noted 
timt recreation value was not inclnded in the study. 

The annual forest production has a net value today of approximatcly 30,000 million SEK 
(Skogsstyrelsen 1998). The increment in biomass volume during 1997 was 92 million ma The 
mean pricc for timher tlrat was sold on the mmket was 326 SEK -3. The mean gross valne 
of the annual felling hetween 1992 and 1996 amounted to 19,500 million SEK (Skogsstyrclsen 
1998). In 1997, the taxation value of standing forest and forest land in Sweden was 192,000 
million SEK. The products derived from forests contribute by 14% to the annual valne of exports 
in Sweden (SCB 1998). SCB estimates that 30 million litres of berries ami 14 million litres of 
mushrooms were collected for honsehold purposes during 1995. Bil- and cowberries (Blueberries 
and lingonberries' or lllore formally; Vacciniurn rnyr-tillu8 and VaccinimT! vitis-idaea) constitute 
the major part of the bcrries tlrat were collected. Garne hunting and recreationai fishing are 
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Service/"non service" 

Timber, biofuel, etc. 
Harvest of berries 
Harvest of mushrooms 
Garne hunting, garne meat 

Existence value on forest 
dependent plants and an
imab 
Impact on hydrological cy
des etc. 
Carbon fixation 
Buffer for acid deposition, 
nutrients 
Nitrogen discharge 
Feeds for reindeers 
Recreation 

Reinvestment 

Forest management 

Garne management, costs 
in forestry, agriculture and 
traffic 
Flora and fauna manage
ment 

Measures that affects run 
off 
Forest management 
Liming, fertilising 

Building of nutrient sinks 

Stock 

Timber stock 
Berry plants 
Mycelia 
Game population 

Conditions for speeies sur
vival 

Timber stock, clear cuts, 
ditehes 
Carbon storage 
Soil buffering capacity and 
eontent of minerals 
Nitrogen fixation capacity 
Lichen availability 

Table 10.1: Environrnental acconnts for forests in Sweden. Sonrce: Hnltkmntz, 1991 
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considered to represent important reereational values. They are also a source of income for 
many landholders. For estimating the reereational value of forests, a number of studies using 
CVM have been earried out. Aeeording to KI (1996), approximately 373 million visits are 
made to Swedish forests annually. The total value of is estimated to be 19,000 million SEK per 
annum (Jämttjärn 1996). However, great variation in the results makes this figure only a rough 
estimate. The best guess can be seen as being somewhere between 5,000 and 20,000 million SEK 
per annum. Thc value has bcen shown to be lügher in forests with mixed tree species (Mattsson 
and Li 1994), implying that the rccrcational value increases if deciduous trees are integrated 
into existing monoculturcs of coniferous stands. Patches and differenees in age distribution also 
increase the aesthetical value. Wibe (1994) conducted a survey on valuation studies on non
wood benefits in forestry. A considerable number of studies are examined and are eategorised 
in terms of recreational, hunting and existence values. He concluded that for all the studies as 
a whole the mean value for onc day's recrcation in the forest (hiking, camping, ete.) is around 
200 SEK. Studies of the value of garne hunting in Swcden have been carried out. A hunter is 
preparcd to pay between 4,600 to 4,900 SEK (1991 year prices) for acquiring hunting lieense 
for the current season (Monitor 1994). This is only apart of the total hunting costs aetually 
paid by the hunter during a hunting season. Sincc there are approximately 500,000 hunters in 
Sweden, this suggests thc total valuc to be more than 2,000 million SEK annually. Diseounting 
for the future appears to be considerable among hunters, since they were only prepared to pay 
3500 for the season thereafter. The value for one day of hunting has been estimated to be 320 
SEK (Wibe 1994). The total value per hunting day for the 500,000 hunters in Sweden would 
thus amount to some 160 million SEK. Assuming 15 days to be spent on hunting a year, this 
would amount to an annual value of over 2,000 million SEK. In KI's survey, the value of hunting 
was calculated to contribute to the total recreational value by approximately 2,000 million SEK 
per annum. Several studies of the econornic value of biodiversity in Swedish forests have been 
carried out (Wibe 1994). Johansson (1990) found the willingness to pay for preserving 300 
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unspecified speeies living in forests 1,0 he 85 SEK per annnm. The \VTP increased with the 
hypothetical number of specics preserved. In another study, people were fonnd 1,0 be willing 
to pay 450 SEK for saving the white-backed woodpecker (Fredman 1994). These two stndies 
refleet the inconsistency of either people's prcferences of valning different species or of the method 
employed. 

10.3.1 Estimating the value of utilities affected by acidification 

\Vithin the forest ecosystem, there are basically four values timt could he affected by acid
ification: forest production, recreational value, hiological diversity ami ecologieal services. 
Their economie impact is not clearly visible, however, since we have not experienced ur iden
tified a reduc:tion in the timber produced or quantified the valne of a loss in biodiversity. 
The total economic value of 
forests can be estimatcd to be ap
proximately 55,000 million SEK 
per annum. This figure is derived 
summing the annual value of 
the timber prodnced (30,000 mil
lion SEK), the estimated re(;1'e
at ion valne (19,000 million SEK) 
and thc value of berries, mush-
1'Ooms, game lIleat and earbon 
sink, which in Hultkrantz's re
port was estimated to 19% of the 
total timber value. Note timt 
these figures estimate the annual 
values derived from forests. The 
value of total timber stock in 
Sweden is considerably higher. 
To determine whether it is eco-
nomically justified to mitigate 
the acidification of forest soils, 
an estimate of how these utili
ties are affectcd (and of the fu
ture economic impact this has) 

Forest soil acidil'ication 

Acidified Aciditied Habitat Nutrient 
ground water surface waters change store 

Health 
effects 

Corrosion on 
water pipes 

+ 

\-
Fishing Biological Tree 

activities diversity growth 

+\ecreatiO!/ 
value 

,1-
Socio-economic cost 

Figure 10.4: Forest soil ac'idification affects rnany values that 
contribute to the welfar'e of the society. Cornbatting the acid
ification of forest soils 'iTnproves the conditions for values 
other than simply forest growth. 

should be made. In addition, many secondary effects of the acidification of forest soils are 
apparent outside the forest ecosystem. The limits of the system are thus important to consider. 
By expanding the limits of the system, other costs can be identificd that could inc:rease the 
total damage costs. The amount of money worth spending on mitigating a future impact would 
then increase. The annual WTP for mitigating forest acidification in Sweden is estimated 1,0 

be 375 SEK per person (KI 1996). This implies a total WTP of 3,000 million SEK per annum. 
Forest soils leach acid water to adjacent watereourses. Eventually, the run-off water ends up in 
lakes, resulting in an increase in acidity. In 1985, anational survey was carried out in wh ich 
it was estimated that 21,500 of Sweden's 85,000 lakes were damaged to a level at which many 
organisms were unable 1,0 survive (J\Ionitor 1991). An impact of this sort on lakes has an effeet 
on recreational fishing, whieh is an important leis ure activity in Swedcn. The economic value 
of recreational fishing in Sweden is estimated to approximately 10,000 million SEK annually 
(Ahncr and Brann 1996). To mitigate the problem of aeidified lakes, the government granted 
1,600 million SEK to a Swedish liming programme to be carried out during the period of 1976 
and 1995 (Svenson et al. 1995). The acidity in furest soils will proeeed downwards through 
thc soil profile as long as acidification continues. Eventually, aeidified wa tel' will reach the 
ground water. Bertills et al. (1989) cstimated the allIlUal eost for the increased eorrosion of 
water pipes to be 200 million SEK. Acidified drinking water mayaiso lead to negative health 
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effects (B.iertness and Alf'xander 1997), although convincing evidence for this is lacking. Thc 
concentration of acid metal ions in water incrf'ases, especially aluminium, iron, cadmium and 
manganese, as pR values bemme lower (Johansson et a!. 1999). In 1989, a total of 65,000 wells 
in southern Sweden were estilllated to be below the recoIIlmended standard in terms of water 
ljuality (Bertills et a!. 1989). \Vhether this is dangerous to health or not, people are worried 
about elevated concentrations of heavy metals in their drinking water. The total WTP of the 
adult population necded to maintain healthy drinking water has been estilllated to 2,000 million 
SEK per annUlll (Silvander 1991). Acidification of forest soi! will lead to secondary effeets Oll 

the surface ami ground water (including wells). Although thcrc are presulllably relatively few 
weHs loeated in forests, it would see rn relevant to includc thc cffects of acidification on these 
values when estimating the costs of forest soil acidification. The lüning of forest soils has been' 
shown to enhance the conditions for both adjaccnt surface and groundwater (Nyström et a!. 
1995; Norrström and Jacks 1993). Restoring thc pR in lakes will also improve the eonditions 
for many species (LingdeH and Engblolll 1995), although the recovery period may be consid
erable (Appelberg et a!. 1993). We can conclude that forest soil aeidification has a potential 
for affeding many values inherent to the forest emsystem (Fig. 10.4). In addition, values tlmt 
are found outside of forests are likewise affected by thc acidification taking plaee within the 
forests. Thus, one can regare! forest soils as a souree of pollution that can affeet the surfaee 
ami groundwater negatively. The TEV of the utilities that have the possibility of being affeeted 
sums to 65,000 million SEK annually. This very considerable value should be born in mind 
when .iudging whether a mitigating rneasure is economically worthwhile. 

10.4 Estimating the economically acceptable loss of value 

Sinee a future cost due to forest soil acidification is difficult to cstimate, one could study what 
pcrcentage reduction in the annual value of stand growth is economically acceptable in order for 
liming to be socio-economic worthwhile. The annual value lost (e) is dependent on the estimated 
annual value (v) and the pereentage ofreduction (p) that is due to forest soi! acidifieation, then; 

u· p 
c= --

100 
(10.2) 

Assume that a specific measure mitigates a future reduction in growth for t number of years. 
The total value derived during this period can be written as: 

TV = v· t (10.3) 

The value of an investing in a mitigation measure is thus dependent on the time the mitigating 
effects will persist (i.e. how many years a decline in growth will be avoided). 

100· c 
p=-

v·t 
(10.4) 

Future revenue, however, is discounted by a given rate (r), resulting in a total value that is lower 
than TV. If the discount rate is included, the equation becomes: 

1 

TV = LV' 1 + ,-t 

t 

With the same reasoning, the value lost (c) can be written as: 

1 

C = l~O . L /1·1 + ,-t 
t 

(10.5) 

(10.6) 
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Mitigating growth reduction is economically worthwhile up to the point at which the mitigation 
costs (m) equal the lost value that is discounted: 

1 

m = c = 1~0 . LV' 1 + r- t 

t 

(10.7) 

Assume that liming would eliminate a future growth decline for t number of years. The cost of 
timing is 1500 SEK ha -I and under normal conditions the annual vohune produced per hectare 
has a value of 2,200 SEK ha-I. This is equal to: 

where p indicates thc percentage 
of growth decline required before 
a mitigation measure is econom
ically worthwhile. This equation 
is similar to the first, except that 
the discount rate we is also in
cluded. A discount rate of 3 per 
cent is used in this example (r 
= 0.03). We here employ the 
estimated cost of liming, wh ich 
is 1,500 SEK ha-I The annual 
value of the volume produced is 
estimated to be 2,200 SEK. In 
Fig. 10.5, a comparison of p is 
made between 1) a stand with
out use of the discount rate, 2) 
the total economic value (twice 
the stand value), aud 3) a stand 
for whieh the discount rate is in
cluded. Sinee the eost of mitigat
ing acidification by use of lime
stone (and wood ash) is fairly 
low (1,500 SEK per heetare), the 

100·rn 
p= -~----LZ v· 1 + r-t 

15 

<;j 
:::J 
C 10 
C 

'" .!: 

c 
CI) 

u 

5 10 

-- Stand growth - no discount 
Stand growth - 3% discount 

-- Total value - no discount 

15 20 25 30 35 40 

Vear 

(10.8) 

Figure 10.5: The number of years a given mitigating mea
sW'e pT'evails determines h011J much of a decline in value is 
justifiable to prevent a particular level of cost and a certa'irt 
annual value. 

operation is worthwhilc if the positive effeets on tree growth last for a long period of time (20-40 
years). A decline in forest growth of less than 5 per cent makes mitigation measures worth
while, regardlcss of whether one uses a discount rate or not. A sensitivity analysis shows that 
the discount rate does not affect the pattern signifieantly. Furthermore, if the positive effeets of 
timing will for aperiod of 20 to 40 years, the other two variables (eosts of liming and value of 
the timber produced) will not have a major impact on the output. Thus, it seems reasonable 
to conclude that timing is economically worthwhile if it mitigates a future growth decline of 2-5 
percent, and if the effeet persists for more than 20 years. 

10.5 Area Affected by Acidification 

The economic cost of a future negative impact on forest production is dependent on the size of 
the area affected. An area of considerable size is, and will be, affected by acidification (Monitor 
1991). According to Sverdrup and Warfvinge (1995), 80% of Sweden's forest soils exceed the 
criticalload for acidity. vVhen these areas reach a new steady state equilibrium, they will a lower 
pH and a lower concentration ofbase cations (BC). The criticalload concept in these calculations 
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Figure 10.6: A chaTt showing the aTea8 of fOTest land in southern Sweden belmo a paTticulaT pH 
value. AppToximately 5 million hcctaTe8 (01' 60% of the total aTea theTe) have a pH valuc of 
below 5.0 in the nppeT B-hoTizon. 

is defined as the maximum amount of sulphur and nitrogen deposition t.hat will not cause long
term damage to ecosyst.em structure and function. The crit.ical limit is the most unfavourable 
value the chemical crit.eria can attain wit.hout. long-term harmful effects on t.he structure and 
functioning of the ecosystem (Barkman 1998). For forest. soils, a [Bq/[AI] ratio=1 is used as 
one crit.icallimit (Sverdrup and Warfvinge 1993). If the rat.io falls below this level, a reduction 
in the growt.h of trees can be expected. Data from the National Forest Inventory (NFI) wem 
used to calculate how much forest land timt lies within specific pR intervals. The present pR 
measurements in the B-horizon that NFI carried out were used for analysis. The reason for 
selecting this layer is that the upper layers are more variable and more dependent upon the 
age 01' the stand (Tamm and Rallbäcken 1986). Although the B-horizon can be affected by 
stand cycle variations, the variations there are less pronounced t.han in the layers eloser to the 
surface. In the NFI, the upper level of the B-horizon is sampled for pR analysis. The natural 
pR level (unaffected by human activities) there is believed to lie somewhere between pR 5.0 
and pR 5.5 (Nihlgihd et al. 1996). Calculating the mean cumulative value for each interval 
of the periods 1983-1987 and 1993 and 1995 that were sampled indicates approximately 60% 
(5 million hectares) of the total forested area in southern Sweden to have a pR value in the 
B-horizon of less than 5.0 (Fig. 10.6). Each sampie in the NFI has a corresponding weight 
fact.or. This weight factor should be int.erpreted as an area around the sampie in question 
that has similar conditions, allowing the sampie t.o be represented by a partieular area. The 
sampies are assumed to correspond to t.he total forest.ed relative area, which amounts to 8.2 
million hectares in the studied region (Götaland and Svealand). Thus, the sum of t.he weight 
factors for all the sampies represents the t.otal forested area. To determine whether a variation 
between the years exists, individual calculat.ions 01' the years timt were sampled were made. 
The PROFILE model (Sverdrup and Warfvinge 1993) was used to estimate the pR levels in the 
year 1840 and when a steady state was reached. The me an value of the relative area in each pR 
interval during the perio(b 01' 1983-1985, 1986-1987 and 1993-1995 was calculated. The results 
of the calculations ami the values Illodelled by PROFILE are presented in Fig. 10.7. As can be 
seen in Fig. 10.7 a rapid increase occurred in areas with a pR value below 5.0. Aceording to 
the PROFILE model, the area that was below pR 5.0 in 1840 was 65,000 hectares in size. In 
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Figure 10.7: Chart showing Tesnlts from the NFI in sonthem Sweden. The mean corrcsponding 
jorested aT'ea. below a paT'ticular pH is shown jor 198.'1-1985, 1986-1987 and 199.'1-1995. The 
chart illnstmtes a continnons tT'end towaT'(l a larger area. with a 10 wer pH nalne in the jorest so'ils 
oj sonther"n Sweden. The pH nal'ae in 1840 and 'lOhen steady state was T'ea.ched as modelled 'W'ith 
the PROFILE model 'is incl'l1ded as endpoint refeT'ences. 

the years 1983-1985, t.he figure had increased to 3.8 rnillion hectares and to 6 million hectares 
in 1993-95. It is predict.ed by the PROFILE model that when stcady state equilibriurn have 
been reaehed, 7.6 million hectares will be aeidified (93% of the total forestee! areal. The time 
perspeetive for the systern to reach a steady state is dependent upon slIeh faetors as the soil 
charaeteristics. acid precipitation, biom ass harvest, weat.hering, etc. The costs of restoring the 
acidificd area to a natural pH level would be tertued restoration costs. Assllme thaI, the liming 
methods proposed by the National Forest Authority (NFA) lead to areturn to a more natural 
state 01' acidity of the Boi!. The cost 01' acidification ean be calculated then by mllitiplying the 
area defined as being acidified (bclow pH 5) by the lüning costs per hectare, estirnated by NFA 
to 1,500 SEK ha -1. Thus. the total rcstoration costs for the acidified soils in southern Swedell 
amount to some 7,500 million SEK. It shoule! be pointed out that these costs are calculated from 
the average of all the sampled years. By way of comparison the costs for the areas classified 
in 1983 am! 1995 a" being aeidified amounted, by usc of the same calculations. 5,250 and 9,750 
million SEK, rcspective!y. The difference in eost. indicates there to have been a rapid inerease in 
cost over time'. The aunual increase in restoration costs ean be ealculated in this way as being 
(9,750-5,250)/12 = 375 million SEK. 

10.6 Discussion 

The arnount of forested area defined in t.his paper as being acidified amounts to 5 million 
hcctares. The annual increase in the size of the aeidified area appears very rapid, to judge by 
the results. It. is assurned timt the frcqucncy distribution employed is represent.ative of the tot.al 
area. It is questionab!e to wh at cxtent this assllmption corresponds with reality. The soi! pH 
is heterogeneolls ane! varies appreciably within a given area. If the result.s refieeted variat.ions 
within the material, however, it would be reasonable to assume t.here t.o have been only randolll 
variation bet.ween the years, yet. this was not t.he case, there bcing a dear t.rend toward an 
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increasing number of sites of lowcr pH. To some extent, the decreasc in pH might be explained 
by the fact that the mcan age of the forest stane!s became greater (Skogsstyrelsen 1998). Tamm 
ane! Hallbäcken (1986) conclue!ed, however, that stane! age has little effeet on pH at e!eeper 
soil horizons. It is thus questionable whether aging is the only factor contributing to the rapid 
e!ecrease in pH at this soil depth over such a large area. Harvesting anel e!eposition probably 
contribute to the rapid increase in the size of the acie!ified area. Svere!rup ane! Warfvinge 
(1995) estimate that 80% of Sweden's forests are in the risk of being negatively affectee!. For 
southern Swcden, this figure is 100%, which alllounts to 8.2 million hectares. Even after the 
implement at ion of the 1999 Göteborg lVIllltiprotocoL the figure will remain at 35% for the country 
as a wholc and at 45% for southern Sweden. In addition to an expected e!ecline in growth, an 
increase in tree mortality as a result of the criticallirnit being excceded will enhancc the future 
costs (Sverdrup et al. 1994). Liming the total acielified area (5 milliou ha) by use of 3-4 tonnes 
dolornitic lime/wooe!ash per hectare woule! cost approximately 7,500 million SEK. If liming 
eliminatcs a 5% e!ecline in value for lllore than 20 years, it will be worthwhile for the project to 
be carricd out. Assuming there to be a similar effect on the Total Economic Valuc (i.e. loss in 
terms of recreation value, berries, water, etc.) simply increases the extcnt to wh ich measures 
of mitigation can be seen as being justified. The effects of acidification are slow, making them 
difficult to identify. Beeause of the large number of variables affecting the growth of forcsts, 
it is difficult to e!etect a e!cclinc in growth. However, even a slight deerease in the amount of 
timber proclucecl rcsult in significant costs. Although it tends to be taken for granted, however, 
timt a reduction in growth will mean a loss in value, it is also possible that a slower growth 
rate will lead to an increase iu the quality of thc timber ane! thus the price paicl per m:3 There 
is the theoretical possibility, therefore, timt the net loss in revenue will be less significant than 
one might suppose. However, tllP major part of the annual harvest is sold to the pulp ine!ustry, 
where the price is much less e!ependent ou <juality of the wood. Going towards sustainability 
rcquires that changes in the surrounding environment he monitoree!. This can yield pree!ietions 
for the future. Such predictions, however, are very difficult to perform, since many uncertainties 
are involved. Despite the difficulties in defining the economic value of non-marketee! goods and 
services, it may be advantageous to attempt to do so since it diverts the attention away from 
accounting involving simply marketed gooe!s and services. All would agree that these more 
vague utilities are important to the common welfare in Sweden. How such va lues should be 
quantified is a matter of discussion. Economic valuations are consie!ered by many to be a crllde 
way of valuing the invaluable. Indeed this is right. The methodologies have beeIl critieised by 
many authors and the uncertainties are cousiderable. The values involvee! are also affected by 
various factors, such as environrnental accidents, information, education, etc. Nevertheless, the 
task remains of justifying the amounts of rnoncy it is worthwhile to spene! for mitigating the 
impact of forest soil acidification. 

10.7 Reflection on the treat from acidification 

In the past 30 years, acid deposition was very much the foeus of much of Swcclish environmental 
research, anel served as the elriving engiue for most of the soil chemistry modelling timt was 
done. In the first part of the period (1968-1980), surface waters and fish were much at the centre 
of attention, later it was realized tlmt this was the last aml most visible symptom of a long 
chain of damages in the ecosystems. The effects on forests were given large attention, and in 
terms of attitude and genuine ideas much was initially iuventecl by Prof. Ulrich in Göttingen. 
In many countries, the concern for the long term sustainability of forestry under acid deposition 
became a major issue and conceru. It can be seen in the eadier chapters of the book that 
acidification grips into many the processes in a forest ecosystem in a quite fundamental way. 
In large parts of central Ellrope ancl Scandinavia, acid deposition chaugeel thc soil chemistry 
so much during 120 ycars, timt most soil scientists in this region have no idea about what the 
natural chemical state of their soil should be, uor do their textbooks give them any help as the 
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snapshots of soil conditions found there are taken from systems in the middle of a grand change. 
Most of the processes we think are connected and important for the concept of sustainability 
are affected by the changes caused byacidification. Thus, criticalloads of acidity and nitrogen, 
refiect an important aspect of sustainability.The criticalload is the capacity of a specific system 
to be able to receive pollution from the outside. Forest management most profoundly affects 
this capacity. The critical load concept was developed in order to grip the acid deposition 
with an ecosystem effect-related concept. This connected for the first time ecological effect to 
measures and allowed the "end of pipe and technology" approaches to be abandoned. Instead of 
being at the focus of the process, demands on teclmology now became driven by environment al 
quality demands defined by ecological parameters. This was a total paradigm shift in terms of 
approaching environmental problems. The critical load is a measure for how much the forest 
ecosystem can absorb acid rain without damage. The concept has been defined and described in 
detail earlier, and the methodology can be found in Sverdrup and Warfvinge (1988, 1991, 1995) 
and in Warfvinge and Sverdrup (1990, ]992). Criticalloads for Sweden calculated in 2001 are 
found in Fig. 10.9, based on 1,884 sites from the Swedish Forest Inventory. The maps how the 
maximum amount of acidity and of nutrient nitrogen that will not cause unacceptable changes 
to forest ecosystem structure or function. The critical load of acidity incorporate both acidity 
accompanied with sulphur deposition and with nitrate and ammonium. In the optimization 
calculations preparing for the protocols, the sulphur and nitrogen deposition is permitted to 
vary in such a way timt they together make up the critical load. The calculations differentiate 
between soils with different mineralogy, text ure and soil moisture, as weil as it considers full 
nutrient circulation and the differences between rooting depth and susceptibility of roots to acid 
soil conditions. The Swedish Forest Inventory and the Forestry School at Uppsala was most 
helpful in preparing input data and assist the authors with the actual calculation. Most of 
the work with critical loads took place at Lund University. The treat is best shown by the 
exceedance maps, expressed as the 50-percentile, representing the average overload, and the 
95-percentile, representing the overload if we want to protect 95% of all sites. For production in 
general, the 50-percentile maps will be most relevant. Be aware of the fact that the exceedance 
maps do not show the present situation in the forest at present, but only after a protocol 
has been fully implemented. This process normally takes several years, if not a decade, and 
only after that can the soi! processes slowly allow the soils to recover. The recovery process 
is even slower tlmt the political process and has been estimated to take from 20 to 250 years 
depending on site properties and soil chemistry state at the time of turning the deposition 
trend. In 1988 the cxceedances werc very large, the models predicted that a continuation of 
such deposition levels would lead to large scale damages to soil chemical state (base saturation, 
pR) and probably to growth damage of a same degree as in Germany and in the Black Triangle 
(Fig. 10.10). Darnages would run into 1000 millions of Swedish kronor per year. Thc predictions 
werc far from pleasing, but as the calculations were made with the "best available knowledge 
and data" approach, it had to be taken scriously. It was pointed out, quite rightly, that there 
were large uncertainties, but not hing of that changed the order of magnitude of the problem 
in any significant way. Thus, the situation was estimatcd to involve very serious risks for thc 
future productivity of Swedish forestry, and large efforts were put into the negotiation process 
under the LRTAP-convention, in fact this work already started in 1987 and is still going on. In 
1991, the sec(md sulphur protocol, thc "Oslo-protocol" was signed, for the first time based on 
the criticalloads estirnated for a nurnber of European countries. It reduced sulphur emissions by 
60% from the reference year (1985). This was a great achievement, but still far from wh at was 
required to remove the large scale threat against productivity in Swedish forestry (Fig. 10.11). 
What was most important with the Oslo protocol was that it established a new principle; "effect
based mitigation of pollution", and "mitigation at the source". Both were more important than 
the actual protocol itself, as this paved the way for the next protocol. In 1997-2000 a new 
assessment was made and thc databases revisited anel updated. The soil database underwent 
significant improvements anel eluring 2000 new results from the SUFOR project was brought 
in to improve the way critical uptake was calculated. Fig. 10.12 shows the situation in the 
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Figure 10.8: These maps show pH sampies obtained in the B-horizon in southem Sweden the 
period from 1983 to 1996. Each colour represents the pH class given in the legend. 

end of 2000/beginning of 2001. Exceedance is approximately 25-30% of the area (This is at 
present input data dependent and the true field exceedance is probably 35-45%). Some areas 
in the south still has significant amounts of exceedance, and here continued forest damage will 
be seen. In this region, soil pR values continued to sink in a consistent pattern until the print 
of this book. The work was continued, and in 1999, sulphur, nitric oxides and VOC emissions 
were linked in a multiple pollutant protocol, the Göteborg protocol. This was a very !arge step 
towards compliance with no exceedance of criticalloads, and when the protocol comes into full 
effect much of the threat to Swedish forest productivity will be greatly reduced. In Sweden, we 
still have significant exceedance with respect to protecting 95% of the sites under the protocol, 
but a large part of the territory is completely protected, approximately 60%, (Fig. 10.13). There 
is exceedance in approximately 15-20% of the area (Considering scaling effects, the true field 
exceedance is probably 25-30% of the area under the Göteborg protocol) and only a small part 
has large exceedance. Much of the remaining acidity exceedance is now caused by nitrogen 
deposition, a large part of this is ammonium deposition with large potential for acidification. 
Arevision of the Göteborg protocol is foreseen for the years 2004-2005. The protocol has not 
yet been fully signed and ratified by all UN/ECE-LRTAP parties to the convention. Thus the 
protocol will not come into full effect until this has been achieved. Thus, signing of a protocol 
does not at all imply that the conditions intended in the protocol will become reality until many 
years/decades !ater. Likely is that we will approach compliance with the protocol towards 2010 
and recovery make take several decades after that date. Until this time good arguments must be 
brought to bear to bring the concept of sustainable forestry into thc critical loads concept. For 
the Scandinavian countries, sustainability of forestry is both a necessity and an insurance for 
future prosperity. Forest managers in the field and sm all forest owners in Southern Sweden could 
see thc cffects of environment al problems on their own properties every day, and they simply 
could not afford to ignore such an evident phenomenon the way an academic institution could 
and sometimes would do. Not all grasped the urgency of achieving success with the European 
negotiations under the UN/ECE LRTAP convention in the 1980's, neither was it afterwards fully 
grasped how elose we came to have significant problems, nor how narrowly we escaped from just 
that threat, and that only with relatively modest damages as compared to wh at could have been. 
Rad there been no negotiation successes, no protocols, then we would still be looking at "doom
and-gloom" scenarios, and all the field evidence point towards timt continued deposition at 1980 
level would have created massive damages and widespread crisis in our forests. The negotiating 
the development of three subsequently improved UN/ECE-LRTAP protocols changed all that, 
and because of this, thc "doom-and-gloom" scenarios will probably never come to be in our 
Swedish forests. After the Göteborg multi-pollutant protocol 1999, acid rain still remains as 
a problem for Swedish forestry, but it is no longer represents a large threat to production. 
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This implies that acid deposition will still cause 
extra costs for nutrient additions in sustainability 
management in 40% of our forested area (100,000 
km2 out of 230,000 km2), and it will probably be 
able to adversely affect growth and vitality notice
ably in approximately 5-10% (20,000 km2 ), mostly 
in southern Sweden.Literally speaking, the remain
ing acid deposition is still "picking money out of 
our pockets". It may appear not to be much, but 
everything should be put into its right proportions, 
Swedens remaining area to be significantly affected 
by acid deposition and have exceedance of critical 
loads is still larger than the total forested area of 
Denmark, Netherlands and Belgiulll combined. 

The present critical loads were set using fairly 
erude indicators of damage (root diebaek/severe 
needle loss as correla ted to soil chemistry pa
rameters). All the available data suggests that 
this is a kind of last barricade approach, and 
that the limits should have been set much stricter 
to protect more subtle and sensitive subcompo
nents of the forest ecosystem (microfauna, diver
sity of the vascular plant flora, abundance of red
listed species, biodiversity, seed germination vi
tality etc.). When damage has developed so far 
that roots of large trees start to die and significant 
amounts of needles are lost, then other less observ
able mechanisms and components have most prob
ably taken a lot of damage. Experimental data 
(Sverdrup and Warfvinge 1993) also suggest that 
older trees are far more sensitive than younger, and 
we need to remember that the limits are often set 
based on seedling or young plant bioassays. Thus, 
present limits and criticalloads are adapted to the 
strongest and not the weakest, equivalent to a high 
risk profile. We may try to rework the definition 
of critical loads, in to a general principle for any 
impact caused by man: 
"The eritical load of a anthropogenie disturbanee is 
the maximum amount of impact frorn human aetiv
ity that will cause the maximum aeceptable damage 
to ecosystem structure and function" 
The critical issues in this definition will be what we 
define to be "impact" and how we chose to delin
eate "ecosystem". Here we should perhaps be more 
inventive that in the past, eventually, the earth is 
an ecosystem with humans, infrastructures and all 
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Figure 10.9: The critical load for Swedish 
forests represents the maximum acid depo
sition that will not cause damage to growth 
and vüality. The nutrient criticalload ap
plies to nitrogen (md is the maximum load 
that will not cause n'atT'ient imbalanee. 

the components of what we traditionally call "nature". This concept will be applicable and flex
ible if we define load of impact as "acid deposition", "estuary effiuent of dissolved phosphorus", 
"deposition of heavy met als from fertilizers", "amount of stern harvest based forest manage
ment", "amount of clear-cut-based forest management", "number of tourists using the fmest for 
barbecue parties", "miles of drain pipes" and so on. It would provide us with adefinition for 
building models and setting limits to any activity that interferes with our ecosystems. 
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Figure 10.10: The degree of the exceedance in 1988 was quite severe, and the threat to gmwth 
and pmdudion potential of utmost signijicant. 5- and 50-percentile. 
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Figure 10.11: The Oslo pmtocol impmved the situation signijicantly, even if it was far fmm wh at 
was really needed. 5- and 50-percentile. 
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Figure 10.12: The degree ofthe exceedance in 1997-2000. By this time the situation had improved 
much, and disaster was no langer looming at the horizon. 5- and 50-percentile. 
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Chapter 11 

Assessing effects of wildlife on 
forestry 

11.1 Browsing damage to forests vs. recreational values 

By Janas Bergquist and Christer Kaien 

11.1.1 Introduction 

The populationH of mOOHe emd roe deer increased dramatically in Sweden during the latter 
half of the 20th century (Hörnberg 1995: Cederlund ami Markgren 1987; Cederlund and Liberg 
1995). A significant increase in the eervine population was also observed in mOHt other European 
countries during this period. The regulation of hunting, the decline in predatars and changes in 
land UHe are bclieved to be the major causes of this population increase (Kuiters et al. 1996). 
Both moose and roe deer feed (browse) on young trees and can thus inflict damageH on them 
amI red uee the economic yield far the landowners (G ill 1992 ab). Although landowners can 
derive some benefits from game hunting, they show little toleranee far browsing damages. Most 
deer species are selective feeders, utilising and only certain plant species far fee ding purposes 
(Hofmann 1989). Moose ami roe deer prefer to feed on certain species of shrubs, on young 
trees ami on herbs but avoiel grasses (Ceelerlund et al. 1980). Farest management has a strong 
influence on the species eomposition and abundance of ground vegetation, and tlms has a 
variety of posHible alternatives inflllencing deer farage proeluctiOIl to sclecting between (Hannerz 
ami Hanell 1993; Bergqllist et al. 1999), althollgh farestry today sele10m utiliscs the seleetion 
opportllni tiCH this provieles . 

SweeliHh hunters often claim that the availability of forage (fooel) is decreasing anel that this 
is the eallse of increaHed damages anel problems associated with them. They arglle, therefare, 
not far a lowering the cervine population, but far an increase in the availability of food far them 
in the fareHts so as to reduce elamages in this way. Many faresterH are also hunters, making 
them ambivalent on the matter. A socioeconomie analysis requireH the costs inflieteel on forestry 
to be compared with the benefits derived by hunters and by the general public. Theoretically, 
this allows the optimal levels in socioeconomic terms, both far the herbivore population and far 
the forest elamages that result to be elerived. 

11.1.2 Browsing damages 

Effects on forestry 

Large mammalian herbivores such as roe df'er and moose, can elamage trees by browsing (fef'ding 
on shoots and foliar parts), eating bark,fraying or rubbing trees with antlcrs and trampling on 
or scratching them. Browsing is generally rcgarded as the most seriouH and common type 
of damage done, although uf other types may be mare important locally in some cases (Gill 
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1992ab). In order to simplify the discussion here we use the term browsing to desigllate all 
types of damage that moose and roe deer inflict on seedlings ami trees. Browsing not only 
redllces the volume increment, but also the qllality of timber in case of heavy browsing (Gil! 
1992b; Welch et al. 1992). Extensive browsing press ure also increases tree mortality (Gill 
1992b; Edenius et al. 1995) since trees are generally able to readily repair browsing damages, 
browsing does not always resllit in serious biological or econornic damage to trees (Heikkilä 
and Löyttyniemi 1992: Canham et al. 1994). Becallse of browsing damages, Norway spruce 
(Picea abi es 1. Karst) is favoured over Scots pine (Pinus silveslris L.) and most deciduolls 
trees due to lower feeding preferences for spruce among roe eleer anel moose (Hörnberg 1995; 
Kullberg and Bergström 2001). Spruce appeani to repair the loss of above grounel biomass 
better than pine eloes (Langstöm and Hellqvist 1989, Loelin 1999). In planting new forests, 
managers generally prcfer spruce because of to its lower susceptibility to browsing elamages 
(Lllnden 1996). All these mechanisms result in there being higher proportions of spruce in 
forests than elcsireel. Although to most people, it seems obvious that the level of browsing 
elamages is positively correlatcel with the elensity of browsing animals, which has also been 
shown in many scielltific stuelies (Welch et al. 1991; Tilghman 1989; ßergström ami Vikberg 
1992), in sorne stuelies no effect of the density of browsers on the darnage elone has been founel 
(Bergquist and Örlander 1998) or more elarnage has been found to occur at sites of lower browser 
density (De Jong et al. 1995; Reirnoser ami Gossow 1996: Bergquist anel Örlander 1998). Several 
exp!anations of the discrepancy of these results can bee suggesteel. For one thing, the population 
elensity of browsers may not have been relateel to the quantity and quality of eelible vegetation 
available or the area might simply have been be too small to stuely the effects of browser elensity 
aelequately. Also, it is possible that certain plant species are so attractive that they becorne 
severely elamaged even uneler conelitions of relatively low browser density (Guthörl 1994). In 
addition, when browsing elamages are stuelieel over large areas, they often correlate weil with 
population elensity (Branelner et a1.l990; Hörnberg 1995). Horne ranges of at least 500 ha for 
moose and of 100 ha for roe eleer have been reporteel in southern Sweelen (Bergström 1996). In 
both species, however, younger animals frequently elisperse and colonise new areas (Wahlström 
anel Kjellander 1995). Due to this dispersing behaviour, young moose or roe deer often emigrate 
from areas of lower feeding quality, norrnally elisplacing a moose that has been shot or roe eleer 
in an area of abunelant forage. Thus, to regulate the population elensity of browsers effectively 
through hunting (anel reduce insofar as possible elarnages to forestry), coorelination of actions 
over a much !arger area than tlmt of a typical private forest estate in Sweelen (ca 30-50 ha) is 
neeeleel. Although no absolute figures can be given, Wahlströrn (1996) suggesteel that this can 
be an area of at least 5,000 ha in the case of roe deer. 

Forage availability 

An increased in the availability of forage is generally believed to decrease the level of browsing 
elamages, provieleel the eleer population is constant. Several studies appear to confirm this 
hypothesis (De Jong et al. 1995; Vivas anel Saether 1987; Anelren anel Angelstam 1993), although 
there are also stuelies elemonstrating no dear relation between forage availability anel elamage 
(DaneIl et al. 1991a,b; Härkönen 1998). Hypothetically, elamage might even increase with 
availability of forage if more eleer were attracted to the stanel, although we have not found any 
cases of this sort in the literature. To regulate elamages connected with the availability of forage 
anel ensure positive effects, we probably neeel to operate over areas much larger than at the stanel 
level. Again, no absolute figures can be given. Site productivity influences both thc quantity ami 
quality of forage for browsing animals. Areas high in productivity can support higher herbivore 
densities. In some studies, damage has been founel to increase with productivity, whereas in 
others it has been found to be reduced or no effect at all has been found (se discussion in Gil! 
1992a). The mechanism behind such effects is not dear. Important factors other than that of 
access to alternative food sources mayaiso influence the damage level. Plants on productive 
sites tenel to be more vigorous (healthier or faster growing) than plants growing on poorer sites 



11.1. ßROWSING DAI\1AGE TO FORESTS VS. RECREATIONAL VALUES 319 

(Delllell et al. 1991b). Vigorous plant.~ generally repair elamage faster (Eelenius et al. 1995), 
grow out of t.he browsing range more quickly (Guorley et al. 1990), anel seem to be preferred as 
fooel to a greater extent than plant.s low in vigour (Danell et al. 1991b, Bergquist anel Örlaneler 
1998), making it elifficult. to elctermine the relative importancc anelnet. results of these effccts. 

Available forage is not. thc only fact.or t.hat. attracts eleer to an area. For inst.ance, the size 
anel numbers of eelge zones between st.anels able to proviele cover anel open areas is frequently 
reporteel to be an important factor in determining elamage (Thirgooel anel Staines1989; Kay 
1995; Reimoser anel Gossow 1996). In a longer time perspective, an increase in the availability 
of forage also increases the lanelscape's potential carrying capacit.y for browsing animals. If 
there are no controlling mechanisms, the numbers of moose anel roe eleer increase, and very 
likely browsing elamages as weIl. Thus, we assume there to be ~ome kinel of mechanism that 
effectively controls the elensity of moose anel roe eleer, hunt.ing being one such mechanism. 

Estimating the costs of browsing damages 

There is an obvious problem in estimating the costs of browsing elarnages since it is rnainly 
young stands that are damageel anel t.he main costs of such elamage are first known when the 
stanel is harvest.ed, which in southern Sweden means after 50 years or more. In forest. economic 
calculations, the incomes and costs (eluring a rotat.ion) that co me ab out. are elerived from what 
incomes and ot.her costs (e.g. timber, labour, machinery, chemicals, anel seeellings) are today. 
The final sum is estimateel by eliscounting the incomes and other costs from the time when 
they are expecteel to arise t.o toelay' s prices by use of 11, given interest rate (in Sweelen norrnally 
3/calculateel for t.he ent.ire rotation anel elifferent management. variet.ies be compareel. The 
reeluct.ion in income elue t.o elamages can be estimat.eel by use of this methoel. For a more eletaileel 
account of the economic calculations useel in forestry, see Cubbage et al. (1991). Knowleelge 
of mortalit.y, growth reeluction and t.he development of elefects elue to browsing are neeeleel for 
these calculations. Such elat.a is available for spruce (Mitscherlieh anel Weise 1982) anel for 
pine (Heikkilä and Löytt.yniemi 1992), but for many deciduous tree species such information is 
scarce. Heavy browsing darnages oft.en result in a shift. from pi ne or elecieluous trees to spruce. 
If a sit.e is not part.icular suitable for spruce, cost may be incurred through proeluct.ion being 
reeluceel, which needs t.o be taken int.o account in calculating the cost.s of browsing elamages. The 
reeluct.ion in t.he proportion of elecieluous forests, which alreaely t.oelay has become only a rninor 
const.ituent. in Sweelish forests, t.hreatens many values anel opportunities. A eliversification of tree 
species can have advantages for forestry since it. is elifficult. to foresee fut.ure markets, the effects 
of climat.e change, t.he elegree of soil acidificat.ion anel various unexpecteel event.s. Decieluous 
forest.s also possess many "soft." va lues such as recreat.ion anel biodiversity (Drakenberg et. al. 
1991). Pot.ential t.hreats cost.s anel gains of various types are troublesome to est.irnat.e. 

11.1.3 Infiuence on forage availability 

Feeding preferences of moose and roe deer 

Moose anel roe eleer have been classifieel, in terms of t.heir select.ivity in feeeling, as select.ors 
or browsers. This me ans t.hat their eligestive systems are aelapt.eel t.o ut.ilising plant. biomass of 
relat.ively high qualit.y (Hofmann 1989). Accorelingly they vary their feeeling on elifferent plant 
species anel plant parts in the course of a year. In t.he wint.er, their eliet. is elominat.eel by t.wigs 
from cOllifers (mostly pine), shrubs of various kinds anel elecieluous trees, whereas in the summer 
they utilise most.ly t.he foliage of elecieluous trees anel shrubs as weil as wit.h herbs as forage. 
Withill these maill groups of plant species, moose and roe deer show strong preferences für 
part.icular species (Gil! 1992a, Hörnberg 1995). Moose are orienteelmore st.rongly t.o feeding on 
young trees, whereas the smaller roe deer feeel more on the fielel layer. The vegetat.ion in young 
st.anel~ in Swedell is dominated by grass (Bergquist et al. 1999). This group of plant. speeies 
is more or less avoieleel by moose anel is only used in a lirniteel way by roe eleer, rnainly in lat.e 
winter anel early spring (Cederlunel et al. 1980). 
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Influence by plant succession 

Both moose and roe deer are species ecologically adapted to living in forests (Liberg and 
Wahlström 1995). In a natural forest, they feed mainly of sites in early succession such as 
are normally created by "catastrophic" events such as forest fires, insect elamage, flooding and 
windfall. At such sites, an abundance of field flora of higher nutritional quality than vegetation 
under a canopy usually develops within a few years (Oldemeyer 1987, Johnson et al. 1995, Huges 
anel Fahey 1991). In manageel forests, such natural disturbanccs are relatively uncommon, its 
instead being forest management timt pro duces early successional sites through cutting. Since 
in most cases, a stand rotation period is shorter than natural succession (Jedrzejewska et al. 
1994; Uuttera et al. 1996, Östlund et al. 1997), forestry is likely to produce a lügher frequency 
of such sites and tlms an attractive environment for these animals. This at least partly explains 
the rapid development of the deer population in managed forests. It also means that timt one 
can expect moose ami roe deer to prefer fceding on young stands where fooel is abundant. For 
instance, faecal pellets of both moose and roe deer are more abundant in young stands than in 
older ones, indicative of such behaviour. There are differences betwecn thc two species however, 
the smaller roe eleer appearing to spend relatively more time on young clear-cuts (0-3 years) ami 
in older stands than moose, wh ich tcnd to show a strong avoidance of old forests (8-25 years). 
In Scotland, red deer (Cer'Uus 
elaphus) and roe deer timt cocx
ists displaya similar difference in 
feeding in terms of stand ages, 
the larger red decr being more 
often found in somewhat older 
though still young stands ami 
roe deer in the younger stands 
(Welch et al. 1990). Although 
forestry ean usually not vary the 
intensity of eutting so as to pro
duce more adequate eleer for
age, this faetor should be con
sidcred in any calculation aimed 
at balancing of the number of 
eleer against damage by brows
ing. When the intensity of cut
ting is ehanged one can expect 
there to be a faster re action on 
thc part of the smaller roe deer 
and a longer time lag before 
moose react to this change. 
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Figure 11.1: Proportion (%) offaecal pellets of me deer' and 
moose found in forests of differ-ent age cla.sses (yea.Ts) at the 
experimental forests in Asa and Tönnersjöheden. 

Influence by stand management 

The way a forest is managed ean influence both the grounel vegetation and the production of 
forage. In harvesting astand, the forester can either cut the entire forest or lcave a proportion 
of the trees as shelter-wood. The vegetation that develops under sheltcr-woods in Sweden 
often contains a highcr proportion of wooely species such as dwarf shrubs and tree seedlings 
than is the case on dem'-cuts (Hannerz anel Hanell 1993, Bergquist anel Kullberg 2001). This 
means a lügher prodllction of winter forage Oll sites with shelter-woods than on dear-cuts. Slash 
(branches and tops) can be either harvested or retaineel. Retaining slash leads to a occurrenee of 
deciduous shrubs anel large hcrbs, used as summer forage, whereas removing slash increases the 
occurrence of dwarf shrubs anel tree seedlings (Kardell 1992; Olsson and Staaf 1995; Bergquist 
et al. 1999). Slash is sometimes burned. In a study hy Dyrness (1973) burning was found to 
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reduce the total plant cover, but changes in the composition of plant species made it difficult 
to evaluate the effects on forage production. The soil is often scarified prior planting, this often 
increasing the regeneration of shrubs and tree seeellings and of certain herbs (Granström 1986; 
KardelI 1992). Thus, soil scarification appears to increase summer and winter forage, the only 
negative effect being a reeluction in eelible late successional plant (Keenan et a!. 1994; Bergquist 
and Kullberg 2001). Herbicides are sometimes used, which has immediate and strong negative 
effect on forage (herbs ami eleciduous species) (Huss and Olberg-Kalfass 1982, Vreelanel et 
a!. 1998), although from a longer perspective the effect may be less obvious (Vreeland et a!. 
1998). Since the animals involved feed on twigs, both the tree species selected for regeneration 
anel the elensity of them obviously infiuence the availability of forage. After the regeneration 
phase, a number of other measures are taken that infiuence forage availability. In Sweden, the 
first thinning is often made after about 10-15 years. Since this reeluces the number of trees, it 
reduces the winter forage for large deer species such as moose (Härkönen 1998). On the other 
hand, thinning increases the amount of light at grounel level, leading to an increasc in ground 
vegetation and subsequently to a larger amount of forage being available for smaller deer species 
(Pietz et a!. 1999). Another important measure is tlmt of fertilisation, wh ich increases both 
quantity anel quality of forage (Ball et a!. 2000). Since foliage from olel trees is often preferred 
as food (Swihart anel Picone 1998), it can be best to carry out the harvesting of olel trees of 
preferreel specieö eluring the winter, giving deer the opportunity to feed on folia ge from old 
trees. Forage proeluction can be enhanced by actively directed measures such as the seeding 
of attractive plant species when treating the soil (Campbell and Evans 1978) or the cutting of 
deciduous shrubs in such a way that they bushes out (Karlsson anel Albrektson 2000). Forestry 
management measures clearly determine to a considerable degree the availability of forage for 
eleer. Although there is a relative abunelance of literat ure elescribing in broad terms the effects 
of forestry on vegetation and on plant species composition, there is an obvious lack of elata 
showing these effects in terms of the quantity anel quality of edible biomass available to deer, 
which makes it difficult to determine anel calculate the carrying capacity of a forest area. 

Costs for increasing forage production 

In forest management, there are obviously a large number of ways in which deer forage pro duc
tion can be influenced. In general, the costs of selecting elifferent forest management approaches 
can be calculateel by use of traelitional forest economic methoels. 

11.1.4 Recreational value 

According to harvest statistics provieled by the Swedish Hunters Association the mean densities 
of moose in southem Sweden appear to be in the range of 5-10 per 1000 ha offorest land. The roe 
deer population densities in the same area have been estimateel to be about 100-150 per 1000 ha 
(Ceelerlund anel Liberg 1995). These high densities lead to considerable hunting activity, ab out 
500,000 hunters (ca 15% of the adult male population) being engageel in it every year. Roughly 
100,000 moose and 250,000 roe deer are harvested each year. In 1994 the price for one kilo of 
moose me at was estimated at 40 SEK (Bemes 1994), the value of roe eleer me at probably being 
about the same. From a mature moose, ab out 120-300 kg of me at can be obtained, and from a 
calf about 60-75 kg of it. For a roe deer, the corresponeling figure is about 15 kg as the mean 
of aelults and fawns together. Thus, the socio-economic value of moose and roe deer hunting 
can be calculated to be approximately 650 million SEK armually, for the value of the meat 
only. In aeldition to the me at value, hunters spend money on licence fees, rent to landowners 
and hunting equipment. A number of studies of the recreational value of hunting have been 
carried out (e.g. Wibe 1994). Many of these endeavours to eletermine the economic value of it 
by letting hunters respond to questionnaires. The rnethod of estimating the recreational value 
by asking people what they woulel be prepared to pay if the utility (the experience of hunting) 
hael an ordinary rnarket value is termed the Contingent Valuation Method. This method is 
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useful fur dealing with utilities fur which there is nu ubvious market such as taking walks in 
the forest, recreational fishing, hiking and hunting. A hunter is prepared to pay between 4,600 
to 4,900 SEK (1991 year prices) fur acquiring a hunting license for the current season (Bernes 
1994). The National Institute uf Ecunomic Research (Konjukturinstitutet) in Sweden estimates 
the sucio-economic value of hunting to be 2,000 million SEK per annum (Jämttjärn 1996). The 
recreatiunal value of mouse and roe deer is likely tu be dependent on their densities. Although 
the presence of a larger number uf animals raises the value, the relations hip between densities 
and recreational value need not to be linear. 

11.1.5 Conclusions 

In order to incorporate browsing damagcs into a suciu-economic model uf combined forestry 
and hunting, one needs to e!etcrmine huw browsing damages are relatce! to population e!en
sity on a relatively Jarge seale.. Population e!ensities should be cxpressed as nurnbers of 
animals per arnount of ee!ible food. One shoule! express the costs of browsing e!amage in 
not only economic but also social ane! environment al terms. Better data is neee!ee! for es
timating how forestry infiuences the forage proe!uction ane! the carrying capacity uf a for
est area. To obtain an appropriate balance from a socio-economic stane!point the costs in
fiictee! upon forestry neee! tu be comparee! with the value of garne hunting. The theoreti
cally optimal moose density can be e!eterminee! from thc total value of recreational hunting 
and the total costs infiictee! upon forestry. A socio-economically optimal population can be 
foune! for which the net benefit is at a maximum. Thc e!emane! for hunting, or rat her its 
marginal value, is thought to e!ecrease as the moose population increases. At some point, 
an ae!e!itional increase of ine!ivie!uals has a very little effcct on the total value. The costs, 
on the other hane!, are thought to increase exponentially as the e!cnsity of browsers increases 
(Tilghman 1989). The theoretical optimum from a socio-economic stane!point is foune! when 
the difference betwccn the recreational value ane! the browsing costs is at a maximum. 
Unfortunately, little is known re
gare!ing the relationnhip between 
the e!ensity anel costs of moose. 
We do know there to be a posi
tive relations hip between e!ensity 
and browsing e!amages over a 
large scale (Hörnberg 1995). Thc 
challenge is to also fine! the eco-
nomic loss these e!amagcs woule! 
result in. Although the esti-
mate of a value of 2,000 mil
lion SEK per annum for recre
ational hunting woule! secm to be 
very high, we have little knowl
ee!ge of how this value changes 
with the moose e!ensity. Esti
mating a socio-economically op
timal moose population is not an 
easy task since tools to estimate 
the e!egree of browsing at a given 
moose e!ensity is lacking. The 
fact that forestry itself may al

Recreational value 

Cost 01 
browsing 
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Figure 11.2: A gmphical presentation of the theoretically op
timal level of moose density fram a socioeconomic stand
point. The maximal benefit (distance between the curves) is 
found at Bo. The optimal level for moose in socio-economic 
terms density is represented by Po. 

leviate current browsing e!amages to some extent is a furt her complication. The costs of a given 
level of utilisation, ur of the introe!uction of ncw silvicultural practices, are unknown are ane! dif
ficult to estimate. A starting point could be to develop a mathematical model for summarising 
current knowledge of moose browsing and of the response to it of trees. 
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11.2 Dynamic modeling of browsing damages by moose 

Christer Kaien and Jonas Ber-gquist 

11.2.1 Introduction 

The interaction between forestry and browsing in different deer species (cervids) has escalated 
during the past century. The density of moose and roe deer represent a relevant issue for any 
forester today. Although large herbivores infiict substantial cost upon forestry, they also have 
a considerable value for recreatioll purposes, implying there to be an optimal level of forest 
damages versus herbivore density. A model can be a useful tool for analysing the interaction 
between the herbivore population, available forage and browsing damages. In the present study 
we consider various approaches to modeling this relationship. Modeling has always been an 
important tool for explaining or describing mmplex systems. Today, the term is used in so many 
different ways that the meaning of the term model has bemme somewhat blurry. Common to 
all models, however, is tlmt they represent rough simplifieations of a complex reality. One can 
distinguish at least four categories of models: 

1. Conceptual models that aim to visualise a system. 

2. Mathematic or theoretieal models with the objective of analysing (and simplifying) the 
mathematical relations hip between two or more variables. 

3. Empirieal or regression models used to present results of field investigations. The driving 
forces, or underlying mechanisms, are not always of interest. The major disadvantages of 
this type of modeling are that the mechanistic understanding provided is sometimes poor 
and that thc feedback meehanisms are usually omitted. 

4. Dynamic models, which usually take advantage of computer programming in studying 
a complex system over time, feedbacks being an integrated part of such lIlodels. Such 
mechanistic models are also empirie al to an extent, sinee the fundamental relationships 
involved at eertain stages are based on empirie al evidcnee. Adynamie model may easily 
bemme difficult for others to interpret, however. 

Generally, a modeling approach can either be top-down or bottom-up. A top-down approach 
aims at sorting out the main faetors infiueneing a system. In our context, for instance, these are 
the moose population, the twig biomass per hectare and the average amlUal twig consumption 
per moose. By adding variables eontinuously in this approach, a better resolution or an improved 
understanding ean be obtained. A bottom-up approach starts at a more fundamental level 
with consideration of basic prineiples (e.g. optimal foraging theory). Both approaehes have 
their advantages and disadvantages. The top-down approach often simplifies complex dynamie 
issues, with a considerable risk of being unable to predict with sufficient certainty. Bottom-up 
models, in turn often fall short, sinee sealing problems (from the stand to the landscape level) 
often occur. For a more thorough presentation of the modeling of ecosystems see e.g. May 
(1976), Ford (1999), Sokal and Rohlf (1995). Various dynamic lIlodels of mechanistic character 
have been developed for studying the inter action between forests and herbivores. Moen et al. 
(1998) developed a spatial-explicit mechanistic model for the foraging of a single moose in a 
patch, a model aimed of linking feeding energetics with food availability on an annual basis. 
Other modeling exen:ises suggest that the introduction of browsing in forest gap models results 
in a change of forest structure (Jorritsma et al. 1999; Kienast 1(99). We will elaborate on 
how a model aimed at predicting browse utilisation ean be structured and what variables timt 
need to be inclueled. Several modeling methodologies are cmployed (conceptual, theoretical, 
empirieal anel dynamic) for sorting ami analysing thr: e1ynamics of herbivore feeding ancl biomass 
availability. Although we focllsing on moose, a similar approach may weil be applicable to roe 
deer, which are of great importance, especially in southern Sweden in particular. 
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Figure 11.3: Estirnated degree 01 utilisation 01 the 8pecies consurned (rnean 1983-1987) 
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Figure 11.4: Estimated de9ree 01 utilisation 01 the species consumed (mean 1983-1987) 

11.2.2 Diet selection 

Basic foraging constraints 

The ability of moose to use food energy reSOllrces depends upon the intake of forage, its di
gestibility and the rate of passage of materials through the digestive tract (Schwartz et al. 
1987). Under conditions of abundant forage, two types of factms, physical or physiologieal, 
limit the intake rate. At low nutrient values, thc physical factors are those of gastrointestinal 
limitations and passage rates (i.e. bulk limitations). The intake is also regulated by physiologi
cal constraints i.e. the ability to utilise the energy content of the food. Thus, when the nutrient 
value is sufficient to overcome the physical constraints the animal maintains the energy balance 
by regulating the rate of intake. As the nutrient value in the food increases, the regulation of 
intake rate changes from the dominance of physical factors towards the dominancc of physio
logical factors. The browsing habits of moose vary during a year. Since food of high nutrient 
content is more abundant in the summer period, moose gain considerable weight and store it 
as fat for the upcoming winter. A low availability of forage during the summer can reduce the 
chanees to store sufficient fat ensuring survival during the winter (Anderssen 1991; Schwartz et 
al 1987). The moose usually suffer from a negative energy balance during winter. The dietary 
selection of herbivores is best explained at prescnt by optimal foraging theory (Charnov 1976a; 
Belovsky 1984; Illius and Gordon 1992). One can distinguish three main views regarding the 
factors behinel dietary selection, namely the drive to maxi mise energy intake rate, the need of 
essential nutrients, and the avoielance of toxie substanees and of substances timt reduce di
gestibility. There is an incentive to be selective of high quality fooel if re soure es are abundant 
(Lundberg anel Palo 1993), in lilie with the marginal value theorem (Charnov 1976b). The idca 
behinel this is that a givCll resomee is utilised only to a certain thresholel level before the animal 
moves on to utilisation of the next resource. Thus, at high forage availability, less biornass is 
extractcel from each tree (Saether and Andersen 1990; Härkönen 1998). 
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Chemical properties 

Although several attempts have been made to determine the preference order of tree species 
in tcrms of chemical constituents, no single factor of this type has yet been founel (Bergström 
and DaneIl, 1987; Saether et al. 1992). The fecding selection of different cerviels has been 
found, for example, by van Wieren (1996) allel Niemela et al. (1989) to be related to the 
availability of digestible orgallic matter, by Bergstörn and DaneIl (1987) to the magnesium 
anel potassiurn content, and by Bergquist and Örlander (1998) to the nitrogen content of the 
food. Thc chemical properties of twigs show a great variation between different tree species 
(Bergström and DaneIl 1(87), with site conditions and growth characteristics (Bryant ct al. 
1(83), and chlring the year (Cederlund and Nyström 1981; Faber and Lavsund 19(9). The 
temporal variation in chemical propcrties and in biomass growth chlring the growing scason 
coincides with the peak in browsing (Faber and Lavsund 1999). Herbivore feeding has exertecl 
aselection pressure on trees for a chemical defence in buds, internodes and reproeluctive parts 
(Davidsson 1(93). This chemical defellce can be elivicled in two general groups: carbon-based 
terpenes and nitrogen-based phenolic res ins (Bryant and Kuropat 1980). The function of these 
defence suhstances is to redllce thc eligestibility of the forage ami tlms the net ga in for the 
browser. It is postlllated timt, in oreler to avoid intoxication, the generalist herbivores often 
undertake a divcrsification of browse specics (Andersen 1991), althollgh thc larger herbivores 
may be less responsive to variation in qllality than the smaller, less mobile species (Daviclson 
1993). The optimal cropping diameter of twigs is clepcndent on their size and the defenee 
substances they contain. The intake rate increascs with the diameter of the cropped twigs 
(Bergström ami DaneIl 1987; Shipley and Spalingcr 1992: Shipley et al. 1(99). Twigs of 
large diameter have a high contcnt of cellulose, however, which is low in energy anel is slow 
to decompose. Consllming twigs of small diameter redllces the intake- anel eligestion rate, the 
latter since the concentration of plant defence substances is elevated at the terminal enels of thc 
twigs (Palo et al. 1992). A plant with a lower nIltrient content may bellefit through a reduced 
browsing intensity (Lunelberg ami Aström 1990). Herbivores may compensate fm low nu trient 
content, however. through consuming a larger volume of biomass (Schwartz et al 1987). The 
availability of reSüurees for growth can affect the chemie al elefence of plants (Bryant et al 1(83). 
Jia et al. (1997) found timt, although moose took larger bites on birches high in phenol content, 
the total biomass of these trees timt they consumeel was less. Illius and Gordon (1992) eOllclude 
that ruminants such as the moose have a low throughput rate and better digestive efficiency 
than hinelgut fermenters. Stlldies of the feeeling behaviour of moose suggests, however. that 
their feeeling behaviour can be explained less by the content of defence substances than by thc 
amount of eeliblc biomass involvcd (Niemda anel DaneIl 1988, Edenills 199:3, 1(94). 

Stand and site properties 

At the stanel and site level there are several factors tImt can cxplain dietary selection. The 
most important factors are height distribution, field layer vegetation, tree species composition 
and stanel elensity. Trees are most susceptible to heing browsed whell they are 30-230 cm in 
height (Faber and Lavsund 1999). Moose have a maximum reach of approximately 250 em, 
althollgh trces higher than this can also be Iltilised sillce parts of the crown may be within the 
hrowsing limit and they mayaIso simply break off the top of a tree. vVhen only the lower parts 
of the crown are browsed Ilpon, the effect on tree growth is much less, since lleither the lcading 
shoot at the top nor thc shoots with the lüghest net rate of photosynthesis are located in this 
region. As a tree grows higher, it escapes the foraging window. Although the major part of 
moose forage is obtained from trees, moose also feeel on fidd vegetation. In the summer, field 
vegetation constitutes abOlIt 50% and in winter ab out 20 % of the moose diet (Cederlund et al. 
1980). If the ground is covered by deep snow in the winter, almost HO field vegetation can be 
consumed. In a natioHwide stlldy in Sweden, Hörnberg (1995) showed that the abunclance of a 
tree species alone is insufficient to explain its utilisation by moose as forage. Although spruce 
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i~ t.he most. abundant. species in Sweden, it. i~ utili~ed t.o only a low degree (2%), since moose 
have a specific preference order relat.ed t.o the feeding value of a t.ree species (Bergströrn ami 
DaneIl 1987; Saet.her et. al. 1992; Shipley et al. 1998). The ranking order of different browse 
species in Sweden is in general as folIows: rowan>sallow> aspen>willow>grey alder>silver 
birch>common juniper>scot.s pine> pube~cent. birch»Norway spruce (Shipley et. al. 1998). 
The act.ual int.ake is dependent, however, upon the current. availability of different tree species 
(Johnson 1980). It is thus difficult to make a complete general stat.ement regarding t.he specific 
diet. of moose. Hörnberg (1995) showed t.hat. t.he int.ake of bot.h birch and pine decreased in the 
presence of other broad-leaved species, illustrating the principle t.hat. the species compo~ition 
determines the extent. to which each species is browsed. As long as browsing continues preferred 
species may become less abundant which will also have an effect on the preference order (Edenius 
1994). 

11.2.3 Conceptual modeling of forage selection 

Concept.ual modeling can be seen as a first attempt t.o create a dynamic model. In this process, 
variables can be linked t.ogether in a causa I loop diagram, providing an overview of the system 
being st.udied. The multit.ude of fadors at. st.and level that determine browsing is overwhelming. 
Several at.tempt.s t.o sort. out important. variables have to be undertaken. Although various 
factors have been invest.igat.ed in separate studies, no studies have been (or can be) carried out. 
that keep track of all the variables. They can be assembled, however, in a conceptual model. 
At a tree level, t.he following model provides insight into t.he dynamics of diet.ary selection. 
According to the model postulat.ed in Fig. 11.5, t.hree major components det.ermine t.he ranking 
value of a given tree: availabilit.y of biomass, costs of walking, and consumption value. These 
components, in turn, are determined by abiotic factors such as climate, past. events such as 
browsing and genetic characteristics such as digestibility. Various missing links in the diagram 
in Fig. 11.5 should be pointed out. Browsed trees somctimes respond with a lügher growth rate 
at. the expense of allocation to dcfence substances being less. However, the diagram can give the 
impression t.hat. browsing results in a lügher tree growth rate, which is not. the case. Some trees 
also respond t.o browsing by an induced defence, result.ing in an increase in the concentrat.ion 
of defenee subst.ances. To what ext.ent. these feedbaeks are important for tree behaviour as a 
whole is difficult. t.o say, although t.hey probably have t.he pot.ent.ial to explain a certain part of 
the current behaviour of a t.ree in t.erms of past. events. 

11.2.4 Modelling of intake rate 

In 1959, Holling presented a mathemat.ical model of a predator's response to diminishing den
sities of prey. The model, or equation, is usually known as t.he disc equation since he used 
blindfolded assistants to pick up sand paper dises from t.lle floor. He reasoned in the following 
way (in considering the moose as t.he predat.or feeding on t.wig~, which are the prey). Assmne 
that a moose has a specific amount. of t.ime t.o search for food. The more time an individual 
moose can spend on searching, t.he more food it can acquire. The density of prey also affects 
the number of prey that. can be acquired. At. high densities, more prey can be attacked. The 
efficiency of the moose in finding twigs is also a variable to consider. In mathematieal terms, 
one can sum up these variables in an equation. 

Pe = t s ' N· a (11.1) 

where Pe is the number of prey attacked, t.s is the total search t.ime available, N is t.he prey 
density ami a is the search efficiency, or number of prey found per time unit.. Each prey needs 
t.o be handled (eat.en, digested, etc.). The handling time for a single item of prey i~ denoted as 
h. The more prey are at.t.acked, t.he more t.ime is needed for handling them. Thus, t.he t.otal 
handling time (t'h) is: 

(11.2) 
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Figure 11.5: A conceptual model claT'ifying the Tole of ceTtain vaTiables that deteTmine the like
lihood (mnking value) of 0, given tTee being bTowsed upon. ThTee factoTs aTe being identified 
as irnpoTtant in deteTmining the mnking value fOT 0, given tTee. Feedbacks in the system aTe 
impoTtant, showing how past events can influence behaviouT, and also how pTesent events can 
change futuTe conditions. The signs indicate whetheT the Telationship is positive 01' 0, negative 
(i.e. positive 01' negative correlation). 

or, by substituting Pe by Eq 11.1 
(11.3) 

The intake rate (R) is the totalnllmber of prey eaten during the total time for feeding (t), wh ich 
is the sum of the search time and the handling time. ThIlS, to calculate the intake rate, the 
number of prey attacked needs to be divided by the total time available for feeding: 

which gives: 

or when we restrlldure: 

Pe 
R=

t 

a· N· t s R=-------'-

a·N 
R=---

l+a·N·h 

(11.4) 

(11.5) 

(11.6) 

How the intake rate varies with prey density is shown in Fig. 11.6. From this theoretical analysis, 
it can be concluded that the handling time (h) determines the upper limit to the nllmber of prey 
that can be eaten per unit oftime. The efficieney (a) of a predator determines how rapidly this 
upper limit is reached as the prey density increases. Lundberg and DaneIl (1990) suggest that 
handling time and the search efficiency should not be considered as cOllstants, these instead 
varying with forage density, so that they should be considered as variables in describing the 
fllnctional response of moose. 



11.2. DYNAMIC MODELING OF BRlW/SING DAMAGES BY AIQOSE 

I ncreased attack rate 
.. ------_ .. 

---_.-------_ .. --. -

Incrcased handling time 

Prey density 

Decreased retention time - .... - .. - .. - .... 
'\.. ... ------.... "' ....... . . 

"" ..... _ .. --_ .. --_ .. -.. - .. - .. - .. 

Increased encrgy content 

Prey density 

329 

Figure 11.6: As the density of pr'ey increases, the intake rate decelerates towards an upper' 
asymptote. At what mte the upper limit is reiLched is dependent on the attack rate (efficiency). 
The level at wh'ich the intake mte levels out is dependent on the handling time. The lower
diagmm shows the effeets of an increase in eneryy content and a decrease in retention time 
on the intake mte. BaUt factor-s affect the consumption rate. As the digestibility incrmses (a 
decr-eiLse in r-etention time) the intake mte ean become h'igher. An increase in ener-gy eontent 
reduces the intake mte. 

Intake rate and dependency of quality 

As indicated carlier, moose prefer plants of higher nutrient content. Plants differ in their di
gestihility, as weil, which is dependent upon the concentrations of inhibiting defence substances 
and of fibre content. To achieve an optimal foraging strategy, an individual should strive to 
maximise the amount of energy derived per unit of time (which means that the handling time 
should be minimised). The passage rate is an effect either of lligher digestibility or reduction 
in the levels of substances tImt partly inhibit digestion. Forage being easily digestible re duces 
the handling time for it amI may Ums increase the intake rate. If the nutrient content in the 
food is high, an individual can meet its nceds through consumption of sm aller amounts of it. In 
Holling's disc equation, the handling time is defined quite loosely, a number of different activi
ties connected with foraging such as bite rate, chewing, digestion rate, and gut retention time, 
heing included. Food's being low in digestibility implies the retention time to be longer and 
thus overall handling time to he Ion ger. Accordingly, animals fora ging on food 01' poor quality 
have the option of either retaining the food longer in the gut, so as 1,0 extract more energy 
from it Of, of allowing the food to pass through the gut quickly, only extracting easily digestible 
components. Assume further that the amount of energy extracted per time unit affects 1,he han
dling time. The more energy tl1<1t is acquired the more time is required to utilise it. Without 
going further into thc physiological functions involved, one can consider the rate of metabolism 
ami the body weight as being determinants of the rate of wh ich energy utilisation. If one then 
replaces handling time per prey item (h) hy the gut retention time (g) and by the energy content 
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Species Occurrcnce U tilisation Rank index 
% % 

Sallow /Willow 6.7 23.8 87.00 
Rowan 2.7 9.4 85.03 
Aspen 3.0 7.4 60.36 
Oak 2.0 3.2 39.61 
Juniper 6.7 10.5 38.94 
Pine 11.1 16.4 36.27 
Alder Bucktorn 1.4 2.0 35.00 
Birch 20.2 23.3 28.37 
Other (ash) 0.3 0.2 15.14 
Grey Alder/Beech 3.6 2.0 14.10 
Spruce 42.3 1.7 1.00 

Table 11.1: Occurrence. utih8ation and mnking index value of different tree 8pecie8 in Sweden. 
Source: Hömberg 1995. 

(e) per unit of forage, the equation becomes: 

a·N 
R=-,---------:;-:--

l+a·N·g·e 
(11.7) 

Thesc ('hanges affect only the upper limit of the consumption rate, as shown in Fig. 11.6. 
Various eonclusions ean be drawn on the basis of this mathematical analysis. First of all, as 
the digestibility of forage increases (increase in gut rate, g), a greater amount can be consumed 
per time unit. Seeondly, if the energy content (c) of the forage is high, a lesser volume of 
forage is needed. Placing these general conclusions within the present context, one can note 
that browsing damages are not simply dependcnt upon the density of browsers and the amount 
of forage available, but also the quality of the foragc affects the amount of it consumed and 
thus the browsing damagcs. Lundberg and Palo (1993), in studying the scleetion of food with 
respect to retention time in relation to the quality and abundanee of food, suggestcd there 
to bc astronger incentive to be selective of high quality food if resourees are abundant. To 
conclude, an increase in the biomass available can reduce browsing damages sincc: 1) the 
browsing undertaken is selective, 2) the relative amount derived per tree is reduced, 3) the 
consurnption of high nutritional quality is increased, and 4) a lesscr volurne of food is needed 
to fulfil requirement. Although not all of them are consistcnt, field studies supports these 
conclusions. 

11.2.5 Modeling of browse utilisation on national scale 

In this section, a top-down approach to estimating the degree of browse utilisation will be 
presented. Many variables and processes described in the previous sections are disregarded 
here since they are difficult to ineorporate into a large-seale rnodeling attempt. The analysis 
of feeding habits presented in previous sections may be of help to the reader in attaining an 
understanding of the uncertainty involved in simplifying the complex interactions between a 
growing forest and a generalist herbivore. The model prescnted in this section is largely based 
simple mechanistic principles. 

Degree of browse utilisation in Sweden 

The degrec of browse utilisation is dcfined here as the relative amount of the twig biomass 
available that is utilised within a large area of land. Although twigs can be part of the diet 
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during the summer, the amount consumed i8 much less than during the winter. We thU8 simplify 
twig consumption as occurring only during the winter. Thus, twig8 that grow in the summer are 
aSBumed to only be consumed du ring the fo11owing winter. The ratio of total annual eonsumption 
(C) to annual available biomass (E) is designated as browse utilisation (u). The amount of 
biomas8 available during a given year is a function of: the total area of land (a), the twig 
production per unit of area (p), the relative share of the total area that is suitablc for browsing 
(stands lesB than 6 meters in height) (k), and the oecurrence of tree speeies suitable for browsing 
(X). The total consumption i8 a function of the daily consumption during winter (c), the number 
of winter days (w), and, number of moose (N). The equation for estimating browse utilisation 
is: 

C e·w·N 
U = - = ----c---

B a·p·k·X 
(11.8) 

Thi8 simple model generates the level of utili8ation of the browse available to be expected during 
the period of a winter. It assurnes an equal distribution of the hrowsing damages exerted on a11 
of the utilised trec species. Thi8 8implification may be too erude since we know that the species 
that are preferred are utilised to a greater degree in comparison to their degree of occurrence 
whereas others, such as spruce, are largely avoided. There are several ways of incorporating 
the actual diet involved into thc model. Optimal diet theory together with the marginal value 
theorem do not scem to provide an adequate model for U8e at a lügher scale level (spatial and 
temporal) since diet selection occurs of the level of the tree alld the stand but only a limited 
extent at the level of the landscape, some alternative being needed for large-scale modeling. The 
simplest way of e8timating the utilisation of different tree species is to use information of species 
oeeurrence and species utilisation such as provided by Hörnberg (1995). Through dividing the 
level of consumption by the occurrence of a given species, relative degree of utilisation of it can 
be obtained. Creating an index starting from the lowest degree of utilisation provides a ranking 
list and a ranking value (Table 11.1). To calculate a single constituent of the diet, use is made 
of the fo11owing model: 

C' Ti' ti 
(11.9) Ci = ,\,n 

L.... n=l 1'i' Xi 

where Ci represents the relative amount of food itern i in the diet, c the daily consumption, ri 
the value on the ranking index expressing the preference value for food item i, Xi the relative 
occurrence of food item i, and n the number of food items present. The tree species included 
in the diet is divided into four classes: pine, birch, spruee and other deciduous tree speeies. 
The degree of utilisation of the different species classes can he estimated using equations 11.8 
and 11.9. This allows the browsing darnages exerted on species i in an area with a speeific 
composition of tree species to be obtained: 

(11.10) 

The national forest survey was used to obtain values on k and X. Forest statistics (1998) were 
used to obtain data on a. Daily consumption c was estimated to 6 kg of twig biomass per 
day and animal during the winter (Renecker and Hudson 1985). The moose population was 
estimated on the basis of figures given by Hörnberg (1995) and in Forest Stati8tics (1998). The 
number of winter daY8 ranges from approximately 200 in the north to 100 in the south. The 
production of twig biomass is assumed to be correlated with site-specific productivity (bonitet), 
which ranges from 2 m3 ha -1 in the north to 8 m31m -1 in the south. Multiplying the productivity 
by 150 yields a reasonable estimate of twig bioma8s. The me an occurrenee of eaeh species class 
wa8 obtained for each county. The degree of utilisation was divided into four classes (0-5%, 
6-10%, 11-15%, >15%). Estimate8 were made (Fig. 11.3) for 

1. all tree species eonsumed (rnean utilisation) 

2. pine 
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Age 1-2 2-3 3-4 4-9 >9 
Fecundity rate 0.22 0.82 0.90 1.64 1.17 

Table 11.2: Fecundity rate of females at dilfer'ent age classes. Sylven et al. 1987 

3. birch, 

4. decidllouS trees 

5. a scenario of mean utilisation in which 25% of the young spruce stands were replaced by 
deciduous tree species 

Field observations of utilisation derived from the NFI (Hörnberg 1995) are presented Fig. 11.3 
by way of rcference. Since these observations arE' for the years 1969-1972, they are not very 
appropriate for validation. No other data is available, however. On the maps presented in 
Fig. 11.3 one cau note there to be an elevated level of browse utilisation in the central parts of 
Sweden. This is noticeable in the estimates made in the sampled data obtained from NFI. The 
model predicts a lower degree of utilisation in the upper north than given by Hörnberg (1995). 
Värmland and Uppsala have the highest degree of utilisation in terms of the model. Since 
the data provided by Hörnberg (1995) is divided up into only five regions, tlms giving a lower 
degree of resolution, these patterns are absent in Fig. 11.3. A difference is obvious between the 
utilisation of different species (pine, birch and the class of deciduous trees), although the overall 
trend is similar. Replacing 25% of the young spruce stands by deciduous stands results in a 
lower degree of utilisation. Thus, a large-scale increase in amount of preferred species present 
leads to a reduction in the browsing pressure, which can result if the herbivore population is 
being held eonstant. Although no validation procedure has been undertaken, the results look 
promising. The model appears to capture the overall pattern found in the observed data. The 
degree of utilisation also falls within the same order of magnitude as in the field observations. 

11.2.6 Predicting moose population and degree of utilisation 

Population Dynamics 

The moose. Alce8 alces, is the largest deer species in Sweden, up 1,0 2 meter tall at shoulder
height. A mature bull weighs ahmt 500-700 kg. The biological age for a moose is one of about 
20 years. The mating season oceurs in September amI continues until the beginning of October. 
The cows are pregnant for 230-240 days amI usually deliver 1-2 calves. They weigh about 10-17 
kg at birth amI gain approximately 1.5 kg per day. The calves suckle for three 1,0 five months. By 
Oetober, the calves reach a weight of about 150 kg. During the first year, they are dependent on 
their mother for finding forage. As in any animal population, the moose population is regulated 
mainly by the number of births and number of deaths per time unit.. The nUlllber of births is 
dependent on the number of females and the number of offspring per female (fecuudity). Table 
11.2 shows the mean feeundity at different ages for female moose in Sweden. The mortality 
is mainly the result of predation, starvation, disease, senescence and hunting. The size of the 
population affects how many animals that harvested, die of starvation or fall und er the claws 
of a predator. Since hunting is the major muse of death of moose in Sweden, the effects of 
predation amI of starvation will be disregarded. A population model was constructed having 
the basic structure "nd data input presented by Sylvcn et al. (1987). Various features timt have 
been added are described later on. The model consists of 14 cohorts describing the life span of 
a population. The birth rate is cakulated from the number of mature females amI the fecundity 
at a specific age. The fecundity rates given in Tab. 11.2 were employed. At high relative 
densities, the relative feCllndity decreases, due to the availability of forage being lowered (Sand 
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et al. 1996; Saether et al. 1996; Wallin et al. 1995). We estimated an arbitrary sigmoid curve 
as representing the link between the available fora ge per individual ami the relative fecundity. 
When the utilisation of shoot biomass increases to above 40%, the fecundity rate declines. The 
basic structure of the model is shown in Fig. 11.7. 

Hunting 

The moose population in Sweden is regulated through use of a license system timt controls 
the huutiug intensity. A fixed number of moose is allowed for harvest within a given hunting 
area each year. In addition, the period for hunting is regulated by the authorities, being in 
the autumn and early winter. It is possible, through use of these management restrictions, to 
regtilate the number, age distribution and sex ratio of the moose population. Setting an annual 
harvesting strategy in terms of an exact number of individuals makes the model very sensitive to 
over-harvesting. A goal of a population of given si~e (or density) is more appropriate and better 
reflects reality. In the model, the annual harvest is thus calculateel from a preferred population 
si~e. So as to be able to aeljust the level of harvested calves and yearlings, relative to the 
total harvest, one can choose a particular hunting pressure for calves and yearlings. Different 
harvesting strategies can be evaluateel in terms of harvested biomass (kg of meat) anel number 
of harvesteel animals. 

Browse utilisation 

By varying the available fmage per hectare, one can stucly the effects of browse utilisation (i.e. 
browsing damages). Equation 6 is employecl to this end, being parameterisecl as folIows. The 
clensity of moose is held constant by hunting (10 per 1,000 halo The number of winter days in 
southern Sweden is estimated to be 100. Sixteen percent of the total forest area in southern 
Sweden is below 6 III in height (national forest survey). The species tImt are consumed (non 
spruce stancls) occupy approximately 50 percent of this. The procluction of shoot biomass in 
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these stands is assumed to be 1,000 kg per ha. The daily consumption of shoot biomass for a 
moose in wintertime is estimated to be 6 kg. An optimally foraging moose only forages on a 
particular prey (plant species) if doing so is more advantageous than searching for a prey of 
greater nutritional value (Charnov 1976a, Delovsky 1984). 

Since spruee is the least prcferred tree species 
in this respect in Sweden (Hörnberg 1995), it is in 
the model avoided as long as there other species 
are available. Inereasing the relative amount of 
spruee st.ands wit.hin the landscape leads t.o an in
erease in the browsing press ure on the more pre
ferred species (Fig. 11.8). Although at some point 
spruee would also be included in the diet, t.his is not 
eonsidered in thc model, mainly because ot.her food 
soure es need to be exhausted to a very high degree 
before spruee beeomes a signifieant const.it.uent of 
the diet. Let.t.ing the value of each paramet.er in 
equation 11.8 be drawn randomly from a selected 
distribution allows a simple unccrtainty analysis to 
be performed. Since for each parameter the dist.ri
bution is unknown, a uniform distribution is em
ployed, a random number between specific inter
vals being drawn prior to t.he model being run. The 
parameters are distributed uniformly, with a devi
ation of 10% from a central value. Aseries of 100 
runs were carried out and mean and standard error 
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Figure 11.9: The box plot shows the results 
0/ the uncertainty analysis. The avemge 
peTcent 0/ utili8ation 0/ the bTowse avail
able was 3.9 (SD 0.5), 7.8 (SD. 1.1) and 
11.7 (SD 1.6) at low, medium and high 

of utilised biomass was calculated. The proccdurc densities, Tespectively. 
was repeated for three different moose densitics (5, 
10 and 15 per 1000 ha) (Fig. 11.9). The results of thc uncert.ainty analysis suggest. that. browse 
utilisat.ion increases from approximat.ely 3% to 12% at. 5 and 15 animals per 1,000 ha, respec
t.ively. In Fig. 11.10 it is also evident. t.hat thc variation in browse ut.ilisation increases with 
moose densit.y. We are unable, at this stage to determine the damages infticted on specific 
tree speeies and at particular sites. The uncertainty analysis suggests, however, t.lmt including 
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an uncertainty of 10% in the parameters has an effect on the browsing damages that oeeurs. 
Thus, estimating browsing damages with accuracy depends on more than simply knowledge of 
diet seleetion and of consumption levels. Accuracy of the data concerning the about number of 
winter days, the moose density and the stand eharacteristies is of importanee for one to be able 
to make meaningful statements regarding the degree of browsing damages. 

11.2.7 Conclusion 

Four different methods were employed for analysing browsing damages: a coneeptual, a theoret
kai, an empirical and a dynamic method. All of these have their advantages and disadvantages. 
The assumptions made in any of these have an impact on the conclusions that can be drawn. 
Although the construction of models is a slow iterative ami proeess, it results in an increased 
understanding of the complexity and the dynamics of forest-herbivore interactions. A general 
conclusion one can draw is that browsing damages are dependent on several factors, the her
bivore density and the area of habitat which is suitable being the most important of those. 
An increase in tree species (such as spruce) which the moose avoids, increases the damages to 
the more preferred trees. The conceptual models reflect numerous factors that influence diet 
selection at the tree level. This is important since it indicates timt diet selection is dynamic, 
so that it is difficult to state what specific diet timt is typical of moose. The diet is highly 
dependent upon the availability of different food sources at a specific location at a particular 
time. Deseribing the moose diet in a generalised way on an annual basis and for a large area 
may under some eircumstances be inappropriate. If one assumes there to be a constant species 
eomposition, however, it may be appropriate. Since if one wants to test different strategies, 
however, such as increasing the amount of deeiduous stands, the diet changes and with it the 
realised ranking index to be used. The biomass production employed in the empirical model is 
an estimated mean value for stands below 6 meters in height. In reality, the twig biomass in
creases with the height of the trees, up to a point where the crown escapes the foraging window. 
A lügher growth rate shortens the time the stand remains in this foraging "window". Each tree 
species also differs in the amount 01' biomass available, making this generalization quite inexact. 
In terms of the model, replacing spruce stands by deciduous tree species appears to have a 
stronger effeet in southern parts of Sweden aceording to the model. A likely reason for this is 
that the oecurrence of spruce increases towards the south (Fig. 11.8), exerting stronger pressure 
on the more preferred tree species. A number of conclusions ran be drawn from Fig. 11.10. 
Since moose generally avoid spruce, the area of suitable habitat decreases towards the south. 
Although the availability of suitable stands is llighest in northern Sweden, the moose density 
there is not correspondingly large. A likely reason for this is timt there is a gradient of increasing 
productivity towards the south. In the model, 100% of the forage is found within suitable forest 
stands (these less than 6 m in height). This is a crude generalization since forage is also found 
elsewhere. The field layer is not taken into consideration either. In northern Sweden, this has 
less impact bccause 01' the snow cover. In the southern parts of Sweden, it may be relevant since 
nowadays the snow cover in the winter is sporadie and variable. Judging from data on observed 
browsing damages (Forest Statistics, 1998), browsing damages have a substantial loeal effect. 
Thus, browsing is not spread evenly over the area of suitable stands. Some stands may escape 
herbivory, whereas others may suffer from strong browsing pressure (above 50%). Fluctuations 
of this sort are not detectable by use of tlle present approach. The dynamic model developed 
in this paper is in fact non-dynamic, the only factor considered as regulating population size 
of moose being hunting. Since the population never approached the carrying capacity of the 
habitat, there was no reduction in fecundity. Thus, the dynamics in the model were basically 
repressed since feedback from forage production or of the population size never became realised. 
Thus, the model may give the impression timt browse utilisation is independent on the dynamic 
interaction between moose population and stand growth. Olle nmson for this impression is that 
we assume we can control the population density of moose, although we know liUle ab out this. 
Wallin et al. (1995) showed there to be a rapid increase in the moose population when it was 
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Figure 11.10: The ratio of young stands of spruce to pine shifts in a nO'rth to south direction 
in Sweden. Young biTch stands are q'llite evenly distrib1J.ted and OCC'IlTS to an e.Ttent of 5-10%. 
Young stands of other decid"/Lo"/LS tree species are a minor constituent in Swedish fOTests general/y. 
The linc shows the m.ean density of moose between 1982 and 1992. 

allowed to develop frecly. In their study, there was found to be a carrying capacity of weil 
above 50 per 1,000 ha. This indicates that under a "normal" harvest regime, fecundity is not 
repressed. For the furt her development of models in the forest-deer arena, emphasis should be 
placed on simplifying diet selection by use of a mechanistic model. We are not able today to 
simulate the effects of leaving more preferred tree species in a managed forest stand. ßrowsc 
availability needs to be examined further in terms of species, height amI density parameters. 
The variation of field vegetation has becn disregarded in this paper, which limits the uscf"ulness 
of the model that is presented. In order for the model to be more useful for the operational 
management of resources, socio-econoll1ic parameters need to also be incorporated into it. 



Chapter 12 

Sustainability in spruce and 
mixed-species stands 

Assessing nutrient sustainability für single stands at Jämjö 

Cannar Thelin, Hamld Sverdrup, Johan Holrnqvist, UITika Rosengren, Magnus Linden 

12.1 Intrüductiün 

It is important to find and develop forest management strategies timt do not result in the 
depletion of soi! nutrient pools and at the same time are finaneially competitive in relatively 
short-term, 1-2 rotations. Mixed-species stands, which combine the elements of fast growing, 
highly productive softwood ami more slowly growing, high quality hardwood, appear 1,0 be an 
interesting alternative in this respect, one worthy of further invcstigation. Among the mixtures 
of trees tried out in southern Swedish forestry tllIlS far the Norway spruce/oak-system developed 
by Erik St"l and his heirs at their estate in Jämjö, Southeastern Sweden, appears promising. 
According 1,0 the owners, the mixed-species stands perform weil financially. The management 
system is weil defined ami airns at the production of veneer-quality oak wood with Norway spruce 
as an economic buffer early in the rotations (Stiiiil 1986). We decided to investigate both the 
biogeochemical and the economic sustainability of the mixed-species stands there as weil as of 
the adjacent Norway spruce monocultures. Matters of biodiversity are as yet to be investigated. 
It is reasonable, however, to expect there 1,0 be better possibilities for maintaining a high level 
of biodiversity in mixed spruce/oak forest stands than in Norway spruce monocultures. 

12.2 Objectives 

In order to compare the nutrient dynamics and thc nutrient sustainability of Norway sprucc 
rnonocultures and mixed-species stands, a field experiment was set up. The experiment had the 
following objectives: 

1. To compare the nutrient dynamics of rnixed-species stands and of Norway spruce mono
cultures during otherwise comparable conditions, using nutrient budgets. 

2. To investigate the effect of mixed-species stands on the nutrition, vitality, ami production 
of the trees. 

3. To use site data as input to models (PROFILE) for assessing the nutrient sustainability 
of mixed-species stands as compared with spruce monocultures. 

An additional objective was to analY7'e the economic sustainability of different forest manage
ment scenarios. 
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12.3 Site description 

The study site is located at Flakulla, Jämjö in the county of Blekinge in southeastern Sweden 
(lat. 56° 53', long. 15°16.5', alt. 60 m). For the period of 1961 to 1990 mean annual temperature 
was 6.9 oe and mean annual precipitation was 550 mm. The bedrock is granitic achaean, rich 
in intrusive eruptive rocks. The soil mineralogy is rich in feldspars and dark minerals. The 
marked presence of epidote can be attributed to the Mien eruptive formation in the vicinity and 
to the hydrothermal activity associated with it. The soi! was found to be of the dystric cambisol 
type in both the Norway spruce monocultures ami the mixed-species stands. This points to the 
original forest cover several centuries ago having been broadleaf with sparse presence of pine. 
The soil texture is silty loam. The forest owner's main objective is to produce veneer-quality 
oak wood in the rnixed-species stands. The total area of the farm is approximately 300 hectares. 

12.4 Management description 

The silvicultural procedure can be described as one of rnanaged succession. When mature oaks 
are cut, natural regeneration of oak and other species is allowed to occur. Additional seedlings 
are planted on areas on which natural regeneration of oak and spruce is not sufficicnt. A few 
years after regeneration, high quality oak seedlings are selected in the stands at approxirnately 
8 rn intervals. The aim is to in the mature stands have high quality oaks at approxirnately 15 
rn intervals. In early thinnings spruce is favoured alongside the oak, due to its high volurne 
production. When the oaks reaeh the age of approximately 30 years, the trees shading them are 
cut in order to provide the oak crowns maximum light so as to maximi~e the stern production. 
The oak sterns are pruned up to 8 rn. Naturally regenerating spruce, beech, birch, etc. are 
used to shelter the oak sterns from light, limiting the growth of quality-reducing water shoots. 
The neighbouring trees are cut when they rest riet oak crown development. The oaks are cut 
finally at approximately 120 years of age. The stand development frorn regeneration to a mature 
oak-dominated stand can be divided into three phases: 

1. A young stand offast growing birch ancl other trees as shelter-wood for the oak and spruce. 

2. A stand of intermediate age domina ted initially by spruce and then with a decreasing 
proportion of spruce up to approximatcly 70-80 yems, when the last spruce are cut. 

3. A mature stand domina ted by oak, with stem-sheltering undergrowth. 

Although management controls stand development it should be emphasized tllat the separation 
into the three phases referred to is a description of the inherent development of the stand rather 
than of the silvicultural procedures that are followed. The autecology of the different species 
involved governs the management of the stands. 

12.5 Experimental setup and sampling 

In 1997, four blocks were set up, each consisting of a 30*30 III plot of Norway spruce monoculture 
and a 30*30 m plot containing a rnixed-species stand of mainly Norway spruce and Oak. The 
Norway spruce stands were approximately 60 years old. The mixed-species stands have a 
variable age structure; the age of the dominant oaks range from 40 to 80 years. Diameter at 
breast height (dbh), total height, and erown length were measured on all of the trees in the mixed 
stands. In the spruce stands, diameter at breast height was measured on all the trees and height 
on every fifth tree. A function for expressing the relations hip between diameter at breastheight 
(dbh) and height in the spruce stands was constructed (r2 =0.8), ami used to calculate the height 
of the rest of the trees in the stand. To calculate the harvestable wood biomass the functions 
given below were employed. In the functions for Oak and Beech (Hagberg and Matern, 1975), 



12.5. EXPERIMENTAL SETUP AND SAMPLING 

Species 

Aspen 
Mountain ash 
Norway spruee 

Densit.y 

400 kg m-3 

400 kg m-3 

400 kg m-3 

Species 

ßireh 
Oak 

I3eech 
Hornbearn 

Densit.y 

600 kg m-3 

690 kg m-3 

720 kg m-3 

750 kg m-3 

Table 12.1: Wood densities used in the study 
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V B was used for stems wit.h a fork below 2/3 of the height of thc tree. dbh is diameter at breast 
height, h the tree height, and k the distance from the ground t.o the green erown. For oak it is 
as follows (dm:l ob): 

v = dbh2 . (0.02996· h + 0.008291· k) + 0.05960· dbh· h 

VB = dbh2 . (0.03301 . h + 0.008291 . k) + 0.05960· dbh . h 

For aspen (dm3 ob) it is 

(12.1) 

(12.2) 

V = dbh2 . (0.01548 + 0.03255 . h - 0.000047 . h2 ) - dbh . (0.013:33· h + 0.004859· h2 ) (12.3) 

For beeeh (drn3 ob) it is 

V = dbh2 . (0.1213 + 0.01721· h + 0.0003929· h2 + 0.005261· k) + 0.004861· dbh· h2 (12.4) 

VB = dbh2 . (0.1213 + 0.01483· h + 0.0003929· h2 + 0.005261 . k) + 0.004861 . dbh· h2 (12.5) 

For Norway spruce and birch the expressions used by Marklund (1988) were adopted. For 
Norway spruee it is as follows (kg d.w. ob): 

dbh 
lnd.w. = 7.469 . + 0.0289· h + 0.6828· lnh - 2.1702 

dbh + 14 
(12.6) 

For Birch (kg d.w. ob) it. is 

dbh 
Znd.w. = 8.2827 . dbh + 7 + 0.0393· h + 0.5772· Znh - 3.5686 (12.7) 

The beeeh funct.ions were also used for hornbeam and the bireh funct.ion was also used for 
mountain ash. The wood densities (kg m-3 ) used for calculating d.w. from t.he volurne or viee 
versa are shown in Tab. 12.1. Sampies for analysis of the stemwood, t.he branehwood, and the 
spruee foliage nutrient coneentrations were taken in February 1999. The lecwes were sampled in 
August 1998. In the spruce stands, four randomly selected trees per plot were sampled. For the 
other speeies, one randomly seleeted tree per speeies and plot. was sampled. For spruee, wood 
eores including the hark were taken at fOUf loeations: at breast height, at. the bottom of t.he 
green crown, at the seventh branch whorl, and at. half the distance between the bOtt.OIIl of t.he 
green crown and the seventh branch whorl. For the other species, cores were taken at breast 
height, at. the bot.tom of the green crown, ami at half the dist.ance between t.he bottom of t.he 
green crown and the top. eare was taken to not sam pie darnaged or severely suppressed t.rees 
or trees wit.h a disturbed growth form. Roots were sampled down to a depth of 50 cm in thc 
mineral soi! in two 50*50 em monoliths per plot, in August 1998 ami in May 1999 (Sudhaus 
1999). Soil sampies were taken in August 1997 and in September 1999 at 20 points along the 
plot diagollals, using soil eorers. The height of the organie layer was measured and the mineral 
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soil was sampled in four layers, at 0-10 em, 10-20 cm, 20-30 cm, amI 30-50 cm. For quantitative 
assessment of the mineralogy additional sampIes were taken in November 1999 from the C or 
B/C horiwns in eaeh plot. 

Throughfall collectors, litter traps, and soi! lysimeters for the collection of leachates at 50 
em depth in the mineral soil were installed in August 1997. Litterfall was collected and soi! 
water sampIes were taken on four occasions: in November 1997, March 1998, June 1998, and 
August 1998. Since the throughfall measurements were seriously disturbed in the winter - the 
rain collectors were damaged by frost and deer drank the water from the snow collectors -
values obtained for the open field deposition and the throughfall at two llearby sites mOllitored 
by IVL were used to calibrate the throughfall at Jämjö: Kallgardsmala (67 year old spruce) and 
Glinllninge (83 year old oak). 

12.6 Chemical composition and nutrient dynamics 

In the mixed-species stands, the stem biomass per ha is only 54% of the stern biomass found 
in the pure Norway spruce stands (Tablc 12.4). The lower stem biom ass in the mixed-speeies 
stands means timt there is a lower stern nutrient eontent per ha for most of the nutrients, despite 
that the stern nutrient concentrations are greater in the deciduous species. N is an exception 
with high er stern N content per ha in the mixed species stands. At harvest this would result 
in a proportionally greater removal of N in the mixed species stands than in the pure stands. 
This implies timt maintaining mixcd-species stands ShOltld be a good strategy in systems elose 
1,0 the N saturation point. The yearly litterfall is approximately the same in the pure and in 
the mixed-species stands (Tab 12.4), despite that the stem biomass in the pure stands is almost 
double timt in the mixed-species stands. Higher concentrations of N, K, and Mg in the litter of 
the mixed species stands indicates a higher litter quality, which in turn has a positive effect Oll 

the mineralization and on the nutrient availability. The were no differences in soil pH or in base 
saturation between thc pure and the mixed species stands, contrary to what had been expected 
(Tab 12.8-12.7). Differences in earlier management represent one possible explanation for this. 
Before planting, 60 years earlier, the areas on which the monocultures now stand were probably 
arable land and the areas now containing the mixed species stands were pasture land of low 
intensity. However, the levels of extractable K and Mg appear to be lligher in the mixed species 
stands. More importantly, the CEC is greater in these. This implies the base cation storage 
capacity to be greater in the mixed spccies stands than in the pure Norway spruce stands. The 
higher CEC is probably due 1,0 the proportion of organic matter being higher in the soil beneath 
the mixed specics stands. This in turn may be due to a greater rooting depth in the mixed 
stands and to the populations of burrowing earth worms moving organic material throughout 
the soil profile thcrc being greater as weil. The greater proportion of organic matter mayaIso 
explain the lligher soil concentrations of Al and N in the mixed stands. Note that this had not 
increased the leaching of N and Al. Instead the cornposition of the lysimeter water indicates the 
leaching of AI and nitrate to be greater in the pure Norway spruce stands. The effective present 
growth was estimated to be 15 m3 ha-1yr-1 in the spruce monocultures ami 7.8 m 3 ha-1yr-1 in 
the mixed-species stands timt consisted of oak (5.3 m3 ha-1yr- 1), spruce (2 m3 ha-1yr- 1 ), ami 
other species (0.5 m:1 ha -lyr-l). The rotation average growth was estimated from St"l (1986) 
and by the authors to be 10 m:1yr- 1 ha- 1 in the monocultures and 5 m:1yr- 1 ha -I in the mixed 
stands, distributed as Norway spruce 2.9 m3yr- 1ha-1 , oak 2 m:l yr- 1ha- 1 and other species 0.1 
m 3yr- 1ha-1 . 

12.7 Methods and models 

The PROFILE model was used for calculating the weathering rates. The soils were sampled 
and the mineralogy calculated by the use of the Uppsala model. An occular inspection by the 
team mineralogist. was performed to detect the major minerals present. Already at sampling, 



12.8. BIOGEOCHEMICAL MAPPING OF A SINGLE STAND 341 

Substance l\Ionoculture Oak-spruce mixt ure 
Norway Oak Spruce Other 
spruce 
% weight % wcight 

Ca 0.11 0.140 0.12 0.12 
Mg 0.012 0.01 0.01 0.022 
K 0.062 0.1 0.048 0.11 
P 0.0082 0.0073 0.0064 0.0124 
N 0.062 0.14 0.054 0.12 

Table 12.2: The n'Utrient concentrations in stems at Jämjö, based on measurements on trees 
fTOm the site (% weight). "Other" refers to the average employerl for hornbeam, beech, birch, 
aspen and mountain ash. 

Substance 

S04 
N03 

Cl 
NH1 

P 
Acidit.y 

Precipit.ation 

Norway Oak Substance Norway Oak 
spruce 

kEq ha-lyr-1 

0.84 0.50 Ca 
0.81 0.49 Mg 
0.48 0.28 K 
0.70 0.42 Na 
0.03 0.02 
2.07 1.30 

m3 m-2yr- 1 

0.44 0.62 Runoff 

spruce 
kEq ha-1yr- 1 

0.21 0.13 
0.12 0.07 

0.067 0.04 
0.39 0.21 

0.05 0.11 

Table 12.3: Deposition input data for Jämjö. 

fcldspars, hornblende and epidote were spotted on t.he shovel. The soil texture was measurcd 
with a granulomctric method. Thc net uptake was estimated from the nutrient contents and 
the different growth estimates made at thc site. 

12.8 Biogeochemical mapping of a single stand 

Both Norway spruce and mixed species stands were biogeochemically mapped in terms of stand
ing reservoirs above and bclow ground. Where dircct measuremcnt could not be carricd out, 
combinations of data and values from the literat ure were used to obtain the best estimates avail
able in t.erms present knowledge. The PROFILE model was used to calculate the weat.hering 
rate under different growth and deposit.ion input. condit.ions. Since the effective root depth of 
the stand was found to be a particularly important parameter in assessments of sllstainabilit.y, 
an it warrants further consideration. It should be no ted t.hat t.he broadleaves muse a dceper 
t.otal root penetration of the soil, although t.his may be considcred a trivial fact (Stiiiil 1986; 
Alrngrcll et al. , 1984). It is also a cause of brown soil fonnation whcre deciduous tree cover 
is present.. In brown soils which are planted with Norway spruce a process of podzolization 
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Item Spruce Mixed Unit 

Stern rnass 148,500 80,000 kg d.w. ha-1 

Stern mass Ca 163 128 kg d.w. ha-1 

Stern mass K 92 83 kg d.w. ha-1 

Stem mass Mg 18 11 kg d.w. ha- 1 

Stern mass N 92 95 kg d.w. ha-1 

Stem mass P 12 7 kg d.w. ha-1 

Litterfall total 4,410 4,360 kg d.w. ha-1 

Litterfall Ca 11.90 8.00 g kg- 1 

Litterfall Mg 0.68 1.15 g kg- 1 

Litterfall K 1.86 4.41 g kg- 1 

Litterfall N 7.50 10.50 g kg- 1 

Litterfall P 0.79 0.70 g kg- 1 

Table 12.4: Arnounts and fluxcs in the stands at Järnjö. 

immediately starts, taking 100 to 300 years to completc (Ugolini 1973). The effec:tive root 
depth for the Norway spruce stands is estimated to be approximately 0.35 rn and that for the 
mixed Oak-Norway spruce stands 0.75 m, see Fig. 12.5) and also the reasoning below. The 
root weight distributions obtained were consistcnt with data found in the literat ure (see, for 
example, the root distributions found in Höglwald in Bavaria, in Klosterhede in Denmark, and 
in Gärdsjön in Sweden, as given in the Forest Ecology and Management Journal's Special Issue 
on Nitrex-Exman in 1998; see also Carbonnier 1971, 1975; Kreutzer and Heil 1991, Bredemeier 
ct al 1998, Skogshandboken 1985, Grönare skog 1999; Kimmins 1997). Nutrient uptake appear 
to approximately follow the fine root distribution, see Kreutzer and Heil (1991) and Warfvinge 
et al. (1998) for furt her disc:ussion. Note tlmt the total root mass per hectare is larger in 
the mixed stands, although the aboveground biomass there is lower than in the monocultures. 
This implies the root/shoot ratio to be larger in the mixed stands which me ans that there is a 
larger water and nutrient supply c:apac:ity there for sustaining a canopy. The following analyses 
are based on the data obtained and determining the effective soi! depth for nutrient uptake by 
reading off the cumulative root mass value fur cach depth in quest ion from Fig. 12.1: 

Tree species 

Norway spruce rnonoc:ulture 
Oak-Norway spruce mixed stand 
Oak stand 

Included root mass 
80% 85% 90% 95% 
Effec:tive root depth, m 
0.22 0.24 0.3 0.39 
0.37 0.40 0.48 0.61 
0.40 0.47 0.54 0.87 

Certain data in this field is lacking, i. e. on the relationship between root biomass at a given 
soil dcpth amI nutrient uptake there, and no real regional surveys exist. Thus, the results must 
be treated as estimates made under conditions of uncertainty. 
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Soil Norway Spruce-Oak Oak 
depth spruce 4:6 mix 
meter kg ha- 1 

0-0.04 m 450 250 (110) 
0.04-0.14 m 4,300 3,800 (1,800) 
0.14-0.24 m 1,450 4,000 (7,030) 
0.24-0.34 m 650 1,650 (2,310) 
0.34-0.54 m 450 1,650 (2,450) 
0.54-0.84 m (15) (550) (555) 
0.84-1.00 m (0) (150) (150) 

S1Im 7,315 12,050 (14,405) 

Tablc 12.5: Measured total mot distribution at Jämjö in kg moi mass per hectar-e, based on 
sampies taken fmm ihe Nor'way spruce stand and ihe mixed spmce-oak stand at Jämjö. As can 
be seen, the bmad-leaved trees have a deeper total fine mot peneiration of the soil. Values in 
brackets ar'e estimates. 
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Figure 12.1: Cumulative mot distribution for the Norway spruce monoculture and the Norway 
spruce-oak mixture. The values for oak were calculated by linear substmction of ihe Nor-way 
spruce and renormalizing to 100%. 
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Parameter Unit 2 3 4 

Morphology 0 E E/B B 
Layer thickness m 0-0.04 0.04-0.14 0.14-0.24 0.24-0.34 
Moisture c:ontent In:3 nl-3 0.3 0.25 0.2 0.2 
Soil bulk density kg m- 3 300 1200 1500 1510 
Mineral sm'face area m 2 m-3 *1O-6 0.52 1.06 1.3 1.3 
CO2 press ure times ambient G 10 20 30 
DOC mg 1-1 13 5.3 2.9 1.3 
log KC;ibbsite kmol2 rn-:l 6 c .Cl 7.6 8.6 9.2 
Inflow o/c: of precip 100 50 25 15 
Percolation o/c: of precip 50 25 15 12 
Mg+Ca+K uptake o/c: of total max 20 30 30 20 
N uptake o/c: of total max 30 60 10 0 

Soil mineralogy 
K-feldspar o/c: of total 10 20 19 17 
Oligoclase o/c: of total 17 34 34 32 
Hornblende o/c: of total 0 0.62 0.87 1.6 
Epidotc o/c: of total 0 1.8 1.8 1.9 
Biotite o/c: of total 0 0.9 1.2 1.1 
Musc:ovite o/c: of total 0 0.75 0.4 0.2 
Vermiculi te o/c: of total 0 4.1 4.4 4.9 
Apatite o/c: of total 0 0.74 0.7 0.7 

Table 12.6: PROFILE input data JOT NOTway 8pTuce at Jämjö. 

Parameter Unit 2 3 4 5 

Morphology 0 E E/B B B/C 
Laycr thickncss m 0-0.04 0.04-0.14 0.14-0.24 0.24-0.34 0.34-0.74 
Moisture content m3 m-3 0.3 0.25 0.25 0.2 0.2 
Soil bulk dcnsi ty kg m-3 300 730 900 940 1480 
IVlillcral surface arca m2 m- 3 * 10-6 5.99 1.02 1.27 1.31 1.48 
CO 2 preSS1Jr(' times ambient 2 5 20 30 40 
DOC mgl- 1 24 8.3 5 3.7 2.1 
log KGibb,ite kmol2 m-3 6.5 7.5 8.5 9.2 9.5 
Inflow o/c: of prccip 100 50 25 20 16 
Percolation o/c: of precip 50 25 20 16 16 
l'vIg+Ca+K uptake o/c: of total max 20 20 20 20 20 
N uptake o/c: of total rnax 30 35 25 5 5 

Soil mineralogy 
K-fcldspar o/c: of total 9.6 19 20.4 18.5 18.4 
Oligoelase o/c: of total 15.3 31.5 35.6 31.6 36.1 
Hornblende o/c: of total 0 1.31 0.89 1.97 1.15 
Epidotc o/c: of total 0 1.53 1.77 1.81 1.9 
Biotite o/c: of total 0 0.37 0.79 0.53 1.11 
l'vIuscovite o/c: of total 0 0.86 0.66 0.59 0.17 
Vermiculite '/c. of total 0 2.6 3.34 4.11 3.48 
Apatite o/c: of total 0 0.36 0.33 0.41 0.38 

Table 12.7: PROFILE input data JOT the mi.Ted species stands at Jämjö. 
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pH LOI CEC Al Ca Mg K ES C N 
% mEq kg- 1 % g kg- 1 g kg- 1 

Norway spruce monoculture stand 

Humus 4.43 27.9 124.0 363 1126 102.0 193.0 58.0 100.0 5.3 
0-0.1 4.61 8.5 38.2 223 157 12.6 22.6 27.0 45.0 2.1 
0.1-0.2 4.66 5.9 19.6 118 87 4.9 6.1 27.7 29.5 1.8 
0.2-0.3 5.06 4.6 15.9 81 100 4.2 5.8 36.4 22.0 1.3 
0.3-0.5 4.92 4.0 11.2 67 53 2.7 3.1 28.3 16.0 1.0 

Norway spruce-oak mixed stand 

Humus 4.20 47.0 162.0 503 1283 225.0 316.0 54.8 210.0 9.7 
0-0.1 4.47 13.0 54.7 313 206 41.0 57.3 28.6 66.0 3.0 
0.1-0.2 4.53 8.8 31.7 200 100 18.7 30.3 24.5 40.0 1.8 
0.2-0.3 4.91 6.5 23.4 142 78 15.5 26.5 25.3 34.0 1.6 
0.3-0.5 4.82 5.0 17.5 109 60 10.8 14.5 24.6 24.0 1.1 

Table 12.8: Soi! da ta fmm the Jämjö e:rperiment, sepamted into horizons down to 0.5 m soil 
deptlt, fmm the Norway spmce stands (top) and the mixed stands (bottom). LOI is loss on 
ignition, ES is base satumtion. All adsorbed element.s wer'e detennined in Eaeb extmetions. 

Depth Ca Mg K P Ca l\Ig K P 
meter keq ha -lyr-l keq ha-1yr- 1 

Mixed Norway spruce-Oak stand N orway spruce stand 

0-0.04 0.002 0.000 0.002 0.000 0.001 0.000 0.001 0.000 
0.04-0.14 0.025 0.006 0.019 0.004 0.046 0.010 0.020 0.020 
0.14-0.24 0.037 0.010 0.025 0.005 0.066 0.015 0.022 0.031 
0.24-0.34 0.036 0.013 0.017 0.009 0.057 0.015 0.017 0.026 
0.34-0.74 0.222 0.070 0.120 0.035 

Sum 0.322 0.100 0.182 0.053 0.170 0.039 0.060 0.078 

Table 12.9: The weather'ing mte in keq ha-I YT- 1 JOT the Nor'wag spmce stands and the NOTway 
S1JT'IJ.Ce-Oak mixed stands as ea.lculated with PROFILE. 
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12.9 Assessment of nutrient sustainability 

The weathering rate was calculated, with t.he PROFILE model, as the weathering per eation, 
chemical reaction, soil mineral, and soil layer. According t.o our estimates the weathering rate 
in Jämjö is caused to 22% by reactions wit.h the acidity of t.he soil, to 33% by hydrolysis wit.h 
wat.er, to 33% by reactions with carbon dioxide, and t.o 10% by react.ions with the organic acids 
in t.he soi!. The major factors affecting the weathering rate can be said to be the rich mineralogy, 
the soil moisture and soil texture. The results are shown in Tab. 12.9. As can be seen, t.he 
weathering rate increases wit.h depth down to a dept.h of 0.6 m in the soil, mainly because 
of the increase in mineral content. The weathering is of the same order of magnit.ude as the 
current uptake. The consistency of t.he calculations was checked against sodium concentrations. 
For the spruee stands, t.he correlat.ion was excellent, whereas the measured sodium flux in the 
mixed st.ands was lower than the input. would imply. Chloride was used t.o calibrat.e t.he wat.er 
balance, and sulphate as an independent control of t.hat ealibrat.ioll. Sust.ainabilit.y was assessed 
by calculating the mass balances for each of the nut.rients at. Jämjö. The results are shown in 
Tabs. 12.10 to 12.12. Three different. scenarios were considered; 

• The estimat.ed rotation average growth rate t.ogether with t.he eurrent weat.hering rat.es. 
Information contained in Mr. Stiiiil's personal not.es was a help in making t.he est.imates. 

• The current growt.h rate whieh is approximately 40% larger than t.he hist.orical rate. 

• A hypothetical scenario in which the Norway spruce stand was allowed to oeeupy the soil 
of t.he mixed stand, and thc mixed stand was allowed to occupy the soil of the Norway 
spruce stand. This was done to eliminat.e in so far as possible the differences in basic 
conditions bet.ween the sites. 

The current leaehing rat.e was used for all cases. The sustainablc yield is defined as the maximum 
yield that can be obt.ained on t.he basis of the nutrients available in the syst.em. In estimating 
this, sustainability is measured as long term sust.ainable yield Y, with respect to Ca, Mg, K 
and P. The equation employed was: 

. ßC[J,Y· Ei 
Ync = mm( ) 

1 p. Xi 
(12.8) 

where BeUlt is thc critical uptake of elcmenti=Ca, Mg, or K; Ei is the equivalent weight of 
element i; p is the specific density of the harvested biomass; ami Xi is t.he concentration of 
element i in the harvested biomass. The stand averages for both speeific densit.y and stern 
nutrient. concentrations in the mixed stands differ, depending on the relative amounts of the 
different species. Hence, in the rotation average growth rate scenario both the average wood 
dellsity and the average stern nutrient concentrations are lower t.han in current growth rate 
scenario since the share of Norway spruce in the mixed st.ands is greater in rotation average 
growth rate scenario than in for growt.h in the current situation. The critical uptake is limit.ed 
by the nutrients available; 

(12.9) 

where W i is the weathering release of element. i, D i is the at.rnospheric deposition of element i, 
and L min is the minimum rate of leaching from t.he system. The units in the tables are in kEq 
ha-1yr-1 and t.he yields are expressed as m3 ha-1yr-1. According to our calculations, assuming 
no nut.rients are added, the sust.ainable yield in the Norway spruce stands is 5.4 m 3 ha -lyr-1 

and that of the mixed stands is 6.9 m3 ha -lyr-1 

Although, at the current growt.h rates, both st.and t.ypes show negat.ive nutrient balances, 
the deficit is greater in the monocultures than in the mixed stands. As can be seen in Tables 
(12.10 to 12.12) the mincralogy is richer ami the soil bulk density is greater in the monocultures 
than in the mixed-species stands. This is in agreement. with observations made in the field. If 
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Flux Norway spruce Oak-Norway spruce 
Ca Mg K P Ca Mg K P 

keq ha-lyr- l 

Weathering rate 0.173 0.039 0.060 0.026 0.306 0.095 0.180 0.048 
Deposition 0.210 0.115 0.067 0.030 0.130 0.069 0.040 0.020 

Leaching with run off 0.265 0.090 0.007 0.004 0.200 0.070 0.126 0.004 
Future harvest 0.220 0.039 0.063 0.053 0.172 0.023 0.049 0.030 

Balance -0.102 0.025 0.057 -0.001 0.064 0.071 0.045 0.034 

Sustainahle yicld 5.373 16.32 18.95 9.779 6.880 20.56 9.565 10.71 

Actual growth 10 5 

Table 12.10: ROTATION AVERAGE GROWTH SCENARIO; Calculation of rnass balances at 
Järnjö using the rotation average growth rate estirnated frorn. Still (1986) and by the authoTs. 
Units ar'e in kEq ha-IYT'-1 and yields aT'e expTessed as rn.3 ha- l yr·- l . At pTesent, the fOTest is 
growing fasteT than in the past. The sustainable yield calcula.ted a.ssurn.es no rmtTient additions 
to have been made. 

the mineralogy, the surface area, amI the hulk density in the spruce monocultures and in the 
mixed stands are switched, the sustainable yield for the spruce monocultures decreases to 1.8 
m3ha -lyr- l , whereas the sllstainable yield for the mixed-species stands increases to 6.5 rn3 

ha -I yr- l . Hence, if the soil conditions are the same, the sustainable yield is approximately 2.5 
m3 ha -lyr- l to 3 m3 ha -lyr-1 lügher in the mixed species stands than in the spruee mono
cultures. However, if the objective is to assess the nutrient sustainahility of the management 
syst.em ernployed the rotation average growth rate scenario is more accurate. This me ans a 
sustainable rotation average growth rate of approximatcly 6.9 m3ha- lyr-1 in the mixed stands 
and 5.4 m3 ha-lyr- I in the spruce monocultures (Table 12.10). This suggests the mixed stands 
to he sustainably managed, but the monocultures to not he. The calculations also suggest 
that in the mixed-species stands productiorl can be increased by almost 2 m3 ha-lyr-l without 
depleting soil nutrient resourees. The model calculations reproduced the concentrations of Ca, 
Mg, K, S01, Cl and Na rather accurately, suggesting the weathering calculations in PROFILE 
to be robust for this type of soil. The Cl concentrations were used to calculate the soil hydrology 
input. The model suggests that the site is only slightly affected by acidification, and that the 
aluminium concentrat.ions are well below what is considered harmful to trees. It should be ob
served that the nitrate leaching as modeled agreed well with the lysimeter data. For the mixed 
stands in contrast to the monocult.llres, the contrihution of nutrients from weathering increased 
by between 70% and 200%, the nutrient input. through deposition decreased by approximately 
40%, the lcaching losses decreased by 25% in the case of Ca and Mg, but increased by sev
eral hundred percent in the case of K, ami the nutrients lost at future harvests decreased by 
between 20% and 40%. The high leakage of K from the mixed st.ands could be caused by the 
high mobility of the K in the Boil ami a low demand for K. Root bioassays showed the demand 
for K to be 40% higher in the fine root material [rom the monocultures than in the fine root 
material from the mixed stands (Sudhaus 1998). In addition, K concentrations in current year 



348 CHAPTER 12. SUSTAINABILITY IN SPRUCE AND MIXED-SPECIES STANDS 

Flux Narway spruce Oak-Norway spruce 
Ca Mg K P Ca Mg K P 

keq ha -lyr-1 

Weathering rate 0.173 0.039 0.060 0.026 0.306 0.095 0.180 0.048 
Deposition 0.210 0.115 0.067 0.030 0.130 0.069 0.040 0.020 

Leaching with runoff 0.265 0.090 0.007 0.004 0.200 0.070 0.126 0.004 
Future harvest 0.329 0.059 0.095 0.080 0.325 0.043 0.109 0.057 

Balance -0.211 0.005 0.025 -0.028 -0.089 0.051 -0.015 0.007 

Sustainable yield 5.373 16.32 18.95 9.779 5.671 17.20 6.733 1).773 
Actual growth yield 15 7.8 

Table 12.11: CURRENT SCENARIOj Calculation of mass balances at Järnjö using the standaTd 
yield and the pTesent standing biomass. Units aTe in kEq ha-1 YT- 1 and yields aTe e.TpTessed as 
Tril ha- 1 yr- 1 . 

needles were higher in the spruces in the mixed stands than in the monocultures. The leaching 
of K, in contrast 1,0 the leaching of Al or N, for example, is not a problem as long as the inputs 
of K to the system balance the outputs, as is the case in the mixed stands in Jämjö (Tabs. 
12.10-12.12). From the figures above it appears that the difference in the weathering rate is the 
most potent factor in assessing the nutrient sustainability. In fact, the weathering rate itself is 
not the decisive factor, but rather whether or not the weathered material is available for uptake. 
This, in turn, is strongly infiuenced by the presence or absence of roots and by their uptake 
ability. In the present study we implicitly assumed therc to be a elose correlation between root 
presence, as estimated from field data (effcctive rooting depth, Figure 12.1), and thc availability 
and uptake of weathered material. Since this may not always be the eaBe, however, there is 
adefinite need far research on this matter. Accarding to the mass balance calculations, if thc 
trees in the lllonocultures do have access to nutrients bclow what appeared to be the effective 
rooting depth at the site, sustainable yidd in the monocultures could be increased. For example, 
if the spruces in the monoculturcs could access 50% of the weathered material below the 0.34 m 
level in the mixed stands (Table 12.10-12.12), a rotation average growth rate of elose 1,0 10 m3 

ha-1yr- 1 would be sustainable. According to the present knowledge however, this is not likely 
to be the case. Rooting depth depends not only on species, but also on soil depth and moisture. 
Such factors often play a more important role in determining the rooting depth than thc species 
does. On waterlogged soi!s, for cxample, thc superficial water table restriets root growth in 
deep soi! layers, regardless of specics. It should be emphasized timt lligher growth rates lead 
to a greater removal of llutrients per time unit, as was the case in the monocultures at Jämjö. 
Having mixed-species stands, in which production of quality is emphasized, is more likely for 
this reason to be a biogeochernically sustainable form of management than that of having mono
cultures that are managed with the primary aim of achicving quantity rat her than quality. The 
choice of harvesting method also has a strong infiuence on the maHR balances, nutrient removal 
increasing markedly when whole tree harvesting takes place. In addition, leaching losses can be 
kept to a minimum by shelter-woods being left instead of using clear-cutting. The assessment 
of nutrient sustainability involves only the base cations and P. However, the forest management 
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Flux Norway spruce Oak-Norway spruce 
Ca Mg K P Ca Mg K P 

keq ha -lyr- 1 

Weathering rate 0.094 0.024 0.040 0.030 0.341 0.112 0.191 0.079 
Depo~ition 0.210 0.115 0.067 0.030 0.130 0.069 0.040 0.020 

Leaching with runoff 0.265 0.090 0.007 0.004 0.200 0.070 0.126 0.004 
Future harvest 0.329 0.059 0.095 0.080 0.325 0.043 0.109 0.057 

Balance -0.290 -0.010 0.005 -0.024 -0.054 0.068 -0.004 0.038 

Sust.ainablc yield 1.776 12.50 15.79 10.53 6.512 20.31 7.521 13.02 
Act.ual growt.h yield 15 7.8 

Table 12.12: CHANGE SOIL SCENARIO; Calculat'ion of mass balances at Jämjö for the hy
pothetical case in which the locations of the N orway spruce and the mixed species stands are 
exchanged. Units are in kEq ha-1yr-1, the yields are expressed as m3 ha-1YT- 1. The table 
shows that the differencc between the mixed .stands and the N orway spruce stands is systematic 
and persi.st.s, e1len when the two stands exchange soils. 

may be adjudged to be ~ustainable in terms of t.here being no negative balance for Ca, K, Mg, or 
P, but to not. be ~ustainable in t.erms of micro-nutrients. The risks of micro-nut.rient deficiencies 
has not. been inve~tigated very much in sout.hern Swedish forests. However, since ~everal cases 
of Band Cu deficiencies in Norway spruce and in Scots pine have been found there it is possible 
that. t.hese deficiencies are more eommon in southern Sweden than assumed so far (Thelin 2000). 
If so, one could reasonably expect. t.here to be great.er risk of negat.ive balances of Band Cu 
in Norway spruce monocultures t.han in mixed st.ands due to the removal of nutrient capit.al at 
harvest being greater and the effective rooting depth bcing lower. 

12.10 Assessment of economic sustainability 

Assessment of t.he economic sustainability of different management. scenarios at Jämjö needs 
t.o take into account. t.he degree t.o which the~e stay within the sust.ainability limits of t.he sitc. 
The management. scenarios timt are compared are Norway spruce monocultures (Table 12.15) 
and mixed oak/spruce stands (Table 12.16), with and without nat.ural regenerat.ion. As can be 
~een in table 12.15, the spruce stands are managed in the conventional way by there being four 
operation~ between regeneration and harvest and bulk volume production being emphasized. 
The mixed ~tands are much more labour intensive, ten operations between regeneration and 
harvest. being required. The foeus there i~ on t.he high qualit.y oakwood cont.ained in t.he 40 to 
50 primary st.ems per hectare. These stems are managed on almost an individual basis involv
ing the clearing and thinning of eompet.ing stems, as weil as st.cmshelt.ering and pruning. The 
effeetive interest rat.es as weil as changes in t.he market. pricc of timber over the years pose con
siderable problem~ when asse~sing economic sust.ainabilit.y of different management scenario~. 
Assessments quickly become a compari~on of tables of exponentially escalat.ing interest rates, 
det.racting at.tention from what. one really want.s to compare. More import.ant.ly, tbe small forest 
owner~ apparently do not. assess economic matters in this way. Interviews the authors conduct.ed 
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Trees species Rot.at.ion Standard Sustainable Observed 
time Yield Yield growth 

years m3ha-1yr- 1 m 3ha- 1yr- 1 m3ha-1yr-1 

Norway spruce 70 10 5.4 15 

Oak-Spruce mixed 120 5.5 6.9 7.8 
- from Norway spruce 70 2.9 5.3 
- from Oak 120 2.0 2.0 
- from Hornbean and Ash 100 0.1 0.1 

Table 12.13: Comparison of the basic properties of the stands. Standard y'ield corresponds tu 
what in Swedish is termed "bonitet"; it represents the maximum rate of production of astand. 
Bustainuble yield is based on the mass balances for Ca, Mg, K and P. 

wit.h more than 150 forest owners in the region around Emmaboda and between Bromölla amI 
Tingsryd during a lec:t.ure series they held t.here in 2000 and 2001, suggest that conservation 
of capital ancl t.he building of hidden reserves before generation shifts occur at. the farms to be 
the driving aims behind forest management decisions in such cases. This is a far cry from the 
theoretical corporate economics usually applied in this area. Corporate philosophy is almost 
invalid within such systems. For these wasons a radical approach to the problem was taken. 
We avoided the interest rate problem by converting all measures of cost and of income into 
Norway spruce pulpwood equivalents (rn3 SPE), ancl of assuming the ratios between the prices 
to rernain constant during the 120 years. We also implicitly assume that a cubic meter of wood 
is of equal interest economically regardless of what. year it can be harvested, and that compu
tations concerning one type of wood can be converted into those concerning another by using 
constant price ratios. Some of the assumptions concerning price st.ructures that were made are 
listed in Table 12.14. Although, in the deciduous scenarios, it is generally assumed that fencing 
is necessary in order to prevent excessive browsing, at Jämjö the land is rich in deciduous tree 
juveniles making it questionable whether fencing is justified. A significant difference between 
the Norway spruce stands and the spruce-oak stands is the longer rotation time in the mixed 
stands. We set the rotation time for a Norway spruce stand to be 70 years, whereas for the 
mixed stands we assurne the rotation time to be 120 years. 

Thc results for the Norway spruce are shown in Table 12.15. The net productivity during 
the period was 10 II!'3ha-1yr-1. The sustainable yield is 5.4 m3ha-1yr- 1; the uptake in excess 
of tImt, corresponding to 4.6 m3ha -1 yr- 1 , must. be replaced at the end of the period. The 
assessments for the mixed stand are shown in Table 12.16. The net. productivity during the 
period was 360 m3 or 3.0 m3ha- 1yr- 1 for the Norway spruce and 240 m3 or 2.0 möha-1yr- 1 for 
the oak. No excess nutrients have been removed. The profit yield during t.he 120-year period, 
expressed in Norway spruce pulpwood equivalents, is 2,215 SEK ha-1yr-1. 

With thc inclusion of spruce in the mixed stands, there is a positive economic result already 
after 60 years, cornparable with that of the spruce monoculture (Table 12.16). If the oak had 
been managed as lIlonocultures the economic result would not have been positive until the 
time of harvest in year 120, i. e. 60 years later than for the mixed alternative; the capital 
requirement is increased, the profit is reduced to 1,756 kr ha-1yr- 1, and the cost.s of pruning 
are higher in an oak monocult.ure since there is no stem-sheltering undergrowth. Thus, t.he 
yearly profit for thc oak monoculture alternative would probably 1>e more than 500 SEK less 
than for the mixed stands. Clearly, the costs involved in managing a mixed stand are more than 
balanced out by the income obtaincd from the thinnings of the spruce, the overall costs thus 
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Trees Fuc! wood Pulp wood . Timber I Fuel wood Pulp wood Timber 
species Price in SEK rn- 3 Relative price to SPE 

Norway spruee 100.- 250.- 400.- 0.4 1.0 1.6 

Scots pine 100.- 200.- 500.- 0.4 0.8 2.0 

Bireh 150.- 250.- 600.- 0.6 1.0 1.6 

Beech veneer 150.- 280.- 1,500.- 0.6 1.12 6.0 
Beech A 150.- 280.- 1,000.- 0.6 1.12 4.0 
Beech B 150.- 280.- 500.- 0.6 1.12 2.0 

Oak veneer 150.- 3,250.- 0.6 13.0 
Oak A 150.- 1,500.- 0.6 6.0 
Oak B 150.- 900.- 0.6 4.0 
Oak C 150.- 500.- 0.6 2.0 

Table 12.14: To the left is shown the ]iT'ice stT'uct-uT'e uscd fOT the economic assessment made 
in Swedish k1'Onor (SEK) ]icr cubic metcr. The ]iT'ices were estiTnatcd from market ]Jrices for 
the s]iT'ing of 2000. The ]JT'iccs aT'C a]i]i1'Oximate. To the rigid, the relative ]irice struct'llT'e ]ier 
cubic meter is shown, TWT'malizcd to the NOT'way s]iT'llce p'Ill]iwood ]irice (SPE) , as used foT' the 
economic assessments. It is asswned that these mtios T'emain constant dUT'ing the period of 2000 
to 2120. 

being much lower than for the oak monoculture alternative. If natural regeneration, rat her than 
plantation, is possible (soi! scarification is still considered necessary) the yearly profits increase 
for all the alternatives (Table 12.16 and 12.17). However, the differences in yearly profits 
between the different management scenarios are rat her small in this respect. The differences 
become greater if the eeonomie results are calculated in a more traditional way, e. g. 3% 
yearly discount of costs and ineomes. In tImt case the mixed stands are only competitive if 
natural regeneration is possible, rather than planting and fencing being required. Thus, for 
large forest owners who adhere to corporate philosophy in assessing their economic results 
spruce would be considered superior if planting was required. Studies of similar mixed oak
spruce stands close to Jämjö indicate that spruce production can be increased to up to 600 m3 

per hectare and rotation without oak devclopment being impeded (Linden et al., 2001). Thus, 
the mixed stand alternative appears to be superior, regardless of how the economic result is 
calculated. In the present comparisons, the differences in capital requirements are much greater 
than the differences in yearly profits. Although the plantation costs in all the alternatives are 
comparable, the fencing necessary in the mixed stand and the oak alternative increases the 
regeneration costs considerably. The capital requirements ami how long it takes until profit can 
be made are probably more important than yearly profit for rnany small-scale forest owners 
in assessing the economic consequences of different forest management alternatives. Thus, if 
the starting point is a clear-eut area and both planting and fencing are required, most srnall
sc ale forest owners would be drawn by short-term economic considerations to planting spruce 
- the investment threshold for the establishment of oak stands being too high. Therefore, if 
the Swedish government wants to infiuence forest managers in southern Sweden to plant more 
deciduous and mixed forests subsidies for the planting of deciduous seedlings ami for fencing 
are required. The calculations above do not consider the costs for maintaining a high level of 
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Time Action Yield Timber Cost In Net 
m-3 % m-3SPE 

0 Soi! scarification 6 -6 
0 Planting of spruce 40 -46 
10 Clearing 12 -58 
30 Thinning 40 0 32 40 -50 
40 Thinning 70 10 36 74 -12 
55 Thinning 90 20 47 101 42 
70 Harvest 500 65 140 695 597 
70 N utrient replacement 14 583 

70 Total 700 327 910 583 

Table 12.15: NORWAY SI'RUCE; Profit and balance estimates for the Norway spmce altemative 
at Jämjö. The net productivity during the period was 10 m:lha-1yr- 1. The sustainable yield is 
5.4 m3 ha-1yr- 1, nptake in exceS8 ofthis being replaced. The profit yield over 120 years in terms 
of Norway s]wuce pnlpwood equivalents is 10 m:1 ha-1yr- 1 or2,082 SEK ha-1yr- 1. Assessrnents 
are made for one hectare, the seqnence being started by an empty clear-c'utting. 

hiodiversity. It is probable that these are higher in a Norway spruce rnonoculture alternative. 
Many insects and lichens are associated with old oak sterns. To ensure their possibilities of 
remaining in the area it is necessary to let a few sterns per hectare remain as "eternal" trees. 
However, it is probable that fewer sterns would need to be set aside in this way in the oakjspruce 
mixed alternative than in the spruce monocultures since younger oak sterns could serve to rday 
insects and lichens to older sterns further away. The approximate costs of hiodiversity in Jämjö 
could be estimated to be as folIows: 

• For the mixed stands leaving 3 oaks per hectare as old biodiversity bearers would me an 
a profit reduction of 3 out of an average of 44 oaks per ha, and would involve a slight 
reduction in the costs für management (3 SEK ha-1yr- 1). Together this represents a profit 
reduction of 6.6% of the oak share or 123 SEK ha-Iyr-I 

• For the monocultures an area corresponding to 5 oaks per hectare would be removed 
from commercial use and he left for producing biodiversity. This would represent a profit 
reduction of 11.1% or 238 SEK ha-Iyr-I. 

The use of rnixed-species stands also lIleans a spreading of risks as compared with the use 
monocultures. Butt rot, which is considered one of the most serious problems for spruce in 
southern Sweden, can reduce the amount of harvestable wood by as much as 20%. This would 
me an a reduction in profits by 20% in the monocultures but only a 3% reduction in the mixed 
stands, since only spruce is affected and since most of the income is obtained from oak wood. 

12.11 Conclusions 

We can conelude tImt both the Norway spruce stands and the mixed stands in Jämjö have a 
sustainable harvest rate of approximately 5.5 m3Im-1yr- l . Since the Norway spruce stands 
at present are growing at a rate of 10 m3ha-1yr- 1 a corresponding arnount of nu trients necds 
to be addcd. Otherwise the present rate of growth would exhaust or deplete the soil when 
harvesting takes place. A hypothetical switching of tree species to opposite stand locations, 
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Tinle Action Spruce TiIllber Oak Vcncer A B C FW Cüst In Ne! 
In 

-:1 % m- 3 % % % % % m-:JSPE 

() Soil scarification 6 -6 
() Planting 48 -54 
0 Fencing 40 -94 
5 Clearing 12 -106 
15 Clearing 12 -118 
20 Pruning 4 -122 
:10 Thinning 50 0 0 40 50 -112 
40 Thinning 50 10 10 0 0 0 10 90 35 60 -87 
40 Pruning 4 -91 
50 Thinning 60 20 10 0 0 20 :lO SO 40 8:1 -47 
50 Thinlling 70 :10 20 0 10 :10 30 30 48 132 :15 
70 Thinning 130 50 :10 0 20 40 20 20 86 264 214 
80 Pruning 40 174 
120 Harvcst 0 0 170 25 2,) 10 20 20 68 957 1063 

120 Total :160 170 48:1 1546 1,06:1 

Table 12.16: OAK-NORWAY SPRUCE MIXED STAND; Profit and balance estimates for the 
mixed forest altemative at Jämjö. The net pmdactivity dnring the period was 860 m3 01' S 
rn3 ha- 1yr-1 for Norway sprace and 170 m:l 01' 2 m:l ha-1yr- 1 for oak. No excess natrients were 
T-erT!oved. The pmfit yield for a 120-year period in terms of NOT'way sprace palpwood eqaivalents 
is 9 m3 SPE ha-1yr-1 01' 2,215 SEK ha-1yr-1 Assessments are made for one heetare, the 
seqnence being started by an ernpty clear·-cntting. 

suggested a mixed Norway spruce-oak stand to have a sustainable yield appraximatcly 1-1.5 
m3ha- 1yr- 1 greater than that of the Norway spruce monoculture under the same conditions. 
A final comparison of economic performance is shown in Table 12.17. As can be seen, the 
Norway spruce stands and the mixed stands are comparable in performance, timt of the mixed 
stand pcrhaps being somewhat better. Natural regeneration does have a strang impact on the 
profitability of the stands. Although natural regeneration may prolong the rotation time, this 
is often not the case. We conclude that the frequently claimed economic superiority of Norway 
spruce in terms of forest productivity appears to not be supported here. The superiority is only 
very short-terrn, being ac:hieved through overexploitation of the site resources and depletion of 
the soi!. The value produced by deciduous trees is economic:ally equivalent or even better when 
the sustainability potential is used as a limiting condition in thc system. In the present studies 
we have assurned the roots to be 100% succcssful in nutrient uptake, although studies at the Asa 
Forest Research Park imply this to be too optimistic. The results there indicates that Norway 
spruce has a root uptake cfficiency 01' 85-90% ami deciduous trees an uptake efficiency of 95-97%. 
We attribute this difference to roots not being present in the soil volurne as a whole at all times, 
the higher efficiency of deciduous trees being caused by their deeper rooting. This suggests the 
long-term economic benefits of forestry involving deeply rooted tree species and rnixed-species 
stands. The Järnjö study shows timt a rotation average growth rate of 10 rn3ha-1yr- 1 rnay 
not be sustainable in Norway sprnce rnonocultures despite that the relatively rich rnineralogy 
would imply so. Weathering and deposition would be unable to cornpensate for los ses of Ca 
in leaching and in stern uptake. However, sustainable production appears to be greater in 
rnixed-species stands dominated by oak and spruce than in Norway spruce rnonocultures. The 
most irnportant factor here appears to be the greater rooting depth in the rnixcd-species stands 
and thc access tlllls provided to pools of nutrients from weathering found at soil depths bclow 
thc rooting ~one of Norway spruce. In an environment with a high deposition of N and S, 
such as in southern Sweden, soil acidification ancl increased growth due to nitrogen deposition 
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Trees Yearly profit Capital Time to 
species requirernent positive 

SEK ha-1 SEK ha-1 balance, yr 

Norway spruce 
Planted 2,082.- 14,500.- 55 
Natural regeneration 2,225.- 4,500.- 40 

Oak-Spruce mix 
Planted and fenced 2,215.- 30,500.- 60 
Natural regeneration 2,398.- 8,500.- 50 

Oak-Beech 
Planted and fenced 1,756.- 32,000.- 120 
Natural regeneration 1,936.- 10,000.- 70 

Table 12.17: Comparisons of the different alternatives tested. The hardwood forest binds more 
copital for a s'Ubstantially longer period of time, b'Ut provides a substantially better yield in terms 
of Norway spruce p1Llpwood equivalents for the period as a whole. 

and intensified forest management removes much of the nutrient eapital in the superficial suil 
layers. Hence, the sustainable production of shallow-rooted species there may be problematical. 
The present investigation of the economic performance of mixed-species stands and of Norway 
spruce monocultures in Jämjö showed the yearly profit to be slightly higher in the mixed stands 
assuming that one m3 of wood is uf equal interest regardless uf when it is harvested. However, 
the capital requirements fur the mixed stands are greater, especially if planting and fencing 
is required. The inclusiun uf Norway spruce in the oak stands serves as an economic buffer 
early in the rotations. Although the lengths of the time until the income excceds the cost are 
comparable in the case of Norway spruce monocultures and of mixed-species stands, they are 
much longer in oak monocultures. Thus, oak/spruce mixed stands may be a more sustainable 
alternative than Norway sprucc monocultures in terms both of economic performance and of 
the preservation of lung-term soi! fertility. 
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13.1 Asa site descriptiün 

The primary foeus of the SUFOR research programme was the Asa Royal Forest Park, 33 km2 

in size, in whieh the Asa Forest Research Park 12 km2 in size, is included. A field station of the 
Swedish Agricultural University is located in the park, which was expropriated from its German 
owner in 1945 and become a Royal domain. The area is host to a number of research projects 
ancl conditions for synergistie cooperation is good. Technieians from the station assisted in 
sampling and data collection. Various parameters of the area are shown in Tab. 14.2. The 
park borders to Lake Asa, the majority of the area being found on the western side of the 
lake. A map of the area is shown in Fig. 13.1. The park is loeated 40 km north of the 
eity of Växjö in the provinee of Smäland. Forestry in the area is traditional conifer forcstry, 
reprcsenting the point of departure for any future changes. In thc past, the original forest 
cover in Asa was a mixed deciduous forest dominated by lime (Tilia) and alder (Ainus), and 
also containing European bceeh (Fagus sylvatica), Scots pi ne (Pinus sylvestr-is), oak (Quer-C'Us 
robur-) ami birch (Betula). Farming on the shores of the lake started around 1200 AD and 
Norway spruce ente red the landscape on a small se ale around 1600. Mixed deciduous vegetation 
domina ted until clearance of the land by farmers from about 1700 onwards. After 1840, Norway 
spruee increased markedly through colonization and through planting on land that had been 
abandoned after !arge numbers of emigrants went to America. Small crofts and farms were 
reforested, a process that in the provincc of Smaland continued as a result of urbanization from 
ab out 1930 on until the present day. From now on conifers, and Norway spruce in particular, 
are dominant. Thus, the ecosystem at Asa has undcrgone very large ehanges, and can be said 
to be completely a product of eultural activities during the last 700 years. The Asa forest estate 
is 3,288 ha in size and is owned by the Swedish State (Sveaskog AB). Part of the forest is used 
presently as an experimental forest by the Swedish University of Agricultural Sciences (1,080 
ha), and by the National Board of Forestry for educational purposes (393 halo The remaining 
1,815 ha being used for commercial forestry. Meteorological conditions have been recorded at 
the Asa Forest Research Station sinee 1988. The average arlIlual temperature during the period 
of 1988-1999 was 6.4 C, the coldest ancl warmest months (JanuaryjJuly) having had average 
temperatures of -1 C and +16 C, respectivcly . Occasional temperatures below freezing have 
been recorded during all seasons of the year. Thc growing season is about 190 days in length. 
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During this period, frosts occur 25 cm above the ground during an average of 35% of the 
nights. The annual average precipitation recorded is around 800 mm during the period 1988-
1999. The recorded amounts compare weil with those registered at a nearby meteorological 
observing station run by the Swedish Meteorological and Hydrological Institute. The annual 
average evapotranspiration at Asa is elose to 500 mm and the calculated average runoff of water 
from the forest area is about 350 mm yr- 1 . About 25% of the precipitation falls as snow. On 
the average, snow starts to fall on the 20th of November and the snow cover lasts unti! the 
beginning of April. Between-year variations are large and occasionally the snow cover can be 
almost absent. The Asa case-study area has a relative relief of up to 125 m, nd the lüghest 
parts being found at ab out 285 rn a.s.l. The Asa area contains a large number of lakes which, 
generally, are elongated in a north-south direction and are often separated by rnarked ridges. 
The climate in Asa has changeel eluring 
the last eleeaele to being slightly milder 
and having lesB permanent snow. The 
present forest management is focused 
on optimizing production of Norway 
spruce, little attention being paid to 
deeieluous trees. At prescnt, thc av
erage proeluetion in Norway spruce 
stands is 9.1 m3 stemwood ha-1yr- 1 , 

and in Seots pine 5.5 m3 stemwood 
ha- 1yr- 1 . The total area of productive 
forest in the case study area is 2,871 
ha. The forest is relativcly pro duc
tive, thc mean productivity being 8.1 
m3ha- 1yr- 1 The highest productiv
ity is found on the western and south
eastern parts of the area. The mean 
standing volume per ha is 128 m3ha- I , 

Norway spruce being the most cornrnon 
tree species (89 m31m -1). The total 
volume in the case study area is ca 
370,000 m:l . Most of the forest is rela
tively young. In total, 70% of the forest 
is less than 40-ycars olel and 30% is less 
than 20-ycars old. Olel growth is rare, 
only 1.1 % of the forest being above 120 
years and 0.6% above 140 years of age. 

The dominating silty-sandy till 
with low base saturation is reflecteel in 
the ion composition of thc ground- anel 
surface watcr. The mineral soil is often 
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Figure 13.1: Asa, located in the middle of the pmvince 
of Smaland, is typical of alandscape once dominated 
by mixed forests and deciduou8 trees, but at present 
having pr'imarily con-ifer's, 80%. The contour 'is fiat, 
the lands cape being chamcteT'ized by 1010 rolling hüls 
and thousands of lakes and sm all str'eams, 

acidifieel to more than 1 m in deptll. The typical chemistry of both soi! ancl runoff water is low 
pH (4.5-5.5), low concentrations of base cations ancl inorganic nitrogen, and high concentrations 
of aluminium (0.01-0.03 mg 1-1). The small streams are more or less brown coloureel by organic 
matter from the surrounding forest soi!s amI peatlanels. An intensive stuely of soil water in 
one spruce stand showeel a large variation in element concentrations (Aksclsson anel Westling, 
1999). The stuely indicated tlmt the small-scale variation can be almost as large as the variation 
in the entire Asa area. The present concentrations in soil water anel runoff are influenceel by 
decaeles of high deposition of acidity. The response of water to the elecreasing acid deposition 
is however elelayed elue to slow soil processes. The bedrock under the Asa area consists of 
ulel igneous granites (Smalandsgranit), dominated by quartz, K-felelspars and plagioclase, there 
being small arnounts of biotite anel hornblende in the granite. The area has small old intru-



13.2. INTRODUCTION 357 

Land area 3288 ha 
Productive forest area 2871 ha 
Total volume 368,200 m:l 

Spruce 255,500 m3 

Pine 94,300 m3 

Birch 13,800 m3 

Volumc 128 m3ha-1 

Table 13.1: Data on the forests in Asa forest 

Forest type Area Productivity, 

Deciduous (>30 % broadleaf) 14 ha 3.3 m3ha-1yr- 1 

Deciduous 108 ha 4.4 m3ha-1yr-1 

Mixed 175 ha 8.1 m:1ha-1yr-1 

Pine 338 ha 5.5 m3ha- 1yr- 1 

Mixed conifer ha 596 ha 7.3 m31m- 1yr- 1 

Sprucc 1,562 ha 9.1 m3ha -lyr-1 

Clear-eut 79 ha 8.9 m:1ha -lyr-1 

Sum/Mean 2,871 ha 8.1 m:1ha -lyr-1 

Table 13.2: Area and pT'Od'llctivity of the forest types in Asa forest 

sions of porphyrites and gabbroitie diabases (dominant minerals are epidote, pyroxene, garnet 
and hornblende). The presence of significant amounts of epidote and of almost no pyroxenes 
suggests the intrusions to have been subject to considerable hydrotherrnal alterations. The soi! 
material at Asa was formed during the late ice-age and was laid bare 14,000 years ago. The 
soi! mineralogy is estirnated to have originated frorn a northwardly focused oval approxirnately 
20 km in diameter. The stone and boulder content of the till is estimated to represent 30-60% 
of the volume. 

13.2 Introduction 

Alandscape projection model is developed to illustrate the consequences of forest management 
for the local econornic output, the base cation budget, the nitrogen leaehing and the biodiversity. 
A number of rnanagement plans were made and certain aspects of the outeome were predicted 
and evaluated. The management plans are based on a sequence of steps according to Fig. 
13.2. The properties of the landscape - physical, chemieal, biologie al and socio-economie -
are cornbined with a set of stand management programs and land management approaches to 
develop management programs. Thc management programs are input to the third component, 
the landscape projection model. Within the landscape projection model physieal. chernical and 
biological pro ces ses and econornic results are modelIed. Values for illdicators or for criteria 
are predicted for each management plan by use of the planning model and are evaluated with 
respect to profit and sustainability aspeets. The planning procedure is initialised by applying a 
strategie set of landscape management programs ami repeated lIntil the outeome of management 
matclwd the objeetives sufficiently weil. 
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Tool box Properties of the landscape 

Physical propertics I I Biological propertics 

~======~ 
Set of stand management pro grams 

I Chemical properties 11 Socio-economic properties Set of landscape management approachcs 

13.3 

Selection and allocation of stand management 
pro grams to form alandscape management program 

Landscape projection model 

I Link between selectcd management and silvicultural activities I 
T 

I Physical, chemical and biological models I 
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I outcomeJ 
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Figure 13.2: Flow oi events in the planning model. 

The landscape model 

The landscape projection model used in the study is time-discrete and treats the stand as the 
smallest geographicalunit. The model was developed for studying the long-term cOllsequences 
of forest management programs (Fig. 13.2). Management decisiolls are treated as extern al 
variables. The frost hazard and windthrow models described earlier were used in the landscape 
model. 

13.3.1 The tree cover model 

The tree cover model uses the stand as the smallest geographie al unit. Within a stand the 
trees are recorded in three layers: the production layer, the shelter-wood layer alld the old
growth layer. In astand, trees can belong to allY of the three layers, or be found in all three 
layers simultaneously. Within each layer, the tree species pine, spruce, birch, beech, oak, and 
unspecified species as a group, are separated. The tree cover model has three development 
phases, where different biologie al pro ces ses are modelIed in each phase: 

1. The young forest phase, the period from regeneration to 8 m height 
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2. The production phase, the period between 8 m height and final felling; 

3. The old-growth phase, defined as the period between the final felling and the final decay 
of the wood. 

The model uses stand data that describes site conditions (site index, vegetation type, ground 
moisture, frost), stand characteristics (age, basal area, number of trees, diameter), history of 
silvicultural treatment (years since last thinning) and geographicallocation (links to neighbour
ing stands). During the young-forest phase regeneration and growth up to a tree height of 8 
meters occur. The main processes/variables are the numbers of regenerated stems, the time 
from final felling until the trees enter the production phase, and the calculatiou of basal area 
when the trees enter the production phase. The total number of stems after regeneration is a 
function of the number of seedlings planted and the number of naturally regenerated seedlings. 
The number of plants is recorded according to tree species. The number of seedlings plan ted 
depends on the management program selected (0-3,500 years). The 1l11mber of naturally regen
erated seedlings of a given tree species is a function of its ability to disperse to the surrounding 
and the representation of the tree species: 

1. within the stand, 

2. in neighbouring stands, 

3. in the landscape 

The number of naturally rege ne ra ted seedlings is adjusted in relation to whether ground prepa
ration has taken place, the amount of shading by shelter-wood, the site-index and the ground 
moisture (Hagner 1962, Karlsson 1994). The dependent variable is the number of seedlings 
obtained of a tree species at 1.3 meters. The function is estimated from several regeneration ex
periments, mainly in southern Sweden (Hagner 1962, Karlsson 1994). The uumber of seedlings 
is 

n Regenerated = n Planted + n Natural (13.1) 

The uumber of naturally regenerated seedlings is calculated as 

nNat1lral = (Astand' Estand + Aneighbor . Eneighbor + Alandscape . EZandscape) . C . D . E . F (13.2) 

Ai = a· (1 _ bHasaZ (13.3) 

where A is the number of seedlings of a given tree species at 1.3 meters as a function of the basal 
area of that tree species within the stand (ABtand), within the neighbouring stands (Aneighbors), 

and the landscape (AZandscape)' a, b, and c are fitted parameters, B is a dispersal coefficient 
(0-1), C is the correction if ground preparation is not carried out (0-1) (1 if grollnd preparation 
is carried out), D is the correction for the basal area in shelter-wood (0-1), Eis the correction 
for si te- index being low, medium or high (0-2) (1 for medium si te-index), F is the correction for 
ground moisture being dry, mesic or wet (0-2) (1 for mesic). i is stand, neighbour or landscape. 
"Basal area stand" is the basal area in shelter-wood layer and old growth layer within the stand 
"Basal area neighbours" is the average basal area in production layer, shelter-wood layer and 
old growth layer in the neighbouring stands. "Basal area landscape" is the average basal area 
in production layer, shelter-wood layer and old growth layer in the landscape. The time it takes 
from the final felling until the trees enter the production phase is a fllnction of the base time, 
defined as the time it takes for a 2-year-old plant, planted one year after a clear-cut, to become 
8 meters high, this varies between 14 and 61 years, depending on the si te-index and the tree 
species (Bergman 1987, Carbonnier 1971, Carbonnier 1975). A time dclay is added to the base 
time in the event of planting on patches with increased relative risk of frost (hlring the growing 
season. In the case of natural regeneration under shelter-wood, a time delay is added to allow 
for the waiting period for seed years to arrive, the time for germination amI establishment. and 
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reduced growth height due to shading by shelter-wood. The time for trees to reach 8 meters in 
height is calculated as 

tSmeters = to + D j • tFrost + D2 . (tGermination + tEstablishment + tShading) (13.4) 

where D j takes the value 1 if the stand is c1ear-cut otherwise 0, D2 has the value 1 if natural 
regeneration is used otherwise 0, tFrost is the time delay for frost injuries dependent of the 
relative frost risk during the growing season, tCermination is the the average time between seed 
years, Establishment is the time it takes for germinated seedlings to become the size of a planted 
seedling, tShading is the time delay due to shading from shelter-wood. The functions used to 
calculate the basal area during the transition from the young forest phase to the production 
phase are taken from Elving and Hägglund (1975) for pine, from Eriksson (1976) for spruce, 
from Johansson (1998) for birc:h, from Carbonnier (1971) for beech, and from Carbonnier (1975) 
for oak. The func:tions have different mathematical forms, but are all based on the independent 
variables of tree height and total stem mllnber. 

The growth simulator 
used for the production 
phase was developed within 
the HUGIN-project (Lund
ström and Söderberg 1996, 
Ekö 1985). This is an em
pirical system for the long
term forec:asting of forest 
yield, based on anational 
growth database. HUGIN 
has been used on sev
eral occasions during the 
last two decades to sim
ulate thc effects of differ
ent forestry polices on fu
ture wood supply in Swe
den (Svensson 1980). The 
main advantage of U8-

ing this material instead 
of material from perma
nent research plots was 
that it is extensive and 
representative of Swedish 
forests. The rnain disad
vantage was that at that 

Figure 13.3: A certain jmction oj the area can be set aside jor 
biodiversity conservation. Under sustainability management, such 
jmctions can be located to ar·eas oj low potential jor production or 
to areas with poor access, to minimize the impact on profitability. 
(Photo: Mats G. E. Svensson) 

time the NFI (National Forest Inventory, R.iksskogstaxeringen) was only based on temporary 
plots. Therefore, only abrief description of the stand history was possible. Growth had to also 
be calculated from cores extracted from sampIe trees. The simulator consists of three sets of 
regression func:tions: basal area growth func:tions, volume func:tions, and func:tions to estimate 
mortality. The basal area growth func:tions are the most important functions for the simulator. 
The growth model was based on the assumption of Baule (1917), that the effec:ts of different 
growth factors interact multiplicatively. On the basis of this assumption, a regression model 
was derived that could be parameterized using data from the NFI. The dependent variable was 
basal area growth during a 5-year period. Basal area growth was preferred to volume growth, 
sinc:e volume growth also includes a change in bole shape and is therefore assessed with less 
accuracy. Different functions were estimated for different species, different geographical regions, 
different site indices and different thinning his tori es (thinned, unthinned). The NFI contains 
data from both monocultural and mixed forests. The dependent variable therefore refers to the 
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basal are of a certain speeies within the plot ami not to the basal area of the sampie plot. In 
case of forecasting mixed forest aseparate growth function has to be used for each of the exist
ing species. The independent variables can be divided into those tImt describe si te conditions 
(site index, vegetation type, latitude), stand characteristics (age, basal area, number of trees, 
basal area of competing species) and stand history (number of years since the last thinning). 
For longer forecasts, growth functions are applied recursively for one 5-year period at a time. 
Volume functions are used to estimate the stand volume at every live-year interval, based on 
the updated basal area and other stand and site characteristics. Dominant height is usually 
included in volurne functions but could not be used, since height eurves are only available for 
pure stands. The mortality functions refer to two types of mortality. The first type is caused 
by competition and the second by storm, snow-breakage, etc. The latter type does not include 
the effects of major ineidents, such as extensive windthrows. The independent variable is the 
proportion of the basal area that dies during the 5-year period. A forecast will include the 
following steps: 

1. Estimation of the live year basal area growth for each species, based on site conditions, 
stand characteristics and stand history at time tU 

2. Calculation of volume at to + 5 years 

3. Estimation of mortality during to to to + 5 years 

4. Decision if thinning should be carried out 

5. Updating of variables deseribing the stand at to + 5 years 

6. Estimation of five-year basal area growth for each species, based on site conditions, stand 
eharaeteristics and stand his tory at time to + 5 

Validation of the growth simulator, by use of other simulators and of time series from permanent 
plots yielded satisfactory results. The aecuracy of the foreeast is complicated to investigate due 
to tlmt both genuine and statistical errors will occur. The genuine errors are caused by faetors in 
thc growth simulator that are not und er control, e.g. climatic change, nutrient deficiencies and 
environmental pollution. The statistieal errors can be divided into sampie errors, specification 
errors and errors of measuremcnt. Specifieation errors can lead to large deviations especially 
when extrapolations occur. It is important, therefore, to interpret the results from simulations of 
uncommon forest types and from silviculture with care. A calculation was made of the relative 
standard crror of the total growth in a stand as obtained from ten sampie plots (Holm 1981). 
For the first five years the error was 17%. For a 50-year period it was reduced to 9%. However, 
for still longer pcriods thcre was only a minor further reduction in standard error. In situations 
whcrc no extrapolation errors occur the most importaIlt source of deviation is the climate. 

The old-growth layer reduccs growth in the production layer and the shclter-wood layer. 
In order to reduee growth in the model the produr.tion layer and the shelter-wood layer were 
restricted to thc production area. The produetion arca is defincd as thc area that is not oceupied 
by old-growth laycr. The denser the old-growth laycr is the smaller the produetion area becomes. 
The productiorl area is calculated as a func:tion of the basal area of the old-growth layer (Fries 
1964, Carbonnier 1971, Carbonnier 1975, Eriksson 1976, Agestam 1985). The production area 
is recalculated each time a final felling occurs. 

Prod1LctioT! area = 1 - a . Basal area (13.5) 

such tlmt 
Prod1Lct'lonaTea >= 0 (13.6) 

where Basal aTea is the basal area of the old-growth layer and a is a parameter (0.029-0.05). 
When no old-growth layer is present, the production area is assigned the value of 1.0, implying 
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DBH (ern) 

20-39 
40-69 
70+ 

Pine Spruce ßirch Beech 

25 15 10 10 
35 25 15 15 
55 35 20 20 

Oak OUler 

20 10 
30 15 
45 20 

Table 13.3: Decomposition 01 dead trees. Average residence time (in years) in each decomposition 
dass. For each diameter class, the three decomposition classes have the same residence times. 

that the entire stand area is available as the produc:tion layer ami the shelter-wood layer. As 
soon as there are any old-growth trees, the produetion area is reduced according to Eq. 13.5. 
vVhen the produc:tion area beeomes 0, no area in the stand is available any longer for thc 
production layer or the shelter-wood layer. In the forest, tree growth slows down considerably 
as trees become older and enter the "old-growth stage". At an age 1.2-2 times over the normal 
felling age (70-120 years), most tree species gradually enter a stage in which they begin to host 
a larger lllunber of spec:ies, mainly epiphytic: lichens and insects (Nilsson 1997, Thoren 1997. 
Fahlvik 1999). l'vlany red-listed species are dependent on old trees, duc to the formation 01' 
rough bark, large dead branches, hollows and other features not found in younger trees (Nilsson 
1997, Nilsson et al. 2000). For biodiversity, central processes in the natural forests are also 
the formation of dead wood and of gaps tlmt produce !arge mic:roc:limatie variations (Kaila et 
al. 1997, Nilsson 1997, Palm 1959, Amp et al. 1999, Berg et al. 1994). Diameter growth is 
spec:ies-specific, both with regards to growth level and to growth rhythm, although in praetice 
no data on thc growth dynamies of Europcan tree species is available, so the diameter growth 
model is based on the "normal" maximum diameter and maximum ages recorded in ongoing 
studies and fieldwork in southern Sweden (Fahlvik 1999). Nesting trecs is the collec:tive name for 
trees that have attained the age at wh ich they normally host a larger number of accompanying 
species, mainly epiphytic lichens, beetles and butterflies, due to bark characteristics, presence 
of dead wood. large branches, ete. (Berg et al. 1994, Jonsell et al. 1999, Jonsell et al. 1998). 
The term rcfers to the possible presence of holes and cavities for insects such as Osmoderma 
eremita (Ranius and Nilsson 1997) and for birds (Amcoff and Ericsson 1996). At higher tree 
ages a large number of rare fungi species may abo be found (Bader et al. 1995, Jonsell 1999). 
Although the time when "nesting trees" start to develop is species-spec:ific and is also dependent 
on the stand structure and stand history (Nilsson 1997, personal communication, Niklasson), a 
higher age generally means a greater probability that a single tree will become a "nesting tree". 
The life span is speeies-specific (Schweingruber 1992) ami resembles very much the principle of 
nesting-tree formation, but mortality usually takes place after the tree has entered the "nesting 
tree" stage. However, a tree can also die before reac:hing this stage, typically as a result of strong 
winds or severe insect attacks. Dying is mode lied by the probability of a single tree dying. The 
quality of dead wood in terms of promoting biodiversity (mainly wood-living beetles and fungi) 
depends upon its original dimension. spec:ies, sun exposure and degree of dec:omposition, i.e. 
how long it has been dead (Falinski 1986, Harmon et al. 1986, Krankina 1999). Because of lac:k 
of available data on the decomposition of dead wood for the deciduous spec:ies in Europe (Kirby 
et al. 1998), mainly unpublished data and field observations was used as a basis for assigning 
a rate of decomposition, supporting this with dendroc:hronological cross-dating of tree-remains. 
The decomposition model for dead wood inc:ludes three diameter c:lasses and three decomposition 
classes (Tab. 13.3). 

13.3.2 Nutrient budgets and nitrogen leaching 

The method ernployed to model nutrient budget and nitrogen leaching involves making a budget 
calculation for each ration separately. Taking deposition and weathering as the sourc:es of base 
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\\'at\'r 11+ S04 Cl 1'\0:1 NH4 !\"tot Ca r>.'1g Na K Ali 

444 (U30 0.424 0.4:37 O.:lfi:1 0.:151 U,till O.12ß O,lU9 U.:372 0.052 <0.01 
yr pille>fiO 522 O.:WH O.:ml (),42.'3 O.33G 0.336 0.779 0.119 O.lOH O.3Gfl O.05U <0.U1 

pine 30- 579 0.21<.9 (1.:161 D.4n 0.321 0.:321 0.750 0.114 0.105 0.:\61 (Ul18 <0.01 

74:1 0.250 0.423 0.:107 O.:W7 0.721 U,114 U.lU5 O.:~61 0.050 <0.01 
sprlln~ alld 619 0.250 (J,366 0.29:1 0.29.3 O.ß9:1 0.11:1 n,099 0.31:1 0,047 <0.01 

y" 74:1 0,240 0.31:1 0.338 0.280 Q.2HG O.67D 0.111 (J.D!J5 0.291 0.016 <0.01 
Clcar-cuts X2!:", 0.216 0.286 0.2.'18 0.272 0.270 U.64~1 U,100 O.OHI 0.2S6 O.04!'i <0.01 

\Vatcf H+ 804 Cl NC);l ~H4 Ntot Ca lvI!/; Na K Ali 
200 O.O~1:l 0.424 0.4:n O.OOf'i 0.00:1 n.ll.') 0.104 0.101 0.404 n.()06 O.2fi7 

yr. pinc>ßO 2GO u.u:n U.:.ml O.12:~ O.OUS 0.00:.3 0.115 (J.099 0.096 O.:~tq 0.006 0.244 

pi ne :10- 300 0.0:10 (LW 1 0.42:1 0.005 0.003 0.115 0.096 0.09:1 0.:171 O.OO(i (1.2:Hi 

450 {J.02R 0.:~25 0.005 0.003 O.IHi o.mn O.O~g rU5.'} O.OO(i O.22ß 
spruce and :~GO 0.027 0.325 O.OOG 0.00:3 0.115 o.ot!!) 0.082 0.330 O.OO!:") 0.210 

4.',){) 0.025 o.:n:1 (J.;I:IR 0.005 o.om 0.115 0.080 0.078 rU12 O.OO[) O.HJ8 
Clear-cuts GOO o.nno 0.286 O.2R8 0.500 o.oon 0.6!)2 0.14X 0.113 0.228 0.095 O.H6 

CatchIIlt>Ilt kEq/ha \Vat.!~I H+ S04 Cl N03 ~H4 Ntot Ca :\.-Ig Na K Ali 
l\lixed stands %U O.(J!)!) 0 .. 116 0 .. "385 0.002 0.001 O.l10 0.150 0.1.36 0.3:31 0.(l14 0.056 

Table 13.4: Calculated annual water flux, present deposition and jut'Ure areal loss of different 
elements zn steady state at the c'Urrent deposition (mean of 1996-1999) of snlphur and chloride, 
kEq ha~lyr~l. 

cations, anel uptake ami leaching as the sinks, the mass balance far each base cation becomes 
(Sverelrup anel Rosen 1998): 

DELTA = U - D - W + L (13.7) 

where U is uptake, which depenels on the amounts removed from the system by harvesting, D is 
deposition, which depends partlyon human activities, \"1 is weathering and L is leaching, which 
depend on water fiux ami aciel deposition. In principle, this limitation applies to any nutrient, as 
well as to water. Such a mass balance can be made for any bulk or trace nutrient. Sustainability 
is maintained when the long-term average value of DELTA is zero. Budget calculations were 
made far Ca, Mg and K. The amount of biomass harvested is calculated using the tree cover 
model. The biomass extracted is quantified in terms of dry weight by use of regression models 
estimated from data presented in Marklund (1987) (Petersson 1999). The biomass is separated 
into three fractions: stern wood and bark, branches ami needles. The amount of nutrients 
removed was calculated by Illultiplying the micronutrient per unit content by the amount of 
biomass extracted. The micronutrient content accarding to Egnell et al. (1998) was used. Far 
other tree species than pine, spruce and birch, the micronutricnt content far birch was used. 
Calculations of water fiuxcs, current deposition and future areal loss of different elements were 
made for various farest types. Fluxes far runoff are based on data from acidified streams. The 
calculations of element fiuxes assume a long-term balance between the input and output of 
both S04 and Cl. It is also assumed that the current base saturation in the mineral soil will 
remain relatively unchangeel during the coming decaeles. This implies that the soil- anel surface 
water will also be acidic in the future and show a distribution of elements like the current water 
chemistry. The deposition ami the areal loss are dependent on the characteristics of the forest 
stand. Dry deposition increases with an increase in leaf area index, the height of the trees and 
number of sterns in the staml. Wet deposition is more evenly distributed over farest and open 
areas. The calculated mean N deposition in the aIea varied from 9 kg ha~lyr~l in open field 
to 11 kg ha~lyr~l in old spruce forests during 1996-1999. A large part of the Mg deposition, 
and to SOIlle extent also of Ca ami K, originates from sea salto 

The following empiric.al regression model was estimated from Table 13.3.2 anel used in the 
projection lllodel tu calc:1l1ate deposition: 

(13.8) 
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where Dis deposition of each cation in kEq ha-1yr-1r, B is basal area (m2), H is average tree 
height (m), a and b are parameters and k is a constant. The following models, estimated from 
Table 3.3 were used in the projection model to calculate areal loss: 

(13.9) 

where LI is areal loss in kEq ha -I yr-l, al and b 1 are parameters, and k1 is a constant. 

L2 = (a3 - b3 · B)· D3 · (1 + (D4 · 0.2 - Ds ' 0.2)) (13.10) 

so that 
(13.11) 

where L2 is arealloss in kEq ha- 1yr-1r during the regeneration phase, a3 and b3 are parameters, 
D3 is a variable tlmt takes on the value of 1 if final felling has been carried out during the last 
five years, and otherwise 0, D4 is a variable that takes on the value of 1 if final felling amI 
scarification is carried out, and otherwise 0, and Ds is a variable tImt takes on the value of 1 if 
final felling amI slash removal is carried out, ancI otherwise 0. 

(13.12) 

where L is the total areal loss in kEq ha-1yr- 1 , and ABRI and ABR2 are relations between 
total anion leaching and specific base anion leaching for K, Ca and Mg. The concentration of 
inorganic nitrogen in the soil water at 0.5 m depth follows a pattern typical after clear-cutting. 
U sually a peak in leaehing oceurs ca 3 years after cutting. Areal loss has been calculated frmn 
clear-euttings of mixed conifer forests on typical till soils at the Asa Experimental Forest. The 
eoncentrations usually peak at about 1.5-2 mg 1-1. The total areal loss during the five-year 
period after clear-cutting is 30-40 kg ha -I. Treatments tImt have an infiuence on inorganic nitro
gen leaching are shelter-wood, slash removal and scarification. In so me experiments conducted 
on mineral soils in conifer forests, shelter-wood have been found to be effective in preventing 
nitrogen leaching. By using ca 150 sterns ha -1 it was possible to deerease leaching to the con
ditions in the surrounding forest. The stern density is crucial for the effect of shelter-wood. In 
a study performed in a Illimber of stands loeated in a gradient from Asa to the west coast of 
Sweden, virtually no inorganic N leaching was found at shelter-wood densities above ca 12 m2 

ha-I Lower stern densities reduced the leaching of N as compared with dem·-cuts. Based on 
this observation a model in whieh leaching was linearly re!ated to stern density up to 12 m2 

ha- 1 was estimated. Slash removal tends to deerease the leaching of nitrogen, although the 
effect is not very strong. In the model, the effeet of slash removal was estirnated to be a 20% 
reduetion in the leaching of nitrogen. Scarification was also found to have sorne effect on the 
leaching of nitrogen, althongh the effect was smaller than what had previously been assurned 
for Sweden. In some experiments scarification has not at all affeeted nitrogen leaehing, whereas 
other experiments show some increase. In the model, the effect of scarification was estimateel 
to be a 20% increase in tlle leaching of nitrogen. The following equation was used: 

NIeach = (a - b· B). D:l · (1 + (D4 · 0.2 - D s ' 0.2)) . D6 + C (13.13) 

so that 
(a - b· B) >= 0 (13.14) 

where B is basal area of the shelter-wood, a, band c are parameters, D3 is assigned the value of 
1 if final felling has been carried out during the last five years, and otherwise 0, D1 is assigneel 
the valne of 1 if final felling anel scarification have been earried out, and otherwise 0, Ds is 
assigned the value of 1 if final felling anel slash removal have been carried out, and otherwise 0, 
anel D6 is assigned the valne of 3 if preseribed burning has been carried out, anel otherwise O. 
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Item Scarified Not scarified 

Shclter-wood 0.035 0.015 
Clear-cut 1.037 0.859 

Table 13.5: Mean concentmtion of inorganic nitrogen ((NOj J+(NHt J mg N 1-1) 1-4 years af
ter cntting. Plots were scarified the first autnmn after cutting. The shelter'-wood densüy was 
abont 150 stems ha-I, dominated by Seats pine. The mean for three sites, Länsboda. Asa and 
Siljansfors, all with till soils and mesic soil moistnre, are given 

13.4 Indicators 

It should be pointed out that biodiversity assessment using only structures, employed here, is 
still of unknown reliability (Nilsson et al. 2000). In practical tests, monitoring of indic:ator 
species in addition to structures is mandatory (Nilsson et al. 2000). Based on t.he strategy 
presented above, the following indicators are used for assessing biodivcrsity: 

1. Densities of living trees of different dimensions, deciduous trees with a DBR above 70 cm. 

2. Densities of dead trees of different dimensions, dead deciduous trees with a DBR above 
40 cm. 

3. Amount ancl supply of recently burnt trees. 

4. Spatial distribution of living and dead trees 

The mass balance for base cations consist of atmospheric deposition ami weat.hering (three rates) 
minus biomass removal by harvest (calculated from the management programs ) and lcaching. 
The criteria used far assessing the mass budget of base cations were 

1. Base cation deficit 

2. Leaching of nitrogen from the root zone. 

The crit.eria used far assessing wood product.ion and economic return is focused on t.he growing 
stock: 

1. Changes in me an volume 01' the growing stock Oll forest land (non-declining). 

2. Changes in diameter distribution of the growing stock (non-declining). 

Wood production 

1. Growth (non-declining). 

2. Difference bet.ween growth and removals of wood (>0). 

Wood extraction 

1. Removal of wood (non-declining). 

2. Percentage of timber of removals (non-declining). 

Resulting micro-economy of wood extraction 

1. Changes in net return (non-declining). 

2. Average net return over the simulation period (SEKjha). 
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13.5 Forest management 

Selection of the set of stand management programs to be used in designing alandscape man
agement program is based on three considerations: 

1. The properties of the landscape in term of its physical, chemical, biological and socio
cconomic limits. 

2. The objectives defining the direction in which the stand management programs should 
aim. 

3. The silvicultural principles and experience availablc, in terms 01' regeneration strategies, 
thinning regimcs and rotation length 

Formulating a set of stand management programs is a mixture of the three cOIllponents wherc 
(1) and (2) define the area within which feasible stand management programs can be found and 
precisely defined according to (3). Thc set of stand management programs was decided upon 
and that was utilised thcn in designing the landscape management programs is described in 
detail below. The stand management programs can be divided roughly into three categories: 
Wood production, Water quality and I3iodiversity. For each 01' these categories a ll\lmber of 
specific programs are available. It is possible to combine the different management programs 
such as Wood production and Biodiversity to pro du ce both timber and biodiversity within a 
given stand. 

13.5.1 Stand management pro grams 

The stand management program W ood pToduction 

The stand management programs tlmt aim to wood production of Scots pine, Norway spruce 
and mixed conifer stands will use natural regeneration if the site index is less than T24 or 
if the soil moisture dass is wet. In all other cases, regeneration is accomplished by planting. 
Planted seedlings are treated against browsing by roedeer and moose and against damage by 
pine weevils. If the site index is below 26 m for pine, and below 28 m for spruce, and if the 
basal area 01' Scots pine in the previous stand was !arger than 6 m2 ha- l , a shelter-wood is lcft 
after final cutting in order to protect the planted seedlings and provide seeds for complimentary 
natural regeneration. The basal area ofthe shelter-wood is 12 m2 ha- l and Scots pine will havc 
priority as shelter-wood-trees. A shelter-wood is always e left on regeneration areas on which 
the risk of frost darnage is high. The shelter-wood is cut 5-9 years after the start of regeneration. 
Scarification is done in all cases except on wet sites. Wet sites are drained and very wet sites 
regenerate natural (shelter-wood of 15 m2 ha-I) Scots pine, Norway spruce and mixed conifer 
stands are thinned pre-commercially 5-9 years after being established. In both Scots pine aud 
Norway spruce, 3-4 thinnings are done (from below), 25-30% of the basal area being rernoved 
in each thinning. The clear-cut age is dependent on site index, and varies between 65-124 years 
for Norway spruce and 80-129 years for Scots pine. 

The stand management program timt aims to produce birch makes use of natural regener
ation after scarification if birch was present in the previous stand. If possible, the seed-trees of 
birch should have a basal area of 3 m 2 ha-I, and all birch trees are left as seed-trees if the basal 
area of birch before final felling was less than 3 m 2 ha-I. The seed-trees are cut 5-9 years after 
the start of regeneration. If no birch were present before the final felling, seedlings are planted. 
Before planting, the regeneration area is scarified ami if the area is wet, drainage is carried 
out. If the percentage of coniferous trees in the stand before the final felling is above 70%, 
the birch seedlings are protected against pine weevil damage. If the planting of broadleaves is 
not permitted, the regeneration area is clearcut and scarified, the birch seeds transported by 
wind from adjacent stands being used for natural regeneration. The birch stands are thinned 
pre-commercially twice, the first after 5-9 years and the second after 10-29 years, dependent Oll 
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Table 13.6: Stand age at the time of pTe-commeTcial th:innings, thinnings and final felling fOT 
stand management pmgmrn Wood Pmd·action. FOT thinnings the peTcentage thinned is also given. 
Stand age (yeaTs): PmpoTtion of basal aTea (%) aTe given 

site index. The birch ~tands are thinned 3-5 time~, 21-30% of the basal area being removed 
at eaeh thinning. The rotation length depends on soil fertility, 45-49 years being used at the 
most fertile site~ and 70-7 4 year~ at the least fertile ones. The stand management program 
that aim~ to produce beeeh use~ natural regeneration if the basal area of beech in the stand 
prior to the final felling is more than 6 m 2 ha-I. A shelter-wood of 12 m 2 ha-1 is left if the 
site index for beech is less than 27 m. For ltigher site indices, 15 m 2 ha- J of shelter-wood 
i~ left. The shelter-wood densities are reduced in three step~. If the ~ite index for beech i~ 
below 22 m, the shelter-wood is finally removed after 25-29 year~. For site indices of 23-27 
m, the last shclter-wood is removed after 20-24 years, and for site indiee~ of 28-36 m, the last 
shelter-wood i~ removed after 15-19 year~. On dry and fre~h site~, ~carification is earried out 
and the beeeh-nuts are covered by mineral soil after ~eed-fall. If the basal arm of beech in the 
previous stand was too sm all for natural regeneration, alld if the u~er has specified planting of 
broadleave~ a~ an option, planting is done after scarification. On sites with a high ri~k of frost 
damage, ~helter-wood (ba~al area 12 m2 ha-I) is left after cutting and wet sites are drained. 
If the site index for beech i~ above 23 m, the regeneration area is fenced in before planting, 
and if tlle previous stand contained more than 70% conifer species the seedlings are protected 
against pine-weevil damage. If a beeeh shelter-wood is impossible to establish and if the user 
has specified timt planting of broadleaves is not allowed, the regeneration area is regenerated 
naturally by beech-nut~ from adjaeent stands. A shelter-wood (12 m 2 ha-I) is left after cutting 
and dry-fresh site~ are scarified. The beech stands are thinned pre-commercially three times. 
The first pre-commercial thinning is done 5-9 years after establishment of the stand the timing 
of the last two pre-commercial thinnings being dependent on site fertility. Six-eleven thinnings 
are done, dependent on site fertility, 15-30% of the basal area being removed in each thinning. 
The clear-cut ages vary from 115-119 years at tlle most fertile sites to 130-134 years at the least 
fertile ones. The stand management program that aims to produce oak uses plantation after 
scarification and field-vegetation control if the plantillg of broad-leaved species is specified as 
an option. At sites with a high ri~k of frost damage, shelter-wood is lcft to protert the planted 
seedlings. If the site index for oak is lügher than 21 m, the regeneration area is fenced in before 
plantillg, on wet sites drainage will be done, the seedlings being protected against pine weevil 
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damage if the previous stand contained more t.han 70% coniferous species. If the planting of 
broad-leaved species is not allowed, oak is regenerated nat.urally. A shelter-wood (8 m 2 ha-I) 
is left after the final felling, dry-fresh sites being scarified. The shelter-wood is cut in one step 
aft.er 5-9 years. The oak is thinned pre-commercially twice, the first time aft.er 5-9 years and 
t.he second time after 15-19 years at. fertile sites and after 20-24 years at less fert.ile sites. Thin
ning is done 8-11 tillles , 17-33% of t.he basal area being removed at each thinning. The age 
of clear-eut.ting varies from 125-129 years at fert.ile sit.es to 140-144 years at. less fertile ones. 
The st.and management program that aims t.o produce other broad-leaved species (aspen, alder, 
etc.) regenerates in the following way: If t.he basal area of other broad-leaved species in the 
st.and prior to the final felling is greater than zero, a shelter-wood (5 m 2 ha -1) is left. Dry-fresh 
sit.es are searified. If the previolls st.and did not contain any broad-Ieaved species except for 
birch, beech and oak, and if planting of broad-Ieaves is permitted, the tree-species desired is 
planted. Drainage is carried out on wet sites, the planted seedlings being prot.ected against 
damage by pine weevil if the previous stand contained more than 70% coniferous species. The 
pre-commercial thinning, thinning and final felling in st.ands of other broad-leaved species fol
lows the same program as for birch. The stand management program that aims to produce 
mixed broadleaf stands norrnally uses natural regeneration. If the combined basal area of beech 
and oak in the stand prior to the final felling is greater than 6 m2 ha-I, shelter-wood (12 m2 

ha-I) is left. Dry-fresh sit.es are scarified the nuts or acoms being covered by mineral soi!. \Vet. 
sites are drained. If the basal area of oak and beech is too low for natural regeneration and 
if planting of broad-Ieaves is permitted, the stand is planted by the tree-species desired. If the 
risk of frost damage is high, 12 m 2 of shelter-wood ha-] is left after cutting. The regeneration 
area is scarified prior to planting, wet. sites are drained and, if the site index for beech is more 
t.han 23 m, t.he regenerat.ion area is fenced. The planted seedlings are protected against darnagc 
by pine weevil if the previous stand contained more than 70% coniferous species. If planting of 
broad-Ieaves is not permitted, a shelter-wood (12 m 2 ha-I) is left after cutting, dry-fresh sites 
bcing scarified and aeom and nuts transported from neighbouring stands being used for natural 
regeneration. Thc prc-cornmereial thinning, thinning amI final felling of stands of noble broad
leaves follow the same program as for beech. The stand management program t.hat aims t.o 
produce mixed broad-lcaved stands uses natural regenerat.ion if the basal area of broad-leaved 
speeies in thc stand prior to the final felling is greater than zero. A shelt.er-wood is left after 
cut.t.ing (8 m2 ha -1). Dry-fresh sites are scarified. If the previous stand did not contain any 
broad-leaved species ami if thc planting of broad-leaves is perrni tted, the stand is planted by 
the desired tree species. Prior to planting, scarification is earried out and wet sites are draincd. 
If the previolls stand cont.ained more than 70% coniferous species, the scedlings planted are 
protccted against damage by pine weevils. If planting of broad-Icaves is not permitted and if 
the previous st.and did not. contain any broad-leaved species, the stand is clear-cut ami seeds 
t.ransported from neighbouring stands to be used for natural regeneration. The pre-commercial 
thinning, thinning ami final felling in stands of mixed broad-Ieaves follows the same program 
as for birch. 

Forest Management Program Water quality 

The main difference between the stand management programs and the minimised nitrogen 
leaching program is that in the latter a shelter-wood with a basal area of 12 m 2 ha- 1 is left 
after final cutting, cxcept for beech shclter-woods at fertile sites and coniferous stands at wet 
sites where 15 m2 ha-1 shclter-wood are left. Pre-cornmercial thinnings, thinnings and final 
felling follow the sartle schedule as for wood-production. 

Forest Management Program Biodiversity 

For stands assiglleu to biodiversity, no regeneration measures are made except for areas assigned 
to "BIO-fire" which are treated with prescribed burning after clear-cutting. After clear-cutting, 
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Table 13.7: Stand age at the time of pr'e-eommen:ial thinnings, thinnings, and final felling for 
the fOTest management progmms "Biodiversity". The percentage thinned is also given for the 
thinrring8. (Stand age (years): Proportion of basal area (%)). 

the area is regenerated by sceds from trees retained from the previous stand or by seeds trans
ported in from neighbouring stands, the desired tree-species bcing selected in pre-commercial 
thinnings. Stand management programs for biodiversity in mixed conifers, Seots pine and broad
leaves, differ from programs for the management of wood production by longer rotation periods 
amI more frequent thinnings. Furthermore, the basal area removed in each thinning is less than 
for Wood Production. In Norway spruce, a larger proportion of the basal area is removed in 
eaeh thinning, the rotation length being shorter. The stand management program that aims 
to produce noble broad-leaved stands only uses pre-commereial thinning. At thc stand-age of 
54-years, the final felling is done but all noble broad-leaved trees are retained in the final felling. 

In the biodiversity pro grams , bireh is handled in two different ways. BIO-Bireh is handled 
as described above as regards to regeneration, thinnings, green tree retention, ete. In "WP
Birch long rotation" no trees are rctained after the final eutting, regeneration treatments being 
as deseribed for "WP-Bireh" and pre-commercial thinning and thinnings are as deseribed for 
"BIO-Birch". When the stands are clear-cut, 200 trees of thc desired tree species are retained if 
possible. If the number of trees in the stand is low, all desired trces are retained. If the desired 
tree species are noble broad-leaves, all of the desired tree species are retained after clear-eutting. 

13.5.2 Landscape management approaches 

In this section we present briefly different approaches tlmt can he used to form the landscapc 
management programs needed to carry out model experiments with thc landscape projection 
model (Fries et al. 1998). Landscape management has developed during the last decade, mainly 
as a result of new objectives in forestry (e.g. preserved biodiversity, aesthetics, recreation, ete.). 
Alandseape perspective gives an opportunity to balance objectives in multiple-use forestry 
through allocating management activities within the landscape (e.g. management for nature 
cOllservation can be allocated to ccrtain areas and wood produetion to other8). The variety of 
approaches amI models timt have emerged for landscape management is a function of regional 
differences in land use history, forest conditions, recreation pressures, and ownership. Three ap
proaches ean be distinguished (fries et al. 1998): the "species approach" amI the "naturalness 
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MaxWP MinN BioCon BioDisp 

WP-Spruce 1278 998 1119 
WP-Pine 301 153 236 
WP-Mixedconifer 1292 985 982 
WP-Birch long rotation 149 150 
H20-Pine 301 
H20-Mixedconifer 2570 
BIO-Pine 2 7 
BIO-Bireh 130 63 
BIO-Beeeh 5 5 
BIO-Oak 173 31 
BIO-Fire 278 277 

Table 13.8: The extent of stand management progmrns, expressed as stems ha-I. WP = wood 
production, H20 = water quality, Bio = Biodiver·sity, Mixedconifer = mixture of spruce and 
pine, Bireh long rotation = Bireh with extended rotation eompared with what is optimal in terms 
of productivity. 

approaeh" both of those integrate conservation aspects, and the "multiple aspects approach" 
which integrates several aspects (biologieal, soc:ial, economie, spiritual, ete.) in commercial 
timber-producing forestry. The "species approach" has two theoretical models that could be 
used to develop applicable models in practical forestry planning. These are island biogeogra
phy (MacArthur and Wilson 1967) and landscape ecology (Forman and Godron 1986). The 
"species approach" forms the basis for the landscape planning model termed "Key Habitat
Corridor l'vIodcl". This model is partly founded on island biogeography (MacArthur and Wilson 
1967), but primarily on landscape ecology (Forrnan and Godron 1986). Island biogeography 
suggests species and gene dispersal between key habitats to be promoted if the key habitats 
are not too distant. It also suggests the probability that species survival in key habitats will 
increase with increasing key habitat size. Landscape eeology expands the theoretieal basis for 
the model. This diseipline emphasizes the spatial strueture of entire landseape mosaics, the 
interactions between spatial elements, and changes in the spatial pattern over time. It deals 
with many of the shortcomings when island biogeographie theory is applied to terrestrial ecosys
tems, such as the fact that the matrix surroUllding a key habitat in a forest landscape has a 
relatively complex spatial structure. A forest landscape matrix is also dynamic and eeologically 
important in itself (Franklin 1992, Liljelund et al. 1992, Oliver 1992, Wiens 1995). Combining 
different stand management programs within a given landscape forms alandscape management 
program. The number of possible landscape management programs is equal to the number of 
stands raised to the number of stand management programs. The number of possible landscape 
management programs beeomes very large as so on as the nurnber of stands increase (in our 
ease approximately 2,500) or the mlmber of stand management programs increases (in our case 
approximately 12). In order to limit the large number of possible landscape management pro
grams, we formulated four timt roughly pinpoint the boundaries of the others. These four are 
strategically chosen are "Maximise wood produetion" (MaxWP), "Minimise nitrogen leaching" 
(MinN), "Preserved biodiversity by eoncentrating nature conservation" (BioCon), and "Pre
served biodiversity by dispersing nature eonservation" (BioDisp). The concept of concentrated 
nature conservation is used to describe two things, first that nature conservation is the dominant 
objective in certain stands, and secondly tlmt these prograrns are coneentrated in the landseape, 
i.e. alloeated e10se to each other. Dispersing nature conservation refers to the opposite, that 
nature eonservation is integrated with wood production, and tlmt these programs are applied 
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WP-Spruce 
WP-Pine 
WP-Mixedconifer 

1'vlaxWP 

SI >T26/G27 
SI <T24/<G24 
SI >=T24-
<=1'26 and SI 
>=G24-<=G27 

MinN BioCon 

SI >T26/G27 
SI <T24/<G24 
SI >=T24-<=T26 or 
SI >=G24-<=G27 

BioDisp 

SI >T26/G27 
SI <T24/<G24 
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SI >=T24-<=T26 or 
SI >=G24-<=G27 

WP-Birch long 
rotation 

Located close to Bio- None of the other, 

H20-Pine 
H20-
Mixedconifer 
BIO-Pine 

BIO-Birch 

BIO-Beech 

BIO-Oak 

BIO-Fire 

SI <T24/<G24 
8I>=T24/>=G24 

programs and lakes 

Reserve with Pine 
forest 
Located close to 
present Oak/Birch 
patchcs 
All stands with 
Beech 
Locatcd close to 
present Oak patches 
Locatcd to an area 
wi th present Pine 
forest in the north 
east part 

BIOprograrns and 
birch > 850 sterns 
ha- 1 

Reserve with Pine 
forest 
Age > .50 years and 
bi reh > 50 steIns 
ha- 1 

All stands with 
Beech 
All stands with Oak 
and no Beech sterns 
Pine>400 sterns 
ha - I, distance to 
road<100 rn and 
81<29 

Table 13.9: Criteria for allocating stand management programs in the landscape. * T=pine, 
G=spruce 

independently of loeation. MaxWP stands for a landseape management program that aims 
at high wood production with no other objeetive. MaxWP uses the stand management pro
gram "Wood production", which uses silvicultural measures tlmt are permitted by the Swedish 
Forestry Act. For that reason digging of new ditches, clones and fertilising is exduded. MinN 
stands for alandscape management program timt minimises the leaching of nitrogen to the 
ground water through use of stand management program "Water quality". BioCon stands for a 
landscape management program that aims at preserving biodiversity. The nature conservation 
measures being concentrated to areas inhabited by red-listed species, or areas in whieh the tree 
cover features can serve as habitat for red-listed species, so-called critical elements. BioDisp 
stands for alandscape management program timt aims at preserving biodiversity by dispers
ing nature conservation measures. In BioDisp nature conservation and wood production are 
integrated in the majority of the stands. In these stands, management aims at creating mixed 
conifer and hroadleaf forests in which a number of old-growth trees are Icft at the final felling. 
In a minority of stands, with characteristics dose to the key habitat, nature eonservation is 
the sole aim. The number of old-growth trees in BioDisp for thc stand management prograrns 
WP-Sprucc, WP-Pine and WP-Mixedconifer are birch 12 stems ha-I, oak 11 stems ha- l and 
pine 15 sterns ha-I). In BioDisp for stand management program WP-Birch Long Rotation 12 
bi rehes are left as green tree retention per ha. The corresponding number for BioCon is 25 
sterns ha-I. 

13.6 Evaluation of the management programs 

The outeome from the modelling is registered in indieators or critcria comparable with indicators 
or criteria cxpressing/quantifying objectives. It is evident timt the programs have been effcetive 
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in t.he sense t.hat each of the landscape management programs is "best" when evahIated in 
terms 01' the main aspect it was designed far. Thus, the Eio programs provide t.he best results 
in t.erms of the biodiversit.y relevant variables, while the MaxWP program yields t.he highest 
t.otal return far the planning period and the MinN pro gram is best in preventing t.he leaching 
of nitrogen. It. is evident from the aggregated results for the different landscape management 
programs t.hat no program is dominant. in the sense of its being bettel' than t.he others in 
all respects. They can be seen as providing initial inputs into what can become the future 
optimizing scheme far it.eratively finding the maximum goal achievement. It. should be noted 
timt. t.he out.come in biodiversity terms could not be describe in one-dimensional quantitative 
t.erms., BioCon, however, was judged t.o be considerably bettel' than EioDisp. Thus, there is 
considerably potential for cont.rolling the outcome in terms of biodiversity by employing different 
landscape management programs. The main conclusion that can be drawn is that it is possible to 
form very different landscapes over a longer time period with the management options available. 

13.6.1 Effects on biodiversity on land 

The landscapc management programs MaxWP and MinN will probably climinate many species 
and prevent colonisation of previously locally extinct species sinee these lands cape management 
programs will reduce broadleaves, t.he numbers of trees of large diameter amI t.he amount. of dead 
wood. Many common species would also disappear from den sc spruce stands (Magura et al. 
2000). Thus, there is no reason to diseuss these landscape management programs furt.her from 
a biodiversit.y preservat.ion perspect.ive. It. is import.ant. t.o highlight. sorne aspects of t.he models 
used when int.erpret.ing t.he results of simulations. When modelling t.he diamet.er development, 
the calculat.ions are based on the me an diameter of t.he t.rees in the stand. In reality, all 
st.ands consist. of trees of different. diameter classes, usually following anormal dist.ribut.ion. 
The diamet.er dist.ribut.ion depend, on stand history, management hist.ary /regimcs (especially 
t.hinning programs) and the t.ree species involved. This me ans t.hat some trees in a stand re ach 
large diamet.ers (40 cm, 70 cm) mueh earlim than the mean tree of the st.and. Ot.her deeiduous 
t.rees t.han beeeh, oak amI birch were not. accounted for in t.he projeetions duc to a lack of dat.a 
and models describing t.hc development of these ot.her deciduous speeics. This is important when 
discussing biodiversity, sinee trees such as aspen, Populus tremula and willow Sali.T caprea may 
be of great importanee for biodiversity. In the simulat.ions, t.hese speeies disappeared almost 
completely over time. Rowever, in reality, if they had been favoured by silvieultural measures, 
t.hey would inst.ead have increased to above t.he present levels, especially in burned areas. The 
nat.ural mort.ality patterns of t.rees and t.he development of import.ant. feat.ures t.hat occur with 
higher tree age is largely unstudicd in European tree species, due to the focus on managing 
forest.s for timber production. In such forest.s, rot.ation periods are ab out. half or evell less t.han 
t.he nat.ural life span of t.he t.rees. The out.come of the simulat.ion must. thus be regarded as 
imprccise in t.enns of the absolute values and numbers of t.rees entering the diameter classes of 
40-70 Cln alld >70 cm. We believe, however, t.hat t.he general t.rends in Illortality and death 
should reflect the real situat.ion. It. t.akes a long t.ime, st.art.ing wit.h the current sit.uat.ion, before 
a great.er density of large dead t.rees is at.t.ained. Regarding large living t.rees, t.he densit.y of dead 
trces >40 cm increased over t.he entire simulat.ion harizon. On t.hc ot.her hand, t.hc tot.al density 
of dead trees of the dimension of 20-40 cm DER was found t.o decrease over t.ime. We have 
suggest.ed that about. 6 dead t.rees per ha with aDER greater t.han 40 cm may be needed for 
biodiversity preservation and restoration in boreo-nemoral forests (Nilsson et al. 2000). Aft.er 
240 years almost. 5 such trees werc attained, not. far off t.arget.. In SOIlle st.ands, however, t.he 
densit.ies was about. 60 dead t.rees >40 cm per ha aft.er 240 years, which seems very high. We may 
possibly have overest.imat.ed the decomposit.ion t.imes for some or all of the c:at.egories of dead 
t.rees. This underlines t.he need for studies of decomposition t.imes for t.he largest. dimensions 
(>40 and >70 cm) of t.he different t.ree species. The rec:ently burned area is quite st.able over 
time and alllouut.s to approximately 2.3 ha yr- 1 . One irnport.ant. result obtailled for EioCon 
was the large numbcr of large birches alld pines that developed in t.he bllrned area. When 
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the area is burned again, these tree~ will be large ellough to survive in large nurnbers and will 
provide very valuable habitats for threatened species. Furtherrnore, when these large trees die, 
they will be even Illore valuable since the threatened beetles species as~ociated with dead pines 
and birche~ are considered to be favoured by sun-exposure (Gärdenfors ami Baranowski 1992, 
Ehnström 1999). Quantitative studies appear to be lacking, however. The species dependent on 
bur nt forests are mainly dependent on burnt trees and the ground below burnt trees, and not on 
burnt ground per se (Wikars 1997). Thu~, the burnt patches in BioDisp are much less valuable 
than those in BioCon. This difference is probably important for species dependent on a low 
nitrogen concentration in the soi! and a more or less constant open forest. We predict tlmt dwarf 
shrubs e.g. Vaccininm rnyrtillus, V. vit'is-idaea and leguminous plants would be more frequent in 
regularly burnt patches, provided the severity of each burning rcmain low or varies and providing 
grazing by deer is held under control to a greater extent than it is today. If so, regular burning 
would favour such species as Capercallie Tetrao 'Urugallos and Illany butterfly species that have 
decrea~ed continuously during the last 100 years. We eonclude that the burning of forest land 
per se is of questionable value from a biodiversity point of view, whereas a well-developed 
strategy for burning may provide habitats supporting many threatened specie~. Overall, the 
tree species composition in the production layer, the shelter-wood layer and the old-growth layer 
changes very slowly, although after 180 years or more the proportion of spruce had decrcased to 
ab out 50% of the basal area, whereas pi ne had increased to about 35%. Birches had increased 
to ab out 10% after 120 years. The differences in basal area~ between BioCon and BioDi~p are 
sm all for these tree species. On the other hand, the proportion of oak was twice as high in 
BioCon as in BioDisp after 180 years, due to the strong efforts to increase this species in area in 
which the stand management program Bio-Oak was employed. The tree species corllposition in 
the burnt area in BioCon converged to nearly equal proportions of pine ami birch with no other 
tree species. However, if favoured by management Illeasures, aspen, willow, oak and spruce 
ought to be found in the burnt area~. In a burnt fore~t in southeastern Sweden the numbers of 
seedlings per m2 one year after the lire were: 90 pines, 60 aspens, 30 spruces, 20 birdIes and 7 
willows (Gransträm 1991). The model for ~uccession on burnt and managed forest land could 
be developed further, since the special characteristics timt burning causes affect the results of 
regeneration. Both the lesser spotted woodpecker, Dendrocopos minor, and the white-backed 
woodpecker, Dendrocopos leucotos, require at least 20% older deciduous trees within an area 
of at IllO~t about 200 ha in order to survive (Nilsson et al. 2000). The two patches in BioCon 
with old deciduous trees ami burnt forest, respectively, provide suitable habitats for at least two 
pairs of the regiollally extinct whitc-backed woodpecker, and for the other woodpeckers as well. 
It is questionable, however, whethcr BioDisp can provide suitable habitats for the white-backcd 
woodpecker, duc to the fragrnentcel pattern of eleciduous trees. 

13.6.2 Nutrient budgets 

All lands cape management programs reIllove nutrients from thc soil, including base cations. 
Although, the harvest is elominatcel by ~tem wooel, the branches also represent a substantial 
loss of base cations duc to their relatively high content of nutrients, elespite the ca1culations 
assuming no harvest of needles. Branches are not harvested in MinN. MaxvVP show~ the 
largest harvest in terms of bioma~s. Soil weathering rcpresents an important input of ba~e 
cations to forest ~oils. To sirnplify, the mass balance ca1culations of base cations include three 
levels of weathering rates were ernployeel für all stands. The mass balance calculations of base 
cations comprise the atmospheric deposition ami the approxirnate weathering minus bioIllass 
removal by harvest anel leaching. The input data to the mass balance ca1culations are pertain 
to inelividual stands, except for weathering. The results obtain, presented as annual average 
data for the four management pro grams , are shown in Table 13.11. The mass balance of the 
SIlm of base catiollS (BC) is calculated for each of the three weathering rates separately. A 
negative mass balance means an average net loss of ba~c cations acro~s the simulation horizon. 
The variation of the ma~~ balance between the 2,500 forest stand~ in the ~tuely area is large, 
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Landscape management program Stem wood Branches Needles 

MaxWP 2.53 0.20 0 
BioDisp 2.12 0.11 0 
BioCon 2.18 0.15 0 
MinN 2.42 0.00 0 

Table 13.10: Biomass removal by harvest fram 2,870 ha, average ton ha- 1 yr- 1 dur'ing 240 years 

due mainly 1,0 tree species, production and harvest intensity. The percentage of the area with 
net loss of base catiolls (median weathering for all stands), as calculated for each landscape 
management program, is also presentcd. Table 13.11 shows the net loss of Ca and Mg for each 

Landscape Ca Mg K Sum BC Negative BC SumBC Sum BC 
management W % of area W W 
program Median low high 

MaxWP -0.084 -0.017 0.0;)3 -0.068 55 -0.173 0.010 
BioDisp -0.063 -0.008 0.042 -0.029 42 -0.135 0.048 
BioCon -0.060 -0.009 0.041 -0.028 46 -0.134 0.049 
MinN -0.029 -0.002 0.052 0.021 35 -0.085 0.098 

Table 13.11: Ma88 balance of base cations in forest soil (2,870 ha), average in keq ha-1yr- 1 over 
the simulation horizon. Calc1J.lations of individual elements have 'used median weather'ing in the 
ma88 balance (BC = Base cations) 

of the lands cape management programs. The net loss is highest for the MaxWP program due 
mainly to the greater removal of biomass and nutrients. The MinN program shows the lowest 
net loss, mainly because of there being no harvest of branches. K shows a positive balance in 
all the programs, duc mainly to the relatively high weathering rate of K in the Asa area. The 
sum of the base cations shows a net loss from the soi!. The present atmospheric deposition of 
acidifying air pollutants is lmv eompared with the period of 1960 to 1990. The high deposition, 
and to sorne cxtent thc high production and uptake of base cations in the trees, have decreased 
the base saturation in thc forest soils of large parts of Sweden. The model ealculations reveal an 
average loss of 50% of the base saturation down to a depth of 50 em in forest plots in southern 
Sweden (l'vIoldan et a!. 1999). The average loss of base cations in the soil during the last 100 
years of that study was estimated to be approximately 26 keq ha -I. This can be cornpared with 
the calculated los ses in the case study during a single rotation (80 years) being 2.2 keq ha-1 

(BioCon), 2.3 keq ha- 1 (BioDisp) and 5.4 keq ha-1 (MaxWP), respectively. 

The comparison shows the average losses of base eations in the different management pro
grams to be moderate (10% to 30% of totallosses 1970-2000) as compared with the effects 
eaused by the high historie deposition of acidifying air pollutants. To this it can be added 
that the weathering rate is the property of the forest owner and is his asset to be used as raw 
material in forest production, whereas the use of weathering for the neutralization of trans
boundary pollution is an act of trespassing on property and represents the unsolicited use of it. 
This is aggravated by the possibility timt use of the weathering rate call be strongly affected 
by this trespassing, rnaking it o[ paramount importanee to either strongly reduee aeid depo
sition to a level of full compliance with critieal loads, or to ereate an international invoieing 
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Program N umber of large 
li ving/ dead trees, 
ha- 1 

BioCon 0.7/4.7 
BioDisp 1.05/4.5 

Biodiversity indicators 
The increase of The increase 
the number of the nurnber 
large living trees large dead trees 

Faster 
Slower 

Slower 
Faster 

of 
of 

375 

Spatial distri-
bution of burnt 
trees and old 
living trees 

Concentrated 
Fragmented 

Table 13.12: A compilation of predicted outcornes obtained fTOm the forest management pTOgmms 
BioCon and ßioDisp. 

scheme through which the polluters are made to pay the full allel complete eosts of what they 
are presently doing through trespassing anel violation property rights both to income and stock, 
both visible anel hidelen. The consequences of the net loss of base cations is a risk for long-run 
nutrient imbalance. The calculations assurne the same nutrient uptake by trees and the same 
leaching eluring the entire perioel independent of the net changes in the soi!. The elepletion of 
base cations can be expecteel to elecrease the concelltrations of them in surface water, which 
can enhance the existing problems regarding aeidifieel strearns. Historically, stream water pro
vieled lower concentrations of base cations than at present, present leaves either being elevated 
because of acidification ami the leaching of base cations, or decreasing because of far-reaching 
soil depletion. The effects of soil acidification and of aluminium on nutrient uptake anel tree 
vitality have been systematically ignored in the four scenarios. Any direct cffect of air pollution 
on trec growth and vitality havc also been ignoreel in the present assessments. Two landscape 
management programs, MaxWP and BioDisp, were used for evaluation of the probable risks to 
forest health at the end of the simulation horizon. It is evident from the base cation buelgets 
that MaxWP was not sustainablc in largc parts of the case study area, due to an obvious risk 
of nutrient imbalance in the trecs. In MaxWP, in which there is a dominance of Norway spruce, 
17% of the area was found to have a negative buelget for the important base cations, Ca, Mg 
and K, whereas in BioDisp the area with a negative Ca, Mg anel K buelget was 13%. With a 
lügher percentage of deciduous tree species and a longer simulation horizon, the area in which 
there is a negative nutrient budget may have decreaseel still further. In BioDisp, Seots pine, 
Norway spruce and birch are found in mixtures to a greater extent. Even this lanelscape man
agement program, however, showcel negative values for the Ca amI Mg buelgets, there was no 
difference in risk assessment between the two lanelscape management programs, although with 
another mixture of tree species thc result might have been different. In MaxWP, Norway spruce 
is the dominant tree species. A negative Ca budget further increases the risk of attacks by 
pests amI pathogens. A decreased Ca availability preelisposes the trce to eliseases that weaken 
or pcnetrate the cell walls (McLaughlinn ami Wimmer 1999). On thc sites with a negative K 
budget, the risk of Armillaria infection increases (Moore et al 1993). 

13.6.3 Effects on water quality 

The most important faetor affecting the leaching of nitrogen is the anIlUal area tlmt is dear
cut. The area clear-cnt or regenerated under shelter-wood varies aceording to the landscape 
management progranl. The lJighest lcaching oecurs in the MaxWP program. The leaching over 
time follows approximately the presence of clear-cut areas, the highest valnes being expected to 
occur 50-100 years from now. Thc me an eliffcrence bctwcen the MaxWP and the NlinN program 
is approximatcly 0.16 kg N ha- 1yr- 1 . The reason for the rather small difference between the 
programs is that in tlle l'vIax\VP program large areas are also regenerated nnder shelter-wood. 
If instcad, a11 areas had been clcar-cut in the MaxWP-prograrn the difference in leaching as 
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compared with MinN would have inereased by a factor of 3 (from 0.16 kg N ha ~lyr~l to ca 
0.48 kg N ha~lyr~l). The difference between the two programs was rather small due to the fact 
that we have ealculated the same base leaching (2 kg ha~lyr~l), and that leaching only peak 
during the relatively scldorn occurring clear-cuttings. 

13.6.4 Effects on tree vitality 

In the following, the out comes of the landscape management programs Max\VP and MinN in 
terms of frost and wind damages are assessed from a wood production perspective. Of the 
different kinds of frost damage timt may occur, radiative frosts during the growing season 
mainly damage short vegetation growing in locations well exposed to the cold night sky, such 
as tree seedlings on a dear felling. The frost-risk model is one step towards developing a tool 
for assessing the risk of frost damage of this type, one that can be applied to alandscape, such 
as to the prescnt ease-study area. The next. step will be to couple this model of relative risk 
with a model for simlllating the effeets of shelter-wood and of scarification (Blennow 1998), two 
silvicultural measures for reducing the risk of exposure to low temperature during the growing 
season. Furthermore, the frequency of low temperature events during the growing season and 
the cold hardiness of the seedlings need to be considcred. The distribution of frost-hazard 
classes for clear-felled areas within the case-study area is not expeeted to change unless the 
relative importance of the different processes gives rise to changes in temperature pattern. Such 
changes can be expectcd after marked alterations, such as the extensive clearing of a forest. 
This is not a characteristic of any of the different landscape management programs evaluated 
in this study. The model can thus be used for determining the distribution of the relative risk of 
frost oceurrence Oll cleared areas during the growing season. When diseussing the relative risk 
of frost damage, the model will be lesB usdul as the number of tree species increase, since speeies 
react differently to low temperatures. The following diseussion will foeus on the two landscape 
management programs with few tree species involved, Maximum Wood Production (MaxWP) 
and Minimum Nitrogen Leaching (MinN). Large proportions of area under regeneration will 
make the landscape less robust in a frost damage perspective, at least as long as no risk reducing 
measures are taken. Such measures could involve the use of shelter-wood, searifieation, frost
hardy provenances or species for planting and consideration of management program in relation 
to frost hazard dass. Except for the choice of a frost-hardy plant material, these measnres are 
induded in the landscape management programs Maximum Wood Production (MaxWP) and 
Minimum Nitrogen Leaching (MinN). Comparing the two programs, in MinN a shelter-wood is 
always left. at final felling whereas in MaxWP shelter-wood is used at sites of medium or low 
fertility and at sites classified as being frost-prone. In the simulations, the acreage of young 
forest which is not growing within shelter-wood (growing exposed to the cold night sky) is slightly 
larger for the MinN program than for the MaxWP program (10-15%). In discrimillating in terms 
of frost hazard dass between different locations in the landscape, the aereage of exposed young 
forest in the highest frost hazard class is larger for the MinN (0-15%) than for the MaxWP 
progranl. This is probably an effect of the timing of shelter-wood removal, which is carried out 
5-9 years after the final felling, in whieh case the difference in aereage does not primarily apply 
to the early part of the young forest phase, whieh is more important for the risk of frost than 
the latter part of thc phase iso For the young forest phase as a whole, MinN appears somewhat 
less robust in terms of frost hazard than MaxWP. However, the frost risk reducing measures 
employed in both programs should effeetively reduce the frequency of frost events when the 
seedlings are less t.han 1 m in hight.. In comparing t.he two programs in terms of risk of frost 
damage, the resistance of the tree species to low temperat.ure needs also to be eonsidered. In 
the lands cape management prograrns, Norway spruee and Seots pine are favoured over other 
speeies. Seedlings of Scots pi ne are more resistant to low ternperature than Norway spruce are 
(Christersson ancl von Fircks, 1988). In the simulations, Seots pine inereased in number over 
time compared to Norway spruce, especially in the case of the MinN program. Regarding the 
risk of frost darnage, this difference in species composition is probably more import.ant than the 
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contrasting cffect between the landscape management programs in terms of frost hazard. 
In order to be able to evahmte the landscape management programs Max\VP and l\linN, 

parts of the system of models were run for each program at four points in time during the 
simulation period. At each point in time and for each program, the number of stands having at 
least one 10 m edge was calculated. The 1lI1mber of stands with sueh edges was initiaUy larger 
for the MinN program. After 180 years of the simulation horizon, however, the eonditions were 
reversed, this indicates the risk of windthrow to be larger for MinN than for MaxWP until 180 
years from present.. Considering thc larger amount of shelter-wood in the MinN program, as 
described above, and of the fact that shelter-woods are less resistant to strong winds, it is likely 
timt the risk of windthrow, when eonsidered for the simulation period as a whole, is greater 
for the MinN than for the MaxWP program. However, it is not only the number of stands 
with 10 m edges in a landseape that determines the risk of windthrow lmt also the variation 
in wind direction. This means that the direetion of an edge is of importanee. Furthermore, 
the distribution of wind speeds over the landscape varies with direction of the wind and with 
land-use. Thus, the frequency of direction of strong winds amI the loeation of a stand edge in 
the terrain are important as weIl. This means too that it is possible to influenee the risk of 
windthrow by taking the loeation in space, preferably at a landseape level into account, when 
ehoosing management. measures. Additional ways of affecting the risk of windthrow include 
choiee of silvicultural treat.ments, such as thinning regime (Niclsen 1995) and the number of 
CHnopy layers within a stand (Gardiner 1995). The latter can be expected to increase when 
applying stand management programs aimed at preserving biodiversity, in which case the risk 
of windthrow is be reduced. Another factor affecting the resistance to windt.hrow is the t.ree 
species composition. Since in southern Sweden strong winds are more frequent during the 
period when deciduous trees have shed their leaves, int.rodueing a greater number of deciduous 
trees into alandscape ean be expeeted t.o reduced risk of windthrow. In assessing the risk of 
windthrow several of the aspects mentioned above will be evaluat.ed quantitatively using the 
system of models presented. 

13.6.5 Economic effects 

The growing stock varies over time between 120 and 230 m3sk ha-I, depending on the age dass 
distribution. For the landscape management programs MaxWP and MinN, the average levels 
during the first and last 90 years of the simulation are ab out. equal whereas for the BioCon ami 
BioDisp programs thc growing stock is lligher during t.he first period than during the last. In 
aU thc landscape management programs, the t.ree species eomposition changes over time. In the 
MaxWP and MinN programs, the proportion of broad-leaves decrease towards 0 during thc first 
100 years and remain there. The proportion of spruce also decrease during the first 150-200 years 
of thc simulation, there in colltrast beillg an inerease in the proportion of pine during tlmt period. 
For the BioCon and BioDisp programs, the ehanges in tree species composition are towards more 
broadleaves and pine, and less spruee. In BioCon, the proportion of broad-leaves rises from 5% 
to 15% by 180 years from the present point in time, whieh is the maximum proportion during t.he 
simulation. The corresponding figures for BioDisp being 6% to 18%. For ßioCon and BioDisp, 
the ehanges in broad-leaves proport.ions over time show a sirnilar pattern, the inerease in the 
proport.ions of pine amI t.he decrease in the proportions of spruce being similar in magnitude 
and pattern over time fm those two programs. In gencral, the changes in the proportions of pine 
and spruce occur chHing the first 90 years, the proportions rcmaining relatively stable during the 
last 150 years of t.he simulation. In a11 landscape management programs, applied management 
rnethods have fuU cffect on tree speeies cOluposition 150 years from present. The diamet.er 
distributions varied little between the different landscape management programs Over time, 
thc management programs resulted in an average wood removal of aroulld 7.0 m:lsk ha-1yr- 1, 
whercby for IvIaxWP it was 7.2 m:lsk ha-1yr- 1, for MinN 0.9 m:lsk ha-1yr- 1 , for BioDisp 6.5 
m:lsk ha-1yr- 1 and for BioCon 6.5 rn3sk ha-1yr-1 The reduction in wood removal is 4% for 
IvIinN and 9 amI 10%, respectively, for BioDisp ami BioCon. The differenees are due to t.he 
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Program N leaching compared Net return compared Reduction in net re-
with MaxWP with MaxWP turn for reducing N 

leaching one kg 

kg N ha-1yr- 1 SEK ha-1yr- 1 SEK kg(N)-l 

MaxWP 2.19 1,539 
BioDisp 2.15 1,387 3,779 
BioCon 2.15 1,369 3,771 
MinN 2.03 1,445 587 

Table 13.13: Reduction in N leaching and net Teturn compaTed with Max WP. Reduction of net 
TetuTn JOT Teducing N leaching by one kg in the lands cape management pTOgmms MinN, BioCon 
and BioDisp calculated as Teduction in net Teturn divided by Teduction in N leaching 

current age class distribution and to the wood removal peaks 90 years from the present as a result 
of a large proportion of the forest being reaely for final felting. The decrease in wooel removal 
over the simulation horizon is connecteel to the lower growth causeel by the transformation of 
the present Spruce forests to mixed Spruce anel Pine forests. For alt the lanelscape management 
programs, removals are lesser in magnitude than growth, seen over the simulation horizon 
as a whole. The proportion of timber in the total wooel removed varies with the age dass 
distribution but remains for altlandscape management programs at 30% on the average during 
the simulation horizon. Thc microcconomic analyses carried out in this study focused on the 
costs and incomes that originate from silviculture, logging anel wood sale. The microeconomic 
output is calculated by subtracting the costs that originate from the goods and services needed 
for silvicultural measures and the logging activities from thc incomes that originate from sale 
of wooel. Other costs, such as for road building, planning, administration, or incomes, such 
as incomes from hunting, are not indueleel. Over time the relative net return decreases for the 
management programs MinN, BioDisp and BioCon as compared with MaxWP. The differences 
are a few percent at the bcginning of the simulation horizon anel inerease to 15-20% at the 
end. This pattern is due to the present forest conditions of high growth of valuable wooel being 
exploited in alt programs during an early part of the simulation horizon and its only being 
fulty restored in the MaxWP program. Late in the simulation horizon the BioDisp and BioCon 
programs can no longer benefit from the present forest conditions and the relative net return 
decrease, since the forest conditions change as a result of management, the differences in net 
return increase. 

13.7 Conclusions 

Different strategie lands cape management programs were formulated differing in their objectives 
and effective in achieving the out comes aimed at. The degrees of freedom in the creation of 
different scenarios for future landscapes is large, and a considerable freedom of choice exists. 
The cases studied suggest the order of magnitude for the costs required for meeting multiple 
goals. Based on the assumptions made, the resltlts were as foltows: The costs of biodiversity, 
in terms of the reduction in the average llet return over the simulation horizon (240 years) 
were 10%, less at in the beginning of the simulation horizon (0 to 5%) than at the end (15 to 
20%). The benefits of biodiversity increased over time as the economic return dropped. Nothing 
was gained economicalty by concentrating nature conservation. Various ways of improving the 
landscape management program BioCon are suggested in order to point out the potential a 
concentrated strategy can possess. The leaching of nitrogen is caused mainly by the high 
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Program Ca Mg Dolomitic Wood Fertiliser 
limestone ash Skogvital 

Kg ha-1 

MaxWP -135 -17 620 900 1,020 
BioDisp -101 -8 470 670 760 
I3ioCon -96 -9 440 640 722 
MinN -47 -2 220 310 350 

Table 13.14: Approximate losses of base cations and approximate d08es of fertilisers for compen
sation during one rotation (80 year), kg ha-l. Doses of wood ash are based on average nutrient 
concentrations after combustion of branches and tops. The utilization efficiency of the product 
and the purity of the prod-ucts vary a lot, efficiency from as 1010 as 30% for coarse dolomitic crush 
to nea.rly 100% in fine-grained ashes, the purity vary from 75% to 95% depending on origin. 

Item 

Growth average (m3 sk ha- 1yc 1 ) 

Growth end of simulation (m3sk 
ha- 1yr- l ) 

Removal average (m3sk ha-1yr-1) 

Area with BC deficit 
Productive loss in stock (m3 sk) 
Leaching N (kg ha-1yr- 1 ) 

Fertilizing need (t ha- 1 

Risk summary 

Soil acidific:ation stress 
Air pol! u tion stress 
N ut.rient. deficiency st.ress 
Frost damage 
Wind damage 
Browsing 
Pine weevil 
Bark boring insects 
Butt rot 

Time to one oak>70 c:m BRH) per 
20 ha (yr) 
Spatial pat.tern of large living and 
dead trees 
Biodiversity evaluation 

Maximum 
production 

7,6 
7.4 

7.2 

1,539 

55% 
6 

2.19 
1-3 

(high) 
n.a. 

high 
moderate 
moderat.e 

1.94 
78.4 

30 
high 

n.a. 

n.a. 

n.a. 

Minimum 
N leac:hing 

7.2 
7.0 

6.9 

1,445 

35% 
8 

2.03 
0.7-2 

(high) 
n.a. 
high 
less 

high 
2.07 
56.5 

29 
moderate 

Biodiversity 
concentra ted 

7.0 
6.9 

6.5 

1,369 

46% 
20 

2.15 
0.7-2 

(partial) 
n.a. 

partial 
Il.a. 
n.a. 
2.68 
60.1 

26 
less 

n.a. 120 

n.a. Concentratcd 

n.a. ++ 

Table 13.15: Summary of assessment re.mlts 

Biodiversity 
dispersed 

7,1 
6.8 

6.5 

1,387 

42% 
20 

2.15 
0.3-1 

(moderate) 
ll.a. 

moderate 
n.a. 
n.a. 
2.87 
62.2 

25 
less 

180 

Dispersed 

+ 
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deposition amI is partly outside the control of furestry. However, the leaching of nitrogen can 
be reduced only slightly, by 10%, over a long period of time, when the amount of final felling is 
high the reduction cau oec:asionally be as high as 20% its being due in this case to shelter-wood 
being left at final felling. The effect on nitrogen leaching of slash removal and scarification was, 
based on empirical evidence, assumed to be srnaller than that of leaving dense shclter-wood (12 
m2ha -1) instead of clear-cutting. The marginal eosts of the reduction in nitrogen leaching were 
587 SEK kg- I . In comparison with other ways of reducing nitrogen leaching that are not related 
to forestry, use of shelter-wood appeared to be an expensive measure. The nutrient budgets 
fur base cations, Ca, Mg and K, calculated across the simulation horizon and for the entire 
landscape, were negative for 30% to 50% of the area, depending on the landscape management 
program involved. Ca was most negative of all, followed by Mg. Although individual stands 
showed both negative amI positive budgets for Ca, Mg and K, it appeared that the costs for base 
cation replacemellt were not very large. It is important to note, however, that even if forestry is 
presently paying for the costs of pollution in terms of damage to the base cation resourees. The 
risk of a negative outcome in economic terms is important to consider in evaluating landscape 
management programs. A landsc:ape management program can produce a high return but be 
associated with a high level of risk. Considering both the return and the risks involved, the 
landsc:ape management program MinN appears to be of considerable interest, sinc:e it reduces 
such risks as those für frost damages, pine weevil, bark-boring insects and but rot, and only 
reduces return by 6%, as compared with MaxWP. However, the risks of wind damages and 
browsing are lligher for MinN. Both the returns ami the risks need to be taken into account in 
order to adequatcly evaluate the economic outcome of alandscape management progranl. 



Chapter 14 

Assessment of sustainability in the 
Asa Forest Park 

Johan Holrnqv'ist, GunnaT' Thelin, UIT'ika RosengT'en, IngT'id Stjemquist, PatT'ik Wallman, Hamld 
Svenlmp 

14.1 Assessment of the sustainability of mineral nutrient use 

14.1.1 Introduction 

The main ob.iective~ of the geochemical investigation in Asa Forest Research Park (referred to 
henceforth simply as Asa) were as folIows: 

1. to calculatc the release of Ca, Mg, K, and P from mineral weathering using PROFILE, a 
biogeochernical ~oil model, 

2. to determine the geographie al distribution of the results of weathering rate calculations 
earried out both at the site level amI on a regional scale and 

3. to propose a ma~~ balance rnethod for calculating the optimal sustainable biomass pro
duetion of a fore~ted area in southern Sweden 

The weathering rate is an important element in as~essing alld ullder~tanding the prineiples 
behind nutrient sustainability in forest management. It is also important to an understanding 
of how different soil types reaet to various anthropogenie influenees, like acid deposition and 
forest management. The geoehemical study at Asa involved primarily sampling and analyzing 
the forest soil to determine the soil type and other ehemical and physieal soil parameters. The 
sampling strategy was to eollect ~uffieient data to enablc a weathering rate map of Asa to be 
produeed. The sampling teehnique chosen was to earry out a geostatistical analysis in order to 
be able to c:onstruct by, means of kriging, an interpolated map of the weathering rate and the 
sustainable biornass production. 

14.1.2 Data collection 

The data for the climatie parameters timt the model employ~ were eollected at the Asa Research 
Station (Langwall 1999). The same applies to the data on stand characteristics. The wet and 
dry atmospheric deposition data for anions and eatiolls used, were taken from the Swedish na
tional criticalloads database, derived originally from deposition estimates made by the Swedish 
Environmelltal Research Institute, IVL (Hallgrcn-Larsson 1999). All other data used in the mod
clling are default values or data collected in the geochemieal investigation. In spatial surveying 
of all kind~ describing and analyzing variations in phenomena, both natural and man-made, 
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over the land surface is important. Although, many geographical and geochemical properties 
vary eontinuously and randomly in space, the pattern and seale of their variation is often not 
readily apparent. These include rainfall, air and ground ternperatures, atmospherie deposition, 
particle size distribution, soil ehemistry and the oeeurrenee of different minerals in the soi!. 
An underlying problem in two
dimensional mapping of all kinds 
is to distribute a point valuc ob
tained to the area surrounding it. 
To aeeomplish this it is necessary 
to sam pie in such a way timt one 
has thc possibility of estimating 
thc spatial uncertainty. There
fore, one nceds to use a sampling 
density tlmt is sufficiently high 
but is also manageable in both 
an economic and a practical way 
and to use a sampling strategy 
that is relevant for the geochemi
cal invcstigation in qucstion. It is 
also important to consider what 
degree of precision the investiga
tion is aimed at. The attempt 
to achieve high spatial precision 
and low spatial uncertainty calls 
for a high sampling density. 

14.1.3 SoB sampling 

The soi! sampling in Asa Re
search Park was performed in au
tumn of 1998 and during June to 
November of 1999. 89 soil pits 
were excavated in 1998 and 273 
more soil pits were dug in 1999, a 
total 362 excavations altogethcr 
(Figure 14.1). Aseparate soil 
sampling strategy was used for 
cach oft he two sampling seasons. 
In 1998, a logaritlunic distribu
tion pattern was employed, in-
volving high sampling density in 

Asa Kronopark 
_ Forestno. 

Forest no. 
_ Forest no. 576 

Forest no. 577 
Water body 
Sampling sites 

N Publicroad 
N Private road 

Figure 14.1: Map ouer the distribution of the soil pits that 
weTe excavated 1998-1999. The map shows the Asa Royal 
Forest Park including the Asa ReseaTch Park. The tmdi
tional forest yield is shown as distTib-ated among the Tegis
ter'edforest stands at Asa, units aTe m3 stemwood ha~lyr~l. 
In the jir-st paTt of this progmmme. only the part west of the 
Lake Asa was rnapped. 

the center and a more even ami dispersed density in the peripheral areas (Figure 14.1 and 14.2). 
For the soi! sampling conducted in 1999, a nested survey technique Webster et a!. 1977, 

Oliver et a!. 1986, Oliver et a!. 1987) was used. This technique represents an adaptation of 
multi-stage hierarchie al sampling in which the stages of the design represent particular sampling 
intervals. The nested sampling involves a number of soil sampling centers or "spiders" spread 
out randomly over the area investigated. In this study there were eight such centre-locations for 
soil sampling distributed over the area of the park. These cent res were located at distances of 
600-800 meters from each other. At the next stage (2) additional sampling sites were selected, 
each of them loeated approximately 180 meters in a randomly selected direction from the center 
point in question, 8 new soil pits being dug in the area around each center. At stage (3), sampling 
sites were chosen approximatcly 80 meters from each of the points determined at stage (2), 16 
new soi! pits in each case. At stage (4) sampling sites were chosen approximately 30 meters 
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0 0 

Stage 1 Centre 1 Centre2 Centre3 

0 0 0 

~I 0 o 0 0 o 0 0 Stage 2 

0 0 0 

0 
Stage 3 

Stage 4 

0 0 0 Stage 5 
SamphngpOlnts 

0 

11 

Figure 14.2: A schematic pTesentation of the pTinciples basic to the sampling stmtegy used in the 
field dUTing the 1998 season. The spatial configumtion of a set of sampl'ing points, a so-called 
"spider''', illustmtes the pTinciple of nested sampling. At a given stage each point has a fixed 
distance to the point it is Telated to, but the diTection to it is selected mndomly. 

from each of the points determined at stage (3) and finally at stage (5), sampling sites were 
chosen approximately 10 meters from each ofthe points determined at stage (2), see Figure 14.2 
and Table 14.l. Altogether, 96 soil pits were included in this nested sampling. To cover thc 
entire Asa Kronopark area west of Asa Lake (Forest nos. 574,576 and 577 in Figurc 14.1), an 
evcn sampling net with a sampling distanee of 300 III was also spread ()Ver that area. A third 
sampling strategy was also adopted in the sampling season of 1999. 

Use of these sampling strategies allows the sampling density to be optimized. The nested 
sampling technique enables one to estimate the variance there is for a defined sampling density 
with use of different measured and analyzed parameters and viee versa. This makes it possible 
to perform a cost-bencfit analysis of the gcochemical soil study. Such a geostatistieal study can 
also be of considerable help in mapping othcr areas with similar intent. In addition, one can 
asses variations in the uncertainty of the distributed data within in the area, as a function of 
the soil sampling density. 

14.1.4 Calculation flowchart 

The strategy that was used to calculate nutrient mass balance and sustainable yield in forest 
ecosystems is shown in Figure 14.3. The assessment 1.0 estimate the sustainable yield could be 
summarized by the steps: 

1. Gather information using analytieal results from the geochemie al study in Asa, such as 
determination of the elemental composition ami grain-size analysis, generic data from 
other soure es on factors such as temperature (Asa Forest Station) ami deposition (IVL, 
Swedish Environmental Research Institute) ami also for example root depth and efficiency 

2. Convert the data-sets to a readable input data file for thc PROFILE model. 
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Stage Salllpling int.erval (1Il) NUlllber of replicates 

1 600 8 
2 180 16 
3 80 32 
4 30 64 
5 10 96 

Table 14.1: Sampling intervals and replication in the nested sampling schcme. 

3. Calculat.e the weathering rate for calcium, pot.assium and magnesium by the PROFILE 
model 

4. Det.ermine sit.e specific weat.hering rate where spatially dist.ributed by kriging int.erpolat.ion 

5. Estirnat.e weat.hering rat.e, deposition, uptake and leaching for use in ealculating t.he mass 
balance 

6. On the basis of the mass balance ealculat.ion, est.imate t.he sust.ainable yield in Asa. 

CD 
Analytical data 

Literature data 

Generic data 

Conversion 

~(i) 
~ Field 

---...... ~ Input file - PROFILE - weathering 
/ rate 

S",:~ble _ b~~' J j 
calculation calculation Ci) 

'---------------~ . Kriging 
mterpolatlOn 

Maps 

Figure 14.3: Schcmatic fiowchart showing the principal steps in cstimating the sustainable yield 
in Asa, a forested arm in southern Sweden. 

14.1.5 Measured soil parameters and analytical methods 

A major aim of t.he geochemie al study 01' the forested area in Asa was to collect sllfficiellt. dat.a 
to model the area in terms of weathering rate and growth rat.e. Thus, st.rong effort.s were made 
to characteritle the soil physically and ehernically. The exact point. at. whieh soi! was t.o be 
sampled was selected in terms of its being sufficient.ly easy with respect t.o t.ree-roots, st.oniness, 
vegetat.ion, and topography. A spot was also se lee ted t.o represent an area of t.he stand with a 
normal to high growth rate, unless the position had been decided on beforehand. The soi! pits 
were about 40 cm in diameter and were preferably dug down t.o t.he unaltered C-horiwn, providcd 
this was not deeper than 100 cm below the surface. If the B / C-horizon continued on down below 
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100 crn the deepest soi! sampie was taken at 100 cm. Two horizons were salllpied in each soil 
pit. The soil sampies were taken from the upper ß-horizon and the C-horizon the direc:tion in 
whieh the material was eollected in the B- and the C-horizon of the soil-pit differing to obtain 
as representative a soil sampie as possible. The sampling technique used for the O/H-horizon 
depended on the spatial heterogeneity of these two uppermost Boil horizons. In a square, 10 m 
in length on each side, the pit being in the centre, 8 sampies were eolleeted with a humus-auger 
ami homogenized in order to obtain a single representative soil sampie from the O/H-horizon. 
At eaeh loeation, reeords of the depth and eolour of the different horizons, the soil type and the 
slope angle were made. Vegetation data were also reeorded. An estimate of the tree growth-rate 
near the loeation was also made on the basis of data obtained from a full-grown tree using an 
elevation-meter and a tree ring width estimator. The physical soi! properties measured for eaeh 
of the soil sampies were texture, soil moisture and bulk density. The texture was determined by 
a conventional grain-size analysis whieh involved sieving the sand and gravel fractions using a 
sieve interval of 0.5 mm. Fraetions finer than 2 mm were analyzed by me ans of the hydrometer 
method. Surfaee area was also analyzed for 18 sampies by use of the BET-technique, in order 
to eompare the grain-size analysis with the surface area aceording to BET measurernents. To 
estimate the surfaee area from results of the grain-size analysis an empirical algorithm was used 
(14.1,14.2) one developed by Sverdrup (1990) and speeified furt her in Warfvinge and Sverdrup 
(1995). Texture was only determined on soi!-samples from the C-horizon. 

Aw = (0· Xcoarse + 0.3 . X saud + 2.2· X silt + 8.0· Xc/ay) . Pbnlk ·1000 

Xcoarse + Xsand + X silt + X clay = 1 

(14.1 ) 

(14.2) 

The moisture content, Moist (%), which is very rnuch dependent on when the soil sampie was 
eolleeted, was deterrnined by the differenee between the dried and the moist soil sampie. The 
bulk density was determined by weighing a known volume of dried (105°C. for 24 hours) soi!. 

The ehemical soil properties analyzed for the different horizons were pH water ami pH BaCI2 • 

carbon content, loss of ignition (LOI), nitrogen content, ami the clemental cOluposition of the 
solid particles following BaCI2- and EDTA-extraction. The methodology employed was that 
used by the convention of the United Nations Economie Commission for Europe on Long-Range 
Trans boundary Air Pollution (1998) used in the "International Co-operative Programme on 
Assessment and Monitoring of Air Pollution Effects on Forests". The pH and exehangeable 
cations were determined by plaeing a 10 g humus or 20 g mineral soil sampie in a 200 ml 
bottle, adding 100 ml of 0.1 M BaCb solution, shaking the mixture for 2 hours, filtering it and 
analyzing the filtrate on ICP-AES (Perkin Eimer, Connecticut, USA) with regard to the base 
cations Ba, K, Ca, Mg, and Na together with acid eations such as AI, Fe, ami Mn. The amount 
of hydrogen per gram soil was determined using equation 14.3. 

I gpII 13aC/2 V; 
H +( -1) - 0 . O.IMBaCI2 fLeqg = 

mfineearth 
(14.3) 

CEC was ealculated by taking the sum of all exehangeable eations and the base saturation was 
calculated as (14.4): 

Sum base cations 
Base 8oturation(%) = CEC ·100 (14.4) 

Exchangeable metal ions, such as Cu, Zn, and P, were determined through extraction by an 
acid 0.02 M EDTA solution. The extraction of the meta I ions followed the same proeedure as 
for the extraetion u~ing BaCI2 . To determine the clemental composition of the minerals in the 
C-horiwn, the soi!-sample waH preheated to 550°C for 2 h, 0.1 gram of the ash being mixed 
then with 0.5 g of the ftllx Li2B407. The mixt ure was heated to 1000°C for 15 min. and fused 
to a hOIllogeneous melt. The melt was dissolved in heated 5% HN03 . The arnount dissolved 
in the Li2 B40 7 melt was analyzed on ICP-AES with rcgard to the elements Si, AI, Fe, Ba, K, 
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Na, Ca, Mg, Mn, P, Zn, Zr ancl Ti. The Kjeldahl method was used to analyze N. The carbon 
content was determincd by LECO, at 550°C and the soi! organic carbon content was determined 
through loss on ignition LOI (Bengtsson 1986). 

Mineralogical analyses 

The mineralogie al analyses used in the study were a SEM-EDX-technique and a new XRD
technique. Both techniques provide a quantitative estirnation of the mineralogical composition. 
The analyses were performed on the silt fraction 30-63 mm of the C-horizon. Macaulay Research 
& Consultancy Services Ltd, of Aberdeen, Scotland, perforrned the XRD-analyses. The bulk 
sampies were ground wet and were spray dried to produce a random powder to which 20 wt% 
corundum was added to act as an internal standard for quantitative phase analysis (QPA). QPA 
was carried out using a reference intensity ratio (RIR) method. The aeeuracy (?) was estimated 
to be better than ± 3 wt% at the 95% confidenee level. The SEM-EDX analyses were performed 
at the Eleetron Mieroscopy Unit at the Faeult.y of Medieine, Lund University, using a Philips 
SEM 515 with LINK ISIS energy dispersive X-ray microanalyser (EDX). The sampie analyzed 
by SEM-EDX was the same as that analyzed by XRD. The sampie was coated with earbon to 
minimize interferenee with other elements. The element al composition of 300 silt particles was 
determined for each sampie. The spect.ra and the quantitative element al composition of each 
particle were eompared with standard minerals. This made it possible to determine the content 
of quartz, K-feldspar, albit.e, anorthite, biotite, apatite, zircon, titanite, ami of a mineral group 
of dark minerals that. included amphiboles, pyroxenes, epidote and gamet. It. was also possible 
to det.ermine the average element al composition of each mineral and mineral group. Alt.oget.her 
18 sampies were analyzed by XRD and 10 sampies by SEM-EDX. 

Mineral normalization 

Caleulation of the mineralogical eomposition involved use of the elemental composition of the 
soi! sampie and of a simple normalizat.ion model. The UPPSALA model we used are based 
on the (mathemat.ical) principle t.hat. t.he mineral composition ean be expressed from a linear 
combination ofthe total element analysis data (Warfvinge and Sverdrup 1995). The UPPSALA 
model was modifieel slightly in this study to be more adequate to the mineralogical knowledgc 
about thc area that was available. The modified UPPSALA model used at. Asa is shown in 
Tab. 14.3. Since normalization of the soil mineralogy at Asa yielels no chlorite, the composition 
was set to yield approximately equal amounts of muscovite anel biotit.e. The soils at Asa are 
rclatively rich in K-feldspar and plagioclase. The weathering rates; as weH as the rates of 
release of the ions of calcium, magnesium, potassium, anel phosphorus; for thc rooting zone 
were calculateel by use of a regional version of the PROFILE model. 

Soil text ure and mineralogy surfaces 

The area of the minerals surface in the soil involved in weathering was estimated using a texture 
classification system. This system can be eonverted into the system used in the Swedish Forest 
Inventory, namely 

TX = 6 - TXAsa (14.5) 

The classification can be detcrmined on the basis either of the partide size distribution or of 
BET analysis. 

T X = InA - InO.093 
0.51 

(14.6) 

where TX is a text ure dass according to the classification scheme of the National Swedish Forest 
Inventory. A given class can be converted to surface area in m2 . 

A = 0.093· eü.51.TX (14.7) 

The t.ext.ure dass was determined at each of the 362 Asa sites. 
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14.1.6 Results 

Spatial geostatistical analysis 

Deseribing and analYlling the spatial variations of phenomena over aland surfaee is of eentral im
portance in earth seience and in other geographical disciplines. Soil scientists, forest ecologists, 
forest managers and others working with spatially distributed data have thus devoted consider
able attention to defining regional patterns in naturallandscapes. 
Although natural geographical proper-
ties often vary eontinuollsly and ran-
domly in spaee and over time, the pat-
tern ami scale of their variation is not 
readily apparent. A key issue in han
elling spatially distributeel elata is to 
eletermine the se ale and the pattern of 
variation of the eontinuous spatial vari
ables involved, anel to estimate or in
terpolate values optimally at sites and 
locations that have not been visited 
and investigated. Geostatistic aims 
at providing quantitative deseriptions 
of the distribution of natural variables 
in spaee or in both space and time. 
A number of user-friendly geostatisti
cal tools have been developed recently. 
The variogram is a measure of how 
quickly, on the average, things change 
on a spatial scale. An experimental 

Fange 01 spat jal dependerlce 

Figure 14.4: A theoretical variogram, the parameters 
of which - the sill variance, the range, and the nugget 
variance - describe the variation in the general char
acteristics involved. 

variogram provides an estimate of a regional variogram or of a theoretical variogram, pertaining 
to land in the region sampled. A regional variogram is continuous, whereas an experimental 
variogram is discontinuous. To obtain an approximation to the theoretical variogram, one neeels 
to fit a smooth curve or surface through the experimental points obtaineel and treat point-to
point fluctuations as sampling effects (Oliver 1999). The final use of a theoretical variogram 
is in setting up a kriging system in order to be able to perform a kriging interpolation. This 
can be done by creating an experimental variogram from the data set available and replacing it 
by a theoretical variogranl. Variograms can usually be defined by three properties: sill, range 
and nugget (Fig. 14.4). The sill is where the variogram (f) increases up to a maximum and 
where the values show a maximum dissimilarity with the remainder of the region. The range 
indieates at which lag distance (h) dissimilarity stops increasing: it marks the limit of spatial 
dependenee. Placcs separated by a elistance greater than this are considercd to be spatially 
independent. At a lag of zero the semivariance should theoretically be zero, as weIl. Usuallyan 
adjusted smooth curve has a positive intercept at the ordinate. This feature is weil known in 
mining and is calleel the 'nugget variance' or the nugget-effect. The nugget-effect arises due to 
the erratic behaviour of a regionalized variable on a very sm all scale, the variogram from zero 
to the nugget encompassing a distance shorter than the sampling distance. The nugget is some
times rcferreel to as white noise (Cressie 1991). One of the goals of the geochemical investigation 
at Asa was to cstimate the values of the regionalilled variables sllch as soil properties, as weil 
as different modelleel outputs. Geostatistical procedures for doing this are known generally as 
kriging (Oliver 1999). Kriging is a geostatistical estimation technique provieling optimal unbi
ased spatial predictions or estimates on the basis of a linear combination of the values sampled. 
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It is a method involving a loeal weighted averaging of the values observed (eq. 14.8). 

N 

Z = L AiZ(Xi), (14.8) 
i=l 

where Ai are the weights. If one wants an unbiased estimate, one sets the weights to 1: 

Through Kriging we 
produced interpolated maps 
of the mineralogy, tex
ture and moisture and of 
such rnodelled output val
ues as the weathering rates 
ami the sustainable yield 
of Ca, Mg and K. At 
the present stage, which is 
still premature, no geosta
tistical trend analyses or 
anisotropy analyses have 
been carried out on the 
data set ami no consider
ation been taken of possi
ble outliers. Geostatisti
cal analysis of this sort will 
be undertaken la ter w hen 
more adequate data on the 
uncertainty of the various 

N 

LAi = 1 
'l=l 
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1. 
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Figure 14.5: ExpeT'imental var-iogmm for- the modelled plagioclase 
conterä of the soil. The modelled var'iogmm shows spheT'ical be
haviour- with a maximum lag distance of 2,000 m and a lag width 
of 80 m. The mnge is SOO m. The modelled var-iogmm foT' Ca
weather-ing shows power- of law behaviour- with a maximum lag dis
tance of 2,900 m and a lag width of 116 m. The modelled var-
iogmm f07' sustainable yield shows exponential behaviour- with a 
maximum lag distance of 2,900 m and a lag width of 116 m. The 
effective mnge is 7S0 m. 

parameters are available. The variograms of the different parameters, the data input to the 
model, and the output valucs are very elissimilar. This is to be expected since the data are of 
different origin and are dissimilar in their uncertainty. The data itself abo has a wide range of 
expecteel distribution patterns. The distribution of different physical anel geological parameters 
of the soil can be expecteel to have a different distribution pattern than that for the deposition 
of cations and or for spatial variations in temperature. This is also somcthing that is reftected 
very clcarly in thc different variograms. The variograms of the mineralogy, which are important 
input parameters Jönsson et al. (1995), show an exponcntial or spherical behaviour with a dear 
nugget effect (Fig. 14.5). The variograms modcllcd from the output values diffcr, most of the 
variograms of the output values behaving in accordance with apower law, but so me showing 
exponential behaviour instead (Fig. 14.5). The differences in the bchaviour of the different 
theoretical variogram modeb are difficult to explain. Also, the various input parameters differ 
in the "weights" assigned to them depending on the scenario one models. Thus, if an input 
parameter that has a strong inftucnce on the output value modelleel shows strong exponential 
behaviollf, this may possibly reftect the behaviour of the variogram in terms of the output value 
in question. 
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Process 

Productivity 
Royal Forest Park area 
Forest Research Park area 

Norway Spruce 
Scots Pine 
Birch 
Beech and Oak 

Soil organic matter amount, 0-0.5m 
New organic matter 
Soil nitrogen amount, 0-0.5m 
Nitrogen flux in the soil at 0.5m 
Soi! moisture content at 0.3m 

Soil pR, O-layer 
Soil pR, E-layer 
Soi! pR, B-layer 

Soi! GIN ratio 

Soil t.emperat.ure 

Acidity deposition 
Nit.rogen deposition 

Annual precipitat.ion 
Annual percolation 
Annual runoff 

Moose population 
Moose/deer ratio 

Value 

9.7 m:l stemwood ha-1yr-1 

3,288 ha 
1,200 ha 

60% 
25% 

14.5% 
0.5% 

50-100 kg m-2 

1.2-2 kg m-2yr- 1 

0.3-0.6 kg m-2 

0.015 kg rn- 2yr-1 

0.2 m3 water m-3 soil 

4.3 
4.6 
5.2 

25-30 kg/kg 

10-13 kg S ha-1yr-1 

14-16 kg N ha- 1yr- 1 

8000 m3 water ha-1yr- 1 

6500 m' wat.er ha- 1yr- 1 

4500 rn3 wat.er ha-1yr- 1 

0.15 moose equivalents ha-1 

0.2 

Tahle 14.2: Asa case study. The total area s11.T"'ueyed included both the Asa Forest Research Park 
of 12 km2 and the Asa Royal Forest Park of 36 km2 A total of 866 soil sampl'ing sites have 
been established. 
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K-Feldspar 
Plagioclase 
Apatite 
Hornblende 
Biotite 
Epidote 
Muscovite 
Quart", 

Al-residual 

Delta 

Vermiculite 

rnax(O, 7.46*K20 - 0.75*Na20) 
max(O, 11.1 *Na20 - 0.22*K-Fcldspar) 
2.24*P20 5 

max(O, 6.67*CaO - 3.67*Apatite - 0.2*Plagioclase) 
max(O, 3.85*MgO - 0.39*Hornblende) 
max(O, 0.1 * Hornblende + 0.03*Plagioclase - 0.3) 
max(O, 0.5*K20 - 0.05*Na20) 
Si02 - 0.63*Plagioclase - 0.68*K-Feldspar - 0.38*Muscovite - 0.33*Chlo
rite - 0.45*Hornblende - 0.42*Epidote 
Al20 3 - 0.1 *Plagioc!ase - 0.1 *K-Feldspar - 0.26*I'vIuscovite - 0.09*Chlo
rite - 0.01 * Hornblende - 0.025*Epidote 
Quartz + Plagioclase + K-Feldspar + Muscovite + Chlorite + Horn
blende + Epidote + Apatite 
rnin(AI-residual, max(O, 100% - Delta)) 

Table 14.3: The UPPSALA normalization Toutine used at Asa FOTest Resear'ch PaTk fOT calcu
lation of soil minemlogy. The minemlogy was also adjusted fOT obseTved loss on ignition (LOI). 
Input is elemental contents of oxides in % of weight. 

Substance Wet deposition Dry deposition 

Sulphur 33.3 33.3 
Nitrate 26.0 13.0 
Ammonium 24.4 12.0 
Chloride 29.6 21.0 
Natrium 25.1 13.0 
Calcium 12.4 20.0 
Magnesium 7.6 10.0 
Kalium 3.6 10.0 

Effective acidity 64.6 38.3 
Titrable acidity 15.8 14.3 

Table 14.4: Pammeters used for distributing the deposition over the area in mEq m-2 YT- 1 . 
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Deposition and climate 

Thc deposition was calculated as fo11ows from t.he average valucs for t.he ent.ire park: 

Y P 
D = (D"wt + Ddr·oy • -y ). -P (14.10) 

/'vI /'vI 

where Y is the forest yield, Y/'vI is the average yield (9.9 m3 sk ha- 1 yr- 1 ), P is rainfall and PM 
is the average rainfall for the entire area (precipitation is 0.816 m3 m-2 , the amount reaching 
t.he ground surfacc is 0.618 m3 m-2 , average runoff Q, is 0.468 m3 m-2 ). The dist.ribution of 
rainfall (wer the area was obtaincd by: 

p = Po + 1.04 . (z - 226) (14.11) 

where Po=262 m3 m- 2 and z is elevation above sea level in met.ers. The loss of prccipitation 
through evapotranspirat.ion is scaled according to thc temperat.ure dcpendence of the forest 
growth: 

( 14.12) 

where EVr) =0.150 and the reference temperature is 7.5:~oC. The runoff was calculated as the 
precipitation surplus: 

Q= P-EV (14.13) 

The precipitation is shown in Figs. 14.10. At Asa thc annual average soil temperature is 7.53°C 
and the average annual air temperature is 6.5°C. The t.empcrature on the ground, cOllsidering 
elevation and degrcc of exposure to the sun, was cstimatcd using: 

T = Tc) - 0.05 . (z - 226) + 0.5 . sin(S) (14.14) 

wherc T is the temperature, To is the rcference temperature of 7.43 degrees Centigrade, amI z 
is the elevation above sea level. S is tlle correct.cd direction s: 

s = s + 1200. 

N utrient uptake 

The nutrient cont.ents were taken from a synthesis of biomass contents. 
hiornass was calclllated from the forest yield as fo11ows: 

Be - Y 10 (XCa.i + XJI[g,j + :D[(,j) U.j - . Pj . . -- -- --
ECa E IV1q EK 

:rN j 
N u.j = Y . Pi . 10 . ( E~ ) 

(14.15) 

Thc Ilptake to the 

(14.16) 

(14.17) 

where j is the biomass fraction (j=st.emwood, branches, bark, leaf, root), :1:i is wcight fraction in 
% of dry weight, and Ei is t.he equivalent weight. of the ions; Ca=20, NIg=12.15, K=40, N=14. 
The ecosystem nutrient uptake cfficieucy was defined as: 

L . 
ER = 100· (1 - rnm ) (14.18) 

IV + D - L phys 

where L min is thc lower range of thc leaching tImt occur from the bot tom of thc root zone 
in thc forest systerl1 llC'cause of root apparatus !imitations, and Lrnin is the leaching caused 
by physiological inability to takc up base cations below a certain concen1.rat.ion. The amount 
in t.lle divisor represent.s a11 base cat.ions pot.entially available to the plant., the leaching term 
above, wllat thc system actually could not capture. Efficiencies werc estimate for Asa on 
the basis of t.lle leaching dat.a available. This effideney has t.wo compon€nts; partly the 
pllysiological limit.at.ion given by t.lle lowest sohlte conccn1.rations at wllich llptakc will take 
placc awl sccondly 1.lle uptakc efficiency deterrnined by tlle dcgree of soil penetratioll by the 
1'Oo1.s. These t.wo fact.ors are multiplicativc and approxilllatcly equally important at Asa. 
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Fore~t vegetation type Rooting depth Root system 
estimated 
effieieney 

Norway Spruee 0.35 77 
Scots pine 0.50 88 
Silver Bireh 0.60 92 
Oak 0.80 97 
Beeeh 0.80 97 
Maple 0.75 95 
Ash 0.75 95 

Spruce-Beeeh 0.65 95 
Pine-Oak 0.75 95 
Spruee-Birch 0.45 85 
Mixed broadleaves 0.75 95 

Table 14.5: Estimated average rooting depth in different types of forest stands and appmximate 
mot system base cation capture efficiency. 

We have baek-ealculated root ef
ficiencies for Norway spruee, Eu
ropean Becch and mixed Beeeh
Spruce forest, using the data 
taken from Asa Forest Research 
Park. The Norway spruce for
est ecosystem has a 77-80% base 
cation uptake efficieney at a 
rooting depth of 0.3 m, for a 
mixed forest the uptake efficiency 
is 80-85% and for stands dom
inated by beeeh or oak the up
take efficiency is approximately 
95-97 %. The observations sug
gest that the lower limit set by 
physiologicallimitations and effi
ciency limitations uf the root ap
paratus is 85% on the average, 
the standard deviation from this 
is only ±6%. The root system 
base cation capturing efficiency 
was estimated by an equation 
based on the observation that a 
Beech stand has approximately 
92-97% base catiun eapture ef-
ficieney and a Norway spruce 

" 
" 
es 
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oe 
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" 
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Figure 14.7: At the left is a map of the calculated root base 
cation capture efficiency in the Asa Forest Research Park. 
Root efficiency and of variable rooting depth are basic to 
the hypotheses investigated in the SUFOR programme and 
to an understanding of the differ·ences in sustainability per
formance of different tree species under field conditior/s. At 
the right the observed soil moisture at Asa is shown. The 
soil moisture affect the root uptake efficiency. Average mot 
efficiency at Asn has a normal distribution of 75-95%, wilh 
the average am·und 85%. 

stand approximately 75-80% base cation eapture effieiency. For Norway spruee the average 
rooting depth was estirnated to 0.3-0.4 m, for an average European beeeh or Oak forest it was 
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Norway Spruee Ca Mg K N p 

Stemwood 0.14 0.02 0.07 0.10 450 
Braneh 0.23 0.08 0.63 0.50 450 
Needle 0.38 0.06 0.68 1.00 300 

Seots Pine Ca Mg K N P 

Stemwood 0.10 0.02 0.05 0.08 500 
Brandl 0.20 0.05 0.21 0.30 450 
Needle 0.38 0.08 0.51 0.90 300 

European Beeeh Ca Mg K N p 

Stemwood 0.11 0.03 0.10 0.10 700 
Branch 0.24 0.03 0.13 0.25 600 
Leaf 0.41 0.08 0.90 2.00 300 

Silver Bireh Ca Mg K N p 

Stemwood 0.16 0.04 0.08 0.18 600 
Branch 0.41 0.06 0.18 0.63 600 
Leaf 0.90 0.28 0.96 1.80 300 
Bark 0.39 0.03 0.14 0.27 300 
Clear-cut debris 0.04 0.01 0.04 0.33 300 

European Oak Ca Mg K N p 

Stemwood 0.11 0.02 0.13 0.18 750 
Branch 0.40 0.03 0.08 0.09 650 
Leaf 1.00 0.20 0.30 1.80 300 

Table 14.6: PammeteT8 used fOT assessing nutTient content in diffeTent paTts of diffeTent tTee 
species. All numbeTS ar'e % of dTY weight. p has units of kg m-:1. 

set at 0.8 m. The following equation was adopted: 

ERGot = 0.23z / 0.35 (14.19) 

For all the trees, the physiological uptake limitation allow the root to take up approximatcly 
95-97% of all the base cations that come into physical contact with the root when nn distur
bances from acid soils are present. Acidification of soils can change thc physiological efficiencies 
drastically to thc degrce where bulk uptake the tree can become severcly restricted. 
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Ca Mg K Na Soi! depth Comment 

1.57 0.52 0.08 1.55 50em Intensive 
0.87 0.63 0.06 1.52 50em plantation 
1.2~ 0.75 0.02 1.64 50em 15-20 m3sk ha -1 yr-1 

0.41 0.35 0.08 1.01 50ern 
1.82 0.56 0.08 2.05 50em 
0.81 0.47 0.08 1.35 50em 
1.37 0.81 0.08 2.17 50em 
0.41 0.31 0.10 1.06 50em 
0.72 0.72 0.21 5.48 25em Extensive 
1.06 1.02 0.23 9.6 50em Forestry 

1.22 0.59 0.38 3.53 25cm 7-10 m3 sk ha-1 yr-1 

1.58 0.85 0.17 6.53 50ern 

0.82 0.63 0.14 5.88 25em 
1.05 0.79 0.13 7.8 50em 

0.65 0.83 0.12 8.9 25cm 
0.79 0.81 0.20 8.3 50em 
2.08 1.19 0.35 6.54 50em Clear-cut 
2.68 1.23 0.24 8.53 50cm 1 m3sk ha-1 yr-1 

Table 14.7: Observed rooting zone leaching in the Asa Research Park, expressed in mg I-I 

Ca Mg K Na Comment 
1.06 0.55 0.073 1.03 Intensive, 15-20 m3sk ha 1 yr 

1.00 0.78 0.20 6.98 Extensive, 7-10 rn3sk ha -1 yr- 1 

2.38 1.21 0.30 7.50 Open land, 1 m3sk ha- 1 yr- 1 

1.03 0.63 0.12 3.35 rng 1-1, Average leaehing values in Asa 

0.4 0.3 0.06 mg 1-1, Lower limit for leaching 
0.02 0.025 0.0015 - mEq 1-1 , Lower limit for leaching 

0.2 0.1 0.04 mg 1-1, Physiologie al limit for uptake 
0.01 0.01 0.001 mEq 1-1 , Physiologicallimit for uptake 

1.0 0.5 0.08 Used in budget calculations, mg 1-1 

0.05 0.041 0.002 Used in budget calculations, mEq 1-1 

Table 14.8: Summary of leaching in different forest types of differing growth intensity. Concen
tmtions are in mg I-I 
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Figure 14.6: Estimated sulphur and nitmgen deposition, precipitation and soil moisture to a Jull 
gmwn needle Jorest stand at Asa. 
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Figure 14.8: Ta the left; Frequency distribution of obsc'f'ved concentmtions of Ca and Mg in 
the leaching water at the 50 cm level in the soil. Ta the r'ight; Dependence of concentmtion 
in the leachate at the 0.5 meteT depth is fOTe8ts soils a8 related to growth inten8ity in m:l sk 
ha-1 YT- 1 . UppeT left; Calcium, UPlJeT right; Magnesium and lowcr left; Potassium. With gTOwing 
intensity, the .taTest will take up rrWTe and more of the available base cations. The data sUggC8t 
uptake cffic-ienc-ies fTOrn appT01;irnately 77% fOT Norway sprucc with 0.3-0.35 rn rooting depth to 
rlppToxirnately 95% in deep TOoted deciduous .torest (0.65-0.8 meter). 
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Soi! Soi! Spruce Pine Eirch Beech Oak 
layer depth 

°/A 0-0.10 55 55 40 20 15 
E 0.10-0.20 26 25 25 25 25 
B 0.20-0.35 13 13 15 30 25 
B/C 0.35-0.55 6 4 10 15 20 
C 0~5-0.80 2 5 10 10 

0.80-1.00 5 

Table 14.9: Appraximate mot distribution,s as weight % for the different tree species to be con
sidered in the SUFOR study. The da ta wa.s taken from German studies fmm Sol/ing and ·in 
Swedish studies. 

Soil Soi! Spruce Spruce Deciduous Deciduous 
layer depth Ca, Mg K,N Ca, Mg K,N 

°/A 0-0.10 40 60 20 50 
E 0.10-0.20 30 30 25 25 
B 0.20-0.35 30 10 25 15 
B/C 0.35-0.55 10 10 
C 0.55-0.80 10 

0.80-1.00 10 

Table 14.10: Appraximate uptake distribution of Norway spruce a.nd of deciduous stands. K and 
N uptake are assumed to follow the raot distribut·ion, the uptake being greater near the snrface, 
Ca and Mg nptake are more strangly affected by the weathering rate, which has been shown to 
consistently increase wüh depth. 

Forest type Ca Mg K 
Weathering, Norway Spruce 5.0kg 09°.05 . :,.9 2.8~:G 
Weathering, Spruce-Beech; 50:50 15343 . 34.3 4.8gl~ 7.7iÄ\ 
Weathering, Beech 20.1 ~4ql 6.7g24q 9.7~iq7 

Deposition 32~O2 17.537 13.5~24 

Leaching 18:LR 15~67 1.0~~ 

Table 14.11: Snmmary of the weathering rate calculations. The large nnrnber is the average, 
the lower case the maximum and the npper case the minimnm. BelO1JJ, cornparable nnmbers for 
atmospheric deposition and leach-ing is shown, units are mEq rn-I yr- 1 • 
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14.1.7 Biogeochemical mass balances at Asa 

The sustainability assessments at Asa have focused on aspects of key parameters of the mass 
balance calculation. The method applied is to make a budget calculation for each cation sepa
rately. Taking deposition and weathering as the sources of base cations, and uptake anclleaching 
as the sinks, the mass balance for each base cation becomes: 

~i = Hli + Di - Ui - Li (14.20) 

where U is uptake and depend on the amounts removed by harvest from the system, D is 
deposition which partly depend on human activities, W is weathering and L is leaching which 
depend on water fiux and acid deposition. The units are keq ha -lyr-1 in aall calculations and 
maps. i is any of the nutrients Ca, Mg, K and N. The calculation is made for each nu trient 
separately, and the ,mstainable yield is calculated according to Liebig's Law. In principle, this 
limitation applies to any nutrient and to water. Such a mass balance can be made for any 
bulk or trace nutrient. Sustainability is kept when the long-term average value of ~ is zero. 
For Swedish forestry, several studies indicate that the present harvesting volume of 70 millicH! 
m:J year- 1 can be sustained by present weathering and cation deposition. Such studies tend to 
indicate that whole tree harvest is not sustainable, because the removal of nutrients then by 
far exceeds the supply. Work is continlling on this problem to investigate the details, but it 
illustrates that some of the things we do are sustainable, whereas other activities are clearly 
not. For nitrogen, we have a similar mass balance: 

~N = Deposition + Fixation - Immobilization - Uptake - Denitrification (14.21) 

For many years, Swedish forest ecosystems have received more nitrogen than needed for sus
tainable growth, but with the development of the long range air polllltant protocols (UN
ECE/LRTAP convention), this may change. In areas far from densely populated regions in 
Europe, such as Sweden, the nitrogen deposition may decrease below wh at w01l1d possibly be 
optimal for the forest, as a result of current and future emission reduction plans. In the equation 
above, fixation and denitrification will be small for most practical purposes. There is a func
tional dependence between uptake and immobilization, generally imIllobilization will amount 
to 50% to 100% of the uptake. Thus, the uptake that can be supplied from deposition can be 
approximated by 

Nimm = 0.2· NLitterjuil (14.22) 

The problem of acid rain has callsed much attention to be focllscd on forest growth and foreo! 
management, amI how these factors interact with different types of pollution stresses, cven those 
not necessarily conllectcd to acid rain. It has also been brollght to general attention the neceo
sity for the forest system to be wstainable as a production apparatus for biomass. Sustainablc 
nlltrient management was simply not necessary as long as production was low as compared t.o 
the maximal prodllction eapacity. In 199.5. the Swedish forests produced an annual harvest of 
approximately 70 lIlillion m:1 year- 1 tirnber from a net growth of almost 100 million m:J year- 1 , 

this is more than ever before. The forest prodlletion is essential to the Swedish industrial pro
duc:tion both as a ,muree of raw material amI revenue incomc. According to the 1990 Sweclish 
Parlamentary Forest Commission, it should be promoted timt the harvest increases to substall
tially more than 100 million 1Il:1 year- 1 by the year 2010. Indllstrial and cultural activities haw 
in the time from the start of the industrialization in 1840 to present, resulted in steadily in
creasing emissions of nitric oxides and ammonia, increasing the atmospheric deposition of nitric 
acid and ammonium over the same time period. The increase in nitrogen available for growth 
occurred at the same time as forestry increased productivity in the forest two- to three-fold. The 
Swcdish Forest Invcntory can prolldly point to the statistic::i showing tllat total forest growth 
has oteadily increased since the beginning of their estimates in 1920. As the increase in growth 
appear stable aml uninterrupted from 1920 to present, it may appear as if there is ahsolut.cly 
not hing to worry about. 



14.1. ASSESSMENT OF THE SUSTAINABILITY OF MINERAL NUTRIENT USE 399 

Leaching 
observations 

Nutrient 
leaching 

Runoff ... 41------------'1 
Deposition 
observations 

1 
Distribution Distribution 
model model 

Topography 

Soil 
property 
collection 

1 
Plant 

F orest management 
planning 

1 

+ 

Growth 

+ 

I Weathering t rates ::tfJ Profits 

::'~ J 

------------1.~ Mass 
Balances 

nutnents to 
harvest 

I ~ •. Surplus 

L- Deficit -----------' 

Figure 14.9: Flow diagram fOT assessment of base cation nutTient sustainability in forest man
agement. The Assessment pTOceduTe TequiTed close coopemtion between the diffeTent pTOgmmme 
paTts. 

Historically, the forest management has been focused on increasing the productivity of the 
forest, with great success. This has resulted in more trees per unit land area, more efficient 
management of stands and promotion of tree age distributions that suit the planned harvesting 
needs. When very large volumes of biomass are removed from the forest system every year it is 
not longer self evident that there always will be sufficient supply of the necessary nutrients. In 
the soi!, acidity is partly neutralized by alkalinity originating from weathering of soil minerals. 
In Swedish soils the weathering rate is low, and the present deposition of acidity mostly exceed 
the weathering rate. The residual acidity in the percolate (H+ - and Al:l+ -ions) will exchange 
with Ca, Mg and K adsorbed to organic matter. Through this process, the concentration of Ca, 
Mg and K in the soil solution will increase and the base saturation decreases. From 1840 to 
1980 the acid deposition increased steadi!y, since 1980 it has decreased by approximately 40%. 
From 1900 to 1980 growth increased by better and more efficient management. During the same 
period the deposition acid also made an increasing amount of Ca, Mg and K avai!able in the 
soi! solution, "stealing" them from the base saturation. It goes almost without saying that the 
reservoir of exchangeable base cations should become very low after some time. When the base 
saturation reaches very low levels, it becomes very difficult to remove additional base cations, 
and the concentration of base cations in the soil solution will decrease. 

From the perspective of sustaining high growth rates, problems may arise. The amount 
nitrogen available for tree uptake rernains high, but the amount of Ca, Mg and K decrease. The 
plant requires relatively fixed ratios of available nitrogen:basc cations in order to make needles, 
stern and roots, and the elasticity is not very large. Trees are have evolved to be adapted tu a 
situation wherc nitrogen is always very limited, and where the best competitiveness is gained 
by taking it up as efficicntly as possible. When the trees cannot match all the nitrogen taken 
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Parameter 
Soil bulk dcnsity 
CO2 prcssure 
Dissolved organic carbon 
Soil profile wat.er uptake distribut.ion 
Soil profile Mg+Ca+K uptake distribution 
Soil profile N uptakc distribution 
AI equilibriuIn constant 
Soil depth rnincralogy variations 
Thickness of layers 

Unit 
kg m 
tirnes arnbicut 
mg 1-1 
% 01" total 
% 01" total 
% 01" total 
kmol2 m- ö 

Sourec 
From defa ul t 
From default 

Default root distribut.ion 
Default root. distribut.ion 
Default root distribution 
Default values 
From data 
From data 

Table 14.12: Input data taken frorn default values. 

up with the nccessary amount of Mg, Ca or K to make tree parts, nutrient regulatory problems 
may arise because of the confiicting signals. Less needles can be sustained the following year 
when the available supply of base cations fall below the current need set by present growth rate 
and needle mass, eventually growth have to adapt to less needles. In the long term there will 
be no way to avoid Liebig's law (growth is limited by the nutrient in least supply). In due time 
any site must follow the principles of mass conservation. For any forest, a mass balance for any 
nIltrient ean be marle. The following is typical of how such a calculation can be made; typical 
numbers for magnesium were taken from the Swedish forest Inventory made at Asa Research 
Park, South Sweden. The defieit must be taken from some type of internal reservoir, generally 
from the base saturation. This occurs by ion exchange, but mayaiso occur by temporal net 
mineralisation of the organic matter. The an nu al deficit is 2% of the adsorbed magnesium. This 
is too small to detect in soil analysis, but the mass balance can easily detect the imbalance. The 
resistance to acidification has been estimated for Swedish soils, this is called criticalloads. The 
critical loads are used internationally to negotiate pollution emission reduetions. It has been 
discovered tlrat the critical load is dependent on the forest management and harvest intensity. 
Whereas so me methods of intensive forest exploitation lower the resistance 1.0 acid pollution, 
other methods may possibly increase the resistance and t.hus improve the situation. 

The present site yield index (Swedish; Bonitet) does not coincide with the amount of base 
cations available frOin weathering. The present site yield index is infiuenced by nitrogen avail
ability, which for a large part of the area is not long term limiting. An alternative site yield index 
need to be developed, based on base cations, and the minimum of the two must be searehed for. 
';Vhole tree harvest is already practiced in a large part of Southern Sweden. This is presently 
done without return of base cation nutrients. This implies that many these landowners will be 
quickly consuming the nutrient resourees of the soi! and probably significantly reducing their 
fertility. This will also have repercllssions on future forest property value. An important ques
tion to answer is what happens when the trees have more than needed of nitrogen but less than 
needed of Mg or K ? If the amount Mg thaI. ean be taken up is less than the need of the present 
needle mass, then the excess needles will be cast off. The effeet may be short term offset if the 
tree can mobilize internal sources of Mg, but such stores are relatively small compared to the 
need during the entire rotation period. Needle loss would according to this be a symptom of 
nutrient stress. If K is lacking, discoloration folIows, but later also needle loss. The observed 
defieits in Asa amounts vary from 0 to 0.25 keq ha-1yr- 1 , the amount 0.25 keq ha-1yr- 1 is 
corresponding to 50-60 SEK ha -Iyr-l in limes tone or 60-80 SEK ha -lyr-l in full ferti!izer. 
This would amount to 3,500-10,500 SEK ha -lover a rotation period. The projeeted profit is 
in the range of 250-1,500 SEK ha-1yr- 1 for a Norway spruee stand, and the nutrient addition 
cost would be 5-20% of Ule profit. 
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Parameter 

Site identification 
Stand number 
Area of stand 
Longitude 
Latitude 
Temperature 
Precipitation 
Runoff from rootzone 
Sulphur deposition 
Nitrate deposition 
Chloride deposition 
Ammonium deposition 
Na tri um deposition 
Calcium deposition 
Kalium deposition 
Sulphur deposition 
Vegetation type 
Mg+Ca+K net uptake 
N net uptake 
Mg+Ca+K total uptake 
N total uptake 
K-feldspar 
Plagioclase 
Hornblende 
Pyroxene 
Epidote 
Calcite 
Biotite 
Muscovite 
Chlorite 
Vermiculi te 
Apatite 
Anorthite to Albite ratio in feldspar 
Specific surface area 
Soil type 
Moisture dass 
1. layer thickness 
2. layer thickness 
Rooting depth 

Unit 

m:l /m2 yr 
m3/m2 yr 
keq/m2 yr 
keq/m2 yr 
keq/m2 yr 
keq/m2 yr 
keq/m2 yr 
keq/m2 yr 
keq/m2 yr 
keq/m2 yr 

% of total max 
% of total max 
% of total max 
% of total max 
% of total 
% of total 
% of total 
% of total 
% of total 
% of total 
% of total 
% of total 
% of total 
% of total 
% of total 

Classes 
dass 
1-6 
m 
m 
m 

Source 

ha 

°C 
From data and model 
From data and model 

Species 
From yield and model 
From yield and model 
From yielel anel model 
From yielel anel model 
From data 
From data 
From data 
From data 
From data 
From data 
From data 
From data 
From data 
From data 
From data 

From classification data 
From data 
From classification data 
From da ta 
From da ta 
From vegetation type 

Table 14.13: Input data specijication JOT" the T"egionalized ver-sion of PROFILE. 
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Figure 14.10: Different production scenarios tried out at Asa in Chapter 13 on assessing sus
tainability aspects. 
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Figure 14.11: Estimated soil mineralogy at Asa, in % weight, used in Chapter 14. Shown are 
K-feldspar (top, left) , plagioclase (top, right), hornblende (bottom, left) and epidote (bottom, 
right). In total, 12 minerals were calculated for the Asa soils. 
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Figure 14.12: Calcium weathering fOT Norway Spruce monoculture assuming 0.35 m TOof'lng 
depth (top, left) and in a mixed stand (top, right). Mass balance residual fOT Ca for Norway 
spruce monoculture (bottom, lejt) and for mixed jorest (bottom, right). Units are mEq m-2 yr-1 . 
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Figure 14.13: Potassium weathering for Norway Sprnce in monocnltuTe assuming 0.35 m rooting 
depth (top, left) and 'in a mixed stand (top, Tight). Mass balance residual for Pota.s.sium in a 
N07'1lJay spruce forest (bottom, left) and fOT mixed fore.st (bottom, right). The red areas show a 
deficit. Units are mEq m-2 yr- 1 . 
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Figure 14.14: Magnesium weathering for Norway Sprnce in monocultnr·e assuming 0.35 m (left, 
top) and in a mixed stand (right, top). Mass balance residual for Magnesium in Norway spruce 
forest (left, bottom) and for mLTed forest (right, bottam. The red areas show a deficit and would 
need additions of magnesium to be sustainable for harvest. Units are mEq m-2 yr- 1 . 
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Figure 14.15: Sustainable yield in m:l ha-1yr-1 based on Calciwn for Norway Spruce in mono
culture (Ieft, top) and a mi:red stand (right, top). Below is the same for Magnesium, Norway 
spTUce (Zeft) and mixed stand (right). The sustainable yield is based on the assumption that 
Norway spruce has an avemge rooting depth of 0.85 meter. Sustainable yield in m:l ha-1yr-1 . 
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Figure 14.16: Snstainable yield in m3 ha-1yr-1 based on Potassiumfor Norway Spruce in mono
cult'U7'e (top, Zeft) and in a mixed stand (top, right). The two bottom maps show sustainable 
harvest based on the minimum allowed based on all base cations, Norway spruce monoculture 
(left) and to the r'ight a 50:50 mixture of Norway spr"ace and Birch/Beech/Oak. 
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Figure 14.17: Critical load of aeidity for eonifer monoeulture (top, left) and mixed fOT'ests (top, 
right). At all times in the future, thc BCI Al m.tio is predicted to stay well above the critical 
value of 1. O. Exceedo.nce of critical loads of acidity for conifer 'lTwnoculture (bottom, left) and 
mixed forests (bottom, Tight). 
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Figure 14.18: Estimated areal distTibution of net profits within the sustainability limits. On the 
left is the sustainable profit obtainable with NOTway spr-nce monocultur'e, whereas the map to the 
rigId show the sustainable profit with a deep-rooted tree species, for example oak or beech. Such 
tr'ee8 have potential for setting their roots at greater soil depth, but it must be Temeberd that this 
is a potential, and that deeper' Tooting depend on many factors such as physical and chemical site 
conditions and possibly on stand management. The higher profit figures can only be achieved 
in certain parts of the Asa Forest Park with favourable conditions and management. Units aTe 
SEK ha-1 yr- 1 . 
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Figure 14.19: National assessment ofnutrient supply described in Chapter 15. Total base cation 
release ca1tscd by weathering of soil minerals was calculated using the PROFILE model is shown 
on the left. The sum of base cation weathering is shown, using present species distribution. 
The other map to the right shows the critical uptake of base cations available to the tree, as the 
minimum of the available amount of Ca, Mg and K. 



14.1. ASSESSMENT OF THE SUSTAINABILITY OF MINERAL NUTRIENT USE 411 

Sud cl de6al 
Calsium. keq'b.)T 

·1.00 10 -0.30 
.o.JO 10 ..0.20 

)1 .0.20 1& .o. l~ 

9 .0.1' 10 .o.U] 1) ' .0.1010000 
61 O ,OOI(t O.~ 

Bud~1 .. ncil lor ~ 

k""/bo,. 
'" I ~.10 10 -O_O!! 

4~ . -Ö.O:5 10 -0 .02 
9l .(1 .0~ '" 0.00 

!O. 0.00 .. 0.30 

Budget dehtil 
"'b!!:JII~"iwn.l:c:q'ltll )'r 

J.J . Jl . 
.. 11 
lJ D 

26 

'I 

Pho:I:phorul .urpllA 
IW-nl l:w'vn\. ka Plbit. }'T 

:! I -<\ .0 ~ -0 .2 
2..8 [] -O.~ 10 0 _0 96_ 0.0 .. 0.2 

" . O, ~ 10 ".0 

-1.00 10 -0.30 
-O,JO 10-02.0 
-O.lO 10 -0.1 S 
-O.l~ 10 -0.10 
-0.10100.00 
0.00 10 O.:Hl 

Figure 14.20: National assessment described in Chapter 15. Calcium (top, left) , magnesium 
(top, right) , potassium (bottom, left) and phosphoms (bottom, right) differ·ences between supply 
and removal in Swedish forestcd stands, using year 1988 deposition and year 1990 leaching. 
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Figure 14.21: Sustainable growth for harvest in Swedish forests aB described in Chapter' 15, 
based on nutrients fTOm weathering and base cation deposition alone. The map ShOW8 the 50%
tile, c07Tesponding to average gmwth. In the SUFOR pmgmmme, an estimate of sustainability 
was one of the goals. This has been reached, we have achieved the capacity to set quantitat'ive 
sustainabüity limits based on multiple cT'iter-ia for multiple pmduction goals set by the natural, 
social and economic spher-es, for scales ranging frYJm plots of a few hectares to large regions of 
hundreds of thousands squar'e kilometr-es. This is an important milestone reached by the SUFOR 
Pmgramme. 
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Fore~t type 

Spruce monoculture 
Spruce-birch mixed 
Mixed broadleaf 

Spruce monoclllture 
Spruce-birch mixed 
Mixed broadleaf 

Spruce monocultllre 
Spruce-birch mixed 
Mixed broadleaf 

Spruce monoculture 
Spruce-birch mixed 
Mixed broadleaf 

Spruce Birch Oak/Lime Sum 
Sustainable production volume~ 

m3ha ~lyr~l 

4.8 
3.4 2.5 

5.2 

m3SPEha~lycl 

4.8 4.8 
3.38 3.72 7.2 

9.3 9.3 

Reali~able sllstainable production volume~ 
m3ha~lyr~1 

4.6 0.2 
3.4 2.3 0.2 

4.6 
3.4 

0.4 3.1 

m:ISPEha ~lyr~l 

0.3 
3.5 
0.6 

0.3 
5.5 

4.9 
7.2 
6.1 

Table 14.14: SummaTY of the production calculation e:r;pTessed as Teal physical m3 and SpTuce 
Eq'aivalent Units (SPE). At Asa Forest Research PaTk, broadleaf fo'rest can only be Tealized at 
the best soils and in the best positions around the lake, maybe 10-25% of the total paTk aTea. 

Sustainable yield 

The sustainable yield is defined as the maximum yield that ean be ereated based on thc available 
nutrients in the system. In this first estimate, su~tainability with respect to Ca, Mg and K will 
be addressed. The eqllation llsed was: 

. BCrnt.Ei 
YBc = lIun( . ) (14.23) 

,. p' Xi 

where BCfJY i~ the eritical uptake of element i=Ca, Mg, K, Ei is the equivalent weight of element 
i , P i~ the ~I)ecific density of the harvested biomass and Xi is the eontent in the harvested biomass 
of element i. For A~a this was minimized over Ca, Mg, K. In most cases Mg was the element 
setting limitations, but for some cases also Ca was limiting. The critical llptake is limited by 
the available nutrient; 

ßCuY = Wj + D j - Lrnin (14.24) 

where W i i~ the weathering release of element i, Di is the atrnospheric deposition of element i 
and L rnin the minimum leaching from the ~ystem. For nitrogen the sllstainability level is: 

P'XN 
(14.25) 
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The critical uptake is given by what is long term avail
able: 

Nüit = 0.6 . D N (14.26) 

The total sustainable yield considering both base cations 
and nitrogen is: 

Y = min(Ync, YN ) (14.27) 

This was estimated for Asa Forest Research Park. The 
sustainability map for production is based on available 
base cations in the Boil, converted to stemwood biomass, 
if distributed among different tree species also converted 
to SPE. If wh oIe tree harvest is practiced within the sus
tainability limit, wood production efficiency will be sub
stantially reduced. Sustainable yield assuming a larger 
effective rooting depth is substantially larger than in a 
Norway spruce stand. The results of the sustainable pro
duction estimates have been shown in Figs. 14.16 and 
14.15. There the maximum production based on each 
individual cation has been made. At present the corre
sponding limitation map was not made for phosphorus 
and nitrogen, but it would involve similar steps. The to
tal maximum sustainable production is found by taking 
the minimum of these maps. Summary of the pro duc
tion calculation expressed as real physical m3 and Spruce 
Equivalent Units (SPE) has been displayed in Tab. 14.14. 
For spruce monocultme and conifer-birch mixed forest, 
the sustainability potential can always be realized, for 
broadleaf forest, the slow growth of broadleaves set lim
its for how much of the sustainability potential that can 
be realized. At Asa Forest Research Park, broadleaf for
est can only be realized at the best soils and in the best 
positions around the lake, maybe 10-25% of the total 
park area. Thus in a real management plan, all the com
ponents conifer monoculture, conifer-birch mixed forest, 
spruce-oak mixed forestry and mixed broadleaf should 
occm. For making comparisons easier, all volumes have 
also been converted to SPE. 

This is shown in Fig. 14.22 where we also have made 
a comparison with the site yield map estimated according 
to the traditional method. It can be seen that even if the 
maps have been estimated with totally different data, the 
two maps qualitatively pick up the same pattern. The 
site yield maps has its high and low values in the same 
places as the sustainability map, but the site yield map 
is consistently lügher. A conclusion must be that the site 
yield map is a qualitative map which is uncalibrated, 
where as the sustainability map is a quantitative map. 
One other way to see it is that the site yield map (Bonitet) 
illustrate the maximum growth management can make 
the system yield, the sllstainability map show how much 
of the production speed it is reasonable to IIse. 

11 

10 

Figure 14.22: Distribution of tm
ditional forest yield over the regis
tered stands at Aso. is shown in the 
top map, assuming Norway spruce 
monoculture. This -is to be com
pared with the corresponding map 
below, showing the sustainable yield 
as estimated in this study based on 
available K, Ca and Mg for the 
same Norway spruce monoculture. 
It is evident that the forest site yield 
(Bonitet) has been overestimated as 
compared to the sustainable yield. 
Units aTe m3 ha-1yr-1 
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Figure 14.23: A forest str-eam in southem Sweden. A reduction of the amount eonifers in the 
immediate vicinity of the streams appears to improve the water quality. Photogmph by Peter 
Sehlyter. 

Figure 14.24: Beceh stands aTC 'iTnportant broadleaf trees that oeeUT in substantial arnounts in 
southem Sweden. Weil managed, thcy will yield good profits on fertile soils in wann spots in the 
landsC(Lpe, sorndimes substantially betteT ]!mjits than obtained with the tmditional management 
based on NO'r'lJJap spr-ucc. Photogmph bp PeteT Schlpter·. 
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14.2 Sustainable economic profits 

14.2.1 Introduction 

For forest properties such as the one at Asa Research Park, economic viability is a necessity. The 
park is opera ted by employed personnei, who are paid from the proceeds of the operations of the 
Park. Although on a family farm property the !abour costs would be less ami the productivity 
possibly higher, a net profit is required in both cases. For many farms, this provides the proceeds 
needed for paying the inheritance tax at each generation shift and helps to obtain financing of 
the equipment for farmland management operations. It iti thus important to investigate, the 
profit ability of different management options. The calculations shown in this chapter is only a 
preliminary estimation. The principles applied are those described ear!ier chapters as weil as 
the general principles of traditional forestry (de Jong et al 1999, Sillerström 1985) 

14.2.2 Economic model 

The model employed is describecl in carlier sections. The production is integrated forward and 
being expresscd in physical production units, Spruce Pulpwoocl Equivalents (SPE), thc costs 
of management such as for thinning, fencing, planting, soil tillagc, etc., all being converted to 
SPE. The integral is divided by the rotation period, assuming that a given production volume 
is of equal interest regardless of the year of which it arises, thus the equal distribution to all 
ycars. Thc capital costs are balanccd against production, eliminating interest on capital and 
using a straight investment payback over the rotation period. The profit P is calculated as the 
cumulative production minus all cost items, each converted into the same unit that of SPE. 
The productivity of a forest property ean be measured in SPEP (Spruce Pulpwood Equivalent 
Productivity), expressed as m3 SPE yr-1 , the sustainability of productivity being expressed 
as SSPEP (Sustainable Spruce Pulpwood Equivalent Productivity), expressecl as m3 SPE yr- 1 

The profit for a forest plot in SEK is: 

J~rn (350 ( 1 fT n) ) 
P = ~ A j SPEC' -;.' Ja p' dt - ~ Ci (14.28) 

wherc; A j is thc arm of forest plot j from j=l to j=m (the last plot). SPEC is Spruce Pulp 
Equivalent Cost (Price of wood divided by price of spruce pulpwoocl), SPE is Spruce Pulp Equiv
alents, giving the SPE of the wood produced in terms of m3 SPE ha-1yr- 1 , Cis management 
eosts in SEKha-1yr-1 of the n-th effort i, P is the production of wood in m3ha -lyr-1 and T is 
the time from one harvest to the next. 

14.2.3 Results 

Sustainabi!ity assessrnents of the base cations were used to estimate the different sustainable 
management scenarios. These scenarios represent components tlmt can be uscd in preparing 
an integrated management plan in which other mattcrs such as nitrogen management, carbon 
sequestration and biodiversity are also takcn into account. The maps constructed show the profit 
potential under the condition that thc sustainability potential can be fully realized in terms of 
actual growth. Site conditions may occasionally prevent this, for broad-leaves !imitations of 
this kind ean be substantial in certain parts of the area. At the same time, maps of how much 
prodllction management ean achieve for each of the tree species without soil nutrient !imitations 
being exceeded need to be produced. Such maps indicating the maximum production and profit 
that can be aehieved in the field, ean be overlaid with maps of growth and of profits bascd on 
the sllstainability potential so as to determine where Norway spruce, mixed spruce-birch forest 
and broad-leaved forest, respectively, would be most profitable. For Asa Research Park, it is 
evident that having a Norway spruce monoculture covering the entire area would not be the 
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Trees species Thinning Pulp wood B-Timber A-Timber Rotation time 
% % % % years 

Norway spruce 30 70 70 
Scots pine 30 70 70 
Birch 30 70 60 
Oak, lime and beeeh 30 50 18 2 120 

Table 14.15: Rotation time and outtake of biornass for different silvicultuml activities 

Forest management Rotation Harvest Clearance Planting Yield 
years SPE m:l SPE m:1 SPE m 3 m:l ha- 1yr- 1 

SPE 

Spruce monoculture 70 332 228 100 0.06-1.48 
Spruce and birch 70 461 285 100 1.09-2.48 
Oak, lime and beech forest 120 921 285 257 3.15-5.31 

Table 14.16: Pmduct strnctuTe ass11rned fOT pmduction at the ASIL Research Park ILnd calculations 
of pmduction pmjitability using SpT'lLCe Pulpwood EquivlLlents (SPE) as the currency. 

most profitable management regime, assuming that growth needs to be sustained by thc natural 
nutrient supply of base cations and of phosphorus. Bccausc of the dccper root systems in a 
mixed forest and in a broad-leaved forest, such forests would have a lüghcr sustainable yicld 
than a rnonoculture of conifers wOllld. For Asa the calclliations indicate alandscape in which 
all three types of forest are found to be best, specially timt a Norway spruce monoclliture be 
located on only a relatively small portion of the area, and that there should be large swaths of 
mixed deciduous-conifer forest and a substantial fraction of broad-leaved forest in the warmer 
and fine-textured llllt well-drained soils as weil as along the entire lake shore. In a system with 
a resupply of nutrients, one would needs to add 1,000 kg of CaJ'vIg((C03h), cOITesponding to 
2.5-3.0 ton ha-I of commercial grade (80% pure, efficiency 50%) dolomite, at each harvest. This 
would basically eliminate the differellces in terms of sustainability potential between the tree 
speeies involved, so that the choice would depend on other faetors, slIch as climatic factors, Boi I 
chemie al conditions, water access, nitrogen and phosphorus in the soi!, biodiversity, and the 
management intensity permitted. During a rotation period, this amounts to 150 kr/ha yr on 
the average. Although the range is 100-300 kr/ha yr, an additional dose of 100-300 kr/ha yr 
could be necded in order to restore severely acidified soiiH after pollution damages. 

14.2.4 Conclusions 

Under conditions of natural sllstainability, a mixed conifer-deeiduous forest or a pure broad
leaved forest is by a wide margin to be the most profitable type of forest for the Asa Research 
Park. It is ironie in a seuse, that this was the makeup of thc original forest bcfore humans 
artificially replaced it by conifers. However, it is only possible to achieve an effective growth 
rate, Olle approaching the slIstainability limit for broadleaves, on parts of the area, at low 
elevabons around the shores of the lake, having a warm microclimate and covered mostly by 
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Forest management Natural nutrient Natural nutrient Natural nutrient 
supplyanci supply supply, 

natural and planting planting, 
regeneration fencing 

kr/ha yr kr/ha yr kr/ha yr 

Conifer monoculture 518 20 
Spruce and birch 880 380 -118 
Oak, lime and beech forest 1,855 1,105 813 

Table 14.17: Costs in SEK for regeneration method and nutrient supply to different types of 
forest stands. 

Forest management 

Conifer monoeulture 
Spruce and birch 
Oak, lime and beech forest 

Standard 
production, 

nat!o repro., 
nutrient 

replacement 
kr/ha yr 

2,175 
1,780 
1,885 

Standard 
production, 

planting, 
nutrient 

replacement 
kr/ha yr 

1,675 
1,280 
1,565 

Quality wood, 
planting, 
nutrient 

replacement 

kr/ha yr 

1,750 
1,310 
2,150 

Table 14.18: Estirnation of profitability, expressed as annual profit per hectare. Profitability uses 
the projection of SPE over time for the elimination of interest rate, capital cost in excess of 
capital repayment thus not being included. 

brown soils. Thus, the optimum appear to be a mosaic that exploits the local properties of 
each stand or collection of stands. At higher locations and locations with poorer soil, the use 
of mixtures is espeeially important so as to enhance growth and increase the sustainability 
limit for growth. Whole-tree harvesting is not sustainable in the park under any circumstances, 
the fertility of the soil is rapidly eroded by such practices. In a management regime involving 
nutrient management and replaeement at every harvest, higher production can be sustainably 
maintained. \Vhole-tree harvesting anywhere in Sweden requires nutricnt recycling practices, so 
as to not ruin the Boil ami leave it infertile and depleted. The differenccs in profit between thc 
various tree speeies that can be selected are not very large, although a spruee monoculture is 
advantageous if pulpwood is the product targeted (2,175 SEK ha -lyr-1 ). If wood of high quality 
targeted, broad-leaved forest or sequential conifer-broadleaves mixtures would be best whenever 
the loeal conditions enable the growth rate to be reasonably high (2,150 SEK ha-1yr-1). In a 
purely deeiduous landseape, broad-leaved forestry for produeing quality wood would be superior 
in profit ability to other forms whenever the loeal conditions allow a reasonably high growth rate 
to be achieved (2,900 SEK ha -lyr- 1 ). In most eases, some degree of mixing with deeper-rooted 
speeies has the potential of being just as profitable as a eonifer monoculture but will tend to be 
lIlore sustainable. 
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Forcst management Natural Artificial Deciduous 
regeneration, regeneration, lanelscape, 

fencing for fencing for no 
dcciduous deciduous fencing 
SEK ha-1 SEK ha- 1 SEK ha-1 

Spruce monoculture 80,000 170,0000 80,0000 
Spruce and birch 190,000 280,0000 100,0000 
Oak, lime and beech forest 210,000 300,0000 120,0000 

Table 14.19: Estimates of the appmximate capital investment needed for establishment of a new 
mature stand starting fmm clear land. 

14.3 Approximate carbon balances 

14.3.1 Introduction 

Forestry has a prafound effect on the car
bon cycle of a forest ecosystem, both for 
the soil and for the forest stand in gen
eral. A forest not only has astrang ca
pacity for sequestering large amounts of car
bon dioxide, but can also emit quantities of 
the same magnitude. Although an undis
turbed ecosystem normally shows a small net 
gain in carbon annually, the carbon exchange 
with the atmosphere in a manageel forest 
stand can sometimes be negative (Waring 
anel Running 1998). There are two major 
carbon sinks in a forest, the vegetation itself 
anel the soil organic matter. the latter being 
the most important long-term carbon sink. 
The organic matter in a forest ecosystem re
mains unoxidized for centuries, carbon accu
mulating in the forest floor (Swift, Real and 
Anelerson 1979). If the soil organic matter 
layer is disturbed, strang emissions of car
bon can take place (Kimmins 1997). Dis
turbances in the vegetation laycr caused by 

I?==: 
+1-

+ 

+ 

Figure 14.25: Schernatic presentation (causal 
loop diagmrn) of the carbon cycle in a forest 
ecosystem, adjllsted for long-tenn carbon budget 
stlldies. 

human management such as thinning, harvesting and natural disturbances sllch as wild fires 
and storm felling, can suddenly result in areduction in photosynthesis, so that the ecosystem 
loses carbon to the atmosphere. In situations of this sort, the net ecosystem production (NEP) 
is negative. The NEP in a manageel forest stand is mainly the result of three different factors: 
forest management strategies, harvesting strategies and land-use history. An approximate mea
sure of the carbon balance in a manageel forest can be obtained by use of simple analytical tools 
and methods. In the present paper, this is exemplified for the Asa estate area in the province 
of Smiiland in southern Sweden. 
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Figure 14.26: Flow diagram for assessment of carbon sustainability 'in forest management. The 
assessment ]Jrocedure required dose coo]Jeration between the different ]Jrogramme ]Jarts. 

14.3.2 Methods 

The methods employed iu the ~tudy are those of simple "back-of-an-envelope"-type ealcula
tions. The input data consist of field measurement~ tlmt, together with various estimations 
and assumptions, are used in mental models and ~tandard mass balanees. The results ean be 
evaluated from the standpoint both from present knowledge and of reasonablenes~. A ma~s 
balance is merely a bookkeeping system timt keeps track of the sources and sinb within the 
boundarie~ of the system. 

IN + PROD = OUT + ACC (14.29) 

That which goes into the system plus tImt which the system pro duces must equal tlmt which goes 
out plus that which is accumulated. What the different terms in the mass balance equation 
stand for depends on the time-scale employed. On an hourly or daily basis, the IN-tenn 
represents carbon assimilation, the P ROD-term photosYllthesis, the OUT-tenn respiration anel 
thc ACC-term allocation. In a long-term study extending over decades or centuries fluctuations 
in photosYllthesis and in respiration are unimportant. The P ROD-term in such a case is annual 
growth, the OUT-term removal of the erop anel of soil and the ±lux of dissolved organic cmbon 
(DOC) together with water alld the ACC-term carbon sequestration in the standing crop or 
in the litter on the forest floor. The IN-term is ollly useful if one practices ash re~toration or 
other means of putting carbon into the forest mallually. The PRO D-terrn is calculated usillg 
the formula 

'i=endyeur 

PRO D = L growthratei . areai 
i=sl,artyeul' 

(14.30) 

To estimate the growth rate term, a thousand-year period wa~ divided into five shorter periods, 
see Figure 14.27. The tree-growth ratc~ were considered to be linear during these periods and 
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to be twice the stem-growth rates. If one starts with the stem-growth rate known to exist today, 
one ean assume that the next 100 years will have approximately the same growth rate. Beyond 
year 2100, however the decrease in nitrogen deposition ean be expected to become noticeable 
and the growth rate to start to slowly deerease. The period of 1900-2000 whieh has just gone 
by was charaeterized by a rapid increase in nitrogen deposition and a gradual increase in the 
efficiency of forest management, and thus by, a rapid increase in rate of growth. Back in the 
late 1700s and 1800s, despitc forests being managed in an increasingly efficient way, no nitrogen 
effeet oceurred, Thus, the increase in growth rate then was less than in the 1900s. For the 
period of 1250 to 1750, the growth rate is considered to only have increased as a reslllt natural 
causes. 
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Figure 14.27: Left: The estimated stem-growth rate at Asa. The m.te shows an incr-ease, since 
management bcm.me more efficient during the latter half of the 170005. Nitrogen deposit-ion caused 
by industrialization boosted the growth rate in the 2dh century in combination with still more 
efficient management methods. Right: Assurned changes in the size of the forested area at the 
Asa estate. 

The present account of the development of forested area is bascd on historical sources (Sjös
trand 1952, Andcrsson 1996). The period of 1250 to 2250 AD was divided into four different 
sub-periods such that thc developments during eaeh could be described by a set of linear equa
tions, see Fig. 14.27. The OUT-term represents what is takcn out of the forest ecosystcm. 
In the present case, two major terms are foeused upon: harvesting and loss of carbon due to 
drainage actions. In the first period considered, harvesting was virtually null. OUT during the 
next period is regarded being equal to 10% of the annual steIn growth, whereas for the last 
two periods it is regarded being 20%. Drainage measures are eonsidered to have resulted in the 
emission of half of the carbon accumulated in the soil. For all four periods, the carbon that 
accumulates in the soi! is assumed to represent 10% of the total anrlUal growth. 

14.3.3 Input data 

The data were taken rnainly from two sourees, reeent investigations of the Asa estate to
gether with historical accounts of it (Sjöstrand 1952, Andersson 1996), and the Swcdish Na
tional Forest Inventory (Swedish University of Agricultural science 2(00). Swedish forests 
have a history of continuous changes, Asa being no exeeption. The forest-eovered area has 
changed over time. It was smallest at around 1850, being sm aller then, in fact than at 
any time in the past 7,000 years. A large part of the lanclscape was pasture land in which 
there were oeeasional seattered groups of trees, a significantly sm aller part of the area be
ing dense forest. Sinee around 1870, the forest has gradually been taking over the landscape. 
Since the middle of the 19th century the forested area has inereased by more than 50%. 



422 CHAPTER 14. ASSESS1\IENT OF SUSTAINABILITY TN THE ASA FOREST PARK 

During this period, the mixt ure of tree species 
in the Asa forests has changed considerably and 
the tree density has doubled due to replantations. 
Around 1750, the forests in Asa consisted to about 
70% of deciduous trees and to 30% of conifers 
(Andersson 1996). Further back in time, so me 
1,000-2,000 years ago, the fractions of deciduous 
ami of coniferous trees wcre more or lesB constant, 
ab out 90% being deciduous and 10% coniferous, see 
figure 14.29. Today the cornposition is one of ab out 
25% deciduous ancl 75% coniferous trees. Pollen 
analysis shows that the impact of the humans on 
the species cornposition in Asa began around 750 
years ago (Andersson 1996). In the first half of the 
19th century, the population of the Asa village also 
increased rapidly, see Figure 14.28. It is reason
able to think that the agricultural activities showed 
a similar pattern of increase, the area of pastures 
and fields increasing at the expense of forested land. 
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Figure 14.28: Changes in the population at 
Asa during the per'iod 1750-1990. Around 
1860, the large emigration to A merica be
gan in this part of Smaland. This patten/. 
is ass um cd to also be reficcted in the de
velopment of cult'ivated land in the area. 
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Figure 14.29: Rigid: Changes in the tree speeies cO'Tnposition at Asa during the last 2000 years. 
Left: The covering of bmad-leaved trees incrw.sed on the cut arms at the beginning of the 2(jh 
century Imt were thinned out in aeco'('(iance wdh modern f()'{'cstry pmctices. 

in 1866 (Sjöstrand 1(52) and it was expected then timt. thc vast areas of mature timber forest, 
eonsidercd t.he most. beautiflll and valuable in the eIltire province of SrmUalld. wOlild be dear
cut. Alt.hollgh it never went t.lmt far, at times tlle harvest.ing was very intense. In 1895 the 
standing timbel' was cstirnated to arnount. to 12,500,000 cubic feet, about. 340,000 m:1 or 125 
m:1·lm- 1 (the estat.e coillprised 2,600 ha at t.hat time), as cornpared wit.h 146 m:1·lm- 1 t.oday. 
The harvest during thc last. few ycars of t.he 19th ccntury was stated to have been 60,000 logs 
per year, almost a sixth of the st.anding tilllber. The replantation cluring t.hose years amollnted 
to sorrw 80,000 coniferous trees, besides tlle sowing of seeds (Sjöstrand 1952). For a time at 
the heginning of t.he 20th century, the broadleaves took ovel' a larger area again, but modern 
forestry put an end 1.0 timt. The illcreasc in hal'vestillg togethel' wit.h the changes in t.ree species 
COIllposition created by t.he one-sided replantation change<! thc carbon balance in the forest 
ecosystern considerably. 

14.3.4 Calculations and results 

111 thc typical coniferous forests in the Asa area, the soi! can be said to consist of thrcc differcnt 
horizons. Thc litter layer on the forest floor is 1 cm t.hick amI the organic layer 5 cm thick these 
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having an average carbon content of 32 weight-% DW and an average bulk density of 230 kg· 
m-3 (Johan Holmqvist, unpublished elata). This adds up to a carbon content of the organic 
layer of ab out 37 tons· ha-I. The average B-horizon in Asa is about 40 cm in elepth, with a bulk 
elensity of 1070 kg· m-3 anel a carbon eontent of 2.1% (Johan Holmqvist, unpublished data). 
This portion of the soil amounts to 90 tons· ha-I. The C-horizon is assuIlled to contain carbon 
elown to a elepth of 80 CIll, the maximum rooting elepth for Norway spruee, see Tab. 14.20. The 
bulk elensity of it is 1400 kg· m-3 anel the average carbon content 0.67% (Johan Holmqvist, 
unpublished data). The C-horiwn thus eontributes ab out 30 tons· ha -1 of carbon. Hence, 
the total carbon content of the coniferous forest is 157 tons· ha-I. For deeieluous forests in 
southern Sweden we use figures taken from the Sweelish Forest Inventory (Riksskogstaxeringen), 
since the fielel data from Asa that are available are insufficient. The top layer consists of 
about 25 cm of humus organic matter containing approximately 68 tons· ha- 1 of carbon. The 
typical brown earth horizon found in decieluous forests in SmaJanel is 40 cm thick anel contains 
3.5 weight-% carbon, or ab out 180 tons· ha-I. The carbon containing part of the C-horiwn 
is consielered to extenel down to a depth of 100 em and to contain 2.4% carbon or 84 tons· 
ha -1. This represents a total carbon content of the meter-deep soil column of arounel 332 tons· 
ha-1 (Swedish University of Agricultural science 2001). Figure 14.30 presents the calculated 
carbon content of the horizons for the different soil types. One reason for these differences is 
the difference in root distribution between decieluous forest and a Norway spruce forest, see 
Table 14.20, (Kimmins 1997, Swift et al. 1979). Deciduous trees put more carbon into the 
deeper soil horizons than Norway spruce do, almost a11 of the roots of which are in the upper 10 
cm of the soi!. For the agricultural land in the area, an average carbon content of 4 weight-% 
appears reasonable (Eriksson 1990, Eriksson, Andersson anel Andersson 1997) , the profile being 
assumed to be one of the topmost 25 cm of having a carbon conte nt of 100 tons· ha-1 and the 
50 cm layer beneath containing 3 tons· ha-1 of carbon. Note that the differentiation of the soil 
types referred to, does not appear to be based on the historie use of the land, there being no 
difference in this respect between an area of spruce growing on old arable land and an area of 
it growing on an old deciduous forest site. Today, there is a productive forest area on the Asa 

Soil depth Coniferous Decieluous 
(m) (weight-%) (weight-%) 

0-0.20 80 55-65 
0.20-0.55 20 25-35 
0.55-0.80 5-10 

Table 14.20: Appmximate mot distribution in weight-% in different soillayers fOT different types 
of forests. 

estate of 3,300 hectares, as eompareel with 2,600 hectares in 1895 (7). Since the Asa estate was 
al ready run as a large-scale agricultural business in the late 1600s, the foresteel land is estimated 
to have encompassed as little as 2,000 hectares in 1750, as shown in Figure 14.27. The exchange 
of carbon between the soil and the atmosphere has been influenceel by the change in land use. A 
change from deciduous forest to agriculturallanel is the most expensive type of change from the 
standpoint of carbon balance, see Table 14.21. In ancient times, before the ecosystem had been 
affected by man, there was almost 1,200 kT of carbon altogether in the soil of the Asa area, 
whereas in 1750 the arrHmnt was 770 kT anel today it is less than 700 kT. The estimated areas 
and changes in area, expressed as changes in soil carbon content for the different periods, are 
shown in Figure 14.31. Thus, the forest soils in Asa have lost some 475 kT as compared with 
the situation about 750 years ago, due to changes in the species composition. The positive side 
of this mass balance is the increase that has occurred in the total carbon stored in the standing 
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Figure 14.30: Car'bon conterli in the different soil layers in deciduous and in coniferous forests 
and on agricultural land. 

Type of change 

Deciduous forest to agricultural land 
Deciduous forest to coniferous forest 
Agrieulturalland to coniferolls forest 
Coniferous forest to agrieultural land 
Coniferous forest to deciduollS forest 

tons.ha -1 

-229 
-175 

+229 
-54 

+175 

Table 14.21: Results of land-use changes in Asa Forest Research Park. 

timbcr. Forest management anel inereased nitrogen deposition have increased the productivity 
of the forest, at the same time as the old agricultural land has been reforested. In 1250 The 
store of standing timber is estimated to have been 100,000 m3 in 1250, and 200,000 m3 in 1750. 
In thc 1998 inventory it was estimated to amollnt to 480,000 m3 . This represents a 190 kT 
increase in the carbon store during the period of 1250-2000. The enhancement of the primary 
production which has occurred is also reflected in the soi!. Ten percent of the total annual 
turnover is assumed to be permanently immobilized. The growth rate has inereased from what 
is assllmed to have been 2.5 m3 . ha-1 'year-1 in 1250 to 10 rn3 . ha- 1 'year-1 in 2000, and it ean 
be expected to slowly decline as the nitrogen deposition becomes less, see Figure 14.27. For 
the period of 1250-2000, this reasoning leads to a rcsult of 250 kT of carbon having sequestered 
and accumulated in the soi!. Half of the total earbon aecumulated, or 260 kT, is considered to 
have been emitted during the period of 1750-2000 due to drainage measures. A certain amount 
of carbon is of course irnmobilized in wood products like books, houscs, furniture or whatever. 
This part is estimated to represent 10% of the stem growth. The carbon balance is sllmrnarized 
in Table 14.22. 

14.3.5 Discussion 

The method of "back-of-an-envelope-calculations" is a fast and simple tool for making estirnates 
coneerning ecological systerns. The rnagnitudes of the different variables, process rates and other 
quantities involvcd provide an idea of their relative irnportancc to the eeosystem. In the present 
case, involving the carbon balance in the Asa estate, the most important factor is clearly that 
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Figure 14.31: Estimated historical changes in area and in carbon relocation between stores due 
to changes in land use. Carbon fiows (ar'T'ows) are in kT carbon (1rP kg). 

of the tree species composition. Some 5,000 years ago, the predominately oak-beech forest.s 
found in southern Sweden, were cut. In 1840, before the mass exodus of emigrants to America, 
the forested area constituted only 60% of that found at present., or 16 million as compared 
with 27 million hect.ares. Today 95% of the land in sout.hern Sweden is cultivated. The species 
composition and age distribution of the forests is the work of man. In southern Sweden some 
50% of the spruce stands are 41-80 years old, meaning in this part of the count.ry that t.hat 
t.hey are ready for cutt.ing, or will be ready for cutting in less than half a rotation. Cutting 
such large amounts of forest will lead to large losses in carbon, part,icularly in views of the 
harvest.ing methods amI strategies are employed. Perhaps as much as 25% of the total area of 
southern Sweden has been drained during the last 150 years. This has undoubtcdly relcased 
large st.ores of carbon from waterlogged areas. A reasonable assumption is that 2,000 to 5,500 
million t.ons of carbon were rclcased during the period of 1870-1970. For the area of Götaland 
(the southernmost third of Sweden) it should take approximately 200-1,000 years to rest.ore the 
soil-carbon stores to their former level. In Asa the situation is even worse, due to the often 
very heavy-handed forestry and draining procedures employed, see Fig. 14.32. It would take 
more than 2,000 years for the carbon st.ores there to be replenished. The permanent tot.al 
carbon sequestration in Asa was estimated to be 10% of t.he sust.ainable yicld. Although still 
larger amounts can accumulate during transitional periods, accumulation of this kind is not 
permanent. The harvesting methods employed determine to a large extent how much will be re
emit.ted into the atmosphere. Re-emission occurs t.hen during a very short period of time. The 
expectcd recovery from soil acidification during the period of 2010-2100 is expected to reduce 
the permanent sequest.ration by 2-3%-units elue to the conditions for elecomposition processes 
improving. 
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Carbon store 1250 1500 1750 2000 2250 

In soil 1,164 1,058 770 689 833 
Immobilized 0 140 290 250 650 
Standing timber 50 90 100 240 210 

Sum 1,214 1,288 1,160 1,179 1,693 

In products 0 80 300 700 1,100 

Sum 1,214 1,368 1,460 1,879 2,793 

Table 14.22: The carbon content of the forest ecosystem in Asa at different times in history. All 
numbers are in kT of carbon (1 rJi kg C) 

14.3.6 Conclusions 

Carbon sequestration depends on two 
major factors, the supply of nitro
gen and the management strategy em
ployed. The largest permanent storage 
of carbon is in the soil, only smaller 
amounts being able to be stored in 
the aboveground biomass. Forestry 
involving mixed stands (both decidu
ous and coniferous trecs) and stem
only harvests contribute positively to 
the sequestration of carbon. The ni
trogen supply determines to a large ex
tent the decomposition rate of organic 
matter. It can be concluded that a 
mixed forest builds up a larger carbon 
pool in the soil, but that this reaches 
a steady-state in approximately 50-100 
years ancl that only modest amounts 
of carbon are permanently sequestered. 
The carbon stores contained in stand
ing timber are of only very slight im
portance in the long run. Less than 
10% of the carbon in a coniferous for
est and less than 5% of that in a decid-
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Figure 14.32: The carbon stores in the Asa soils be
gan to change 750 years ago when the conifers ap
peared. The expansion of agricult'ure during the pe
riod of about 1600-1850, led to many forest arms be
ing cleared, During the 1800s, many per'sons from this 
region emigmted to America and extensive cultivated 
areas were reforested, 

uous forest is contained in the vegetation. Carbon sequestration in Swedish forests is a delicate 
process. Even sm all disturbances can reverse it. The soi! is the most important carbon sink and 
should be managed with good care. It is important that harvesting and soil preparation prior 
to replantation be carried out in a way allowing both forests and topsoil to remain productive 
in the future. 



Chapter 15 

Nutrient sustainability für Swedish 
fürests 

Hamld Sverdrup 

15.1 Introduction 

The work with critical loads for acid deposition, created the expression "critical uptake" as a 
term to be used in the calculation of nitrogen critical loads (Sverdrup et a!. 1990; Warfvinge 
and Sverdrup 1992, Sverdrup and Rosen 1998). These "criticaluptakes" are express ions of how 
much the forest can take up without depleting the soi!. If the critical uptake is adjusted to 
management and inverted, the sustainable harvest can be estimated. Thus we can address if 
the forest at present runs a profit or a deficit with respect to base cations, but we can also ask 
the quest ion of how much wood can we pro du ce with the base cation supply available ? This is 
what we will do in the following. 

15.2 Input data 

All data in this work is based on data and soil sampIes collected in the Swedish Forest Inventory 
(Rikskogstaxeringen/Standortskarteringen). The inventory data was collected 1983-1985. It 
consists of a network of 1,884 plots evenly spread over the complete forest area of Sweden 
(Approximately 227,000 km2 or 22,700,000 ha in 1987). Soil sampIes down to approximately 
0.5 m depth were collected during 1983-87. The basic soil parameters for this study were 
analyzed on these sampIes. The list below represent the input data required for the PROFILE 
model for each site in the calculations; total deposition of sulfate, nitrate, ammonium and 
base cations, precipitation, runoff, temperature, soil mineralogy, soil texture elass, base cation 
uptake, nitrogen uptake, canopy cycling of base cation and nitrogen, thickness of the soillayers, 
soil type and soi! moisture saturation. 

Absolute soi! mineralogy was derived for 140 sites by measurement by the Swedish Geological 
Survey (SGU) at Uppsala and at the Czech Geological Survey in Praha. Total element al content 
of the soil after complete dissolution in a lithium borate melt was determined for all 1884 sites. 
These were analyzed for Ca, Mg, Na, K, Al, Si, Fe, Ti and trace metals (Warfvinge and Sverdrup 
1993). The UPPSALA model is a back-calculation model for reconstructing the mineralogy 
from the total digestion analysis in order to provide input to models like PROFILE from simple 
survey data (Sverdrup and Warfvinge 1991). The minerals have been grouped into assemblies of 
minerals with sirni!ar cornposition and dissolution rate. Texture was measured by granulometry 
and BET / adsorption analysis on the 107 rnincralogy analysis sampIes, and correlated against 
field text ure classification. The text ure for all sites were read from the correlation using the 
field classification. A relation between the field c:lassification of soil texture anel laboratory 
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measurements of exposed surface was found: 

A tot = 0.093 . e(O.51.TX) (15.1 ) 

where T X is the texture dass, Atot is the total surface in 106m 2 m -3 soi!. The relation is 
based on determinations of surface area and text ure dass on 100 soi! sampies. Deposition 
data were prepared by the Institute of Water ancl Air Research (IVL) at Göteborg, from the 
Swedish deposition monitoring network and EMEP data. Modified with filtering fadors for 
different vegetation types. The total deposition is calculated for each calculation point using 
the filtering factors and the vegetation mixture for that point. The deposition used correspond 
to 1988 deposition leve!. The Institute of Air and Water Research at Göteborg estimates the 
uncertainty in the base cation deposition values to be as much as ±50%, causing this to be one 
of the largest single sources of uncertainty. 

15.3 Results 

Fig. 14.19 show the total weathering rate of Ca, Mg and K in the rooting zone, for Norway 
spruce 0.35 m, for pine 0.45 m, for birch 0.55 m and for broadleaves 0.65 m. Neither the 
weathering rate of Mg nor Ca follow the pattern of N deposition and present forest yield. This 
mismatch predisposes Swedish forests for nutrient imbalances induced by high N deposition. 
The average soi! weathering rate for the rooting zone in Swedish soils have a meelian value of 
0.22 keq ha-1yr- 1, but only 0.18 keq ha-1yr-1 of this is useful as tree nutrition as Ca, Mg anel 
K. This low average value is causeel by a majority of the soi!s having minerals of granitic origin 
anel the average coarse text ure of Swedish forest soi!s. No single soi! site in the elatabase has 
a weathering rate value above 4.5 keq ha-1yr- 1 in the rooting zone. The leaching rate for Mg 
as caleulateel from runoff and generalizeel soil solution concentration at approximately 0.5 m 
were calculated anel calibrateel against sorne few fielel observations. These are approximately 40 
points, anel not statistically representative in astriet sense. But they are the only information 
available. The maps show large negative elifferences between supply anel removal for both Ca 
anel Mg, but less far K. Fig. 14.20 show the results of the calculations. Negative implies 
timt removal by growth anel leaching is larger than supply, in the long term there will be too 
little. The eliagrarn in Fig. ?? show the distribution of negative elifferences over all sites. The 
calculations show that approximately 95% of the area has net negative eliffcrences between 
supply and removal fur Ca, 93% of the sites for Mg anel approximately 67% of the sites for 
K. The average total base cation negative elifference betwcen supply anel removal is 0.33 keq 
ha-1yr-1 , equivalent to 180,000 ton yr- 1 of base cation carbonate or 0.39 ton ha-1rotation-1 

of the missing ions expresseel as carbonates. 
If whole tree harvest is done without base cation return, then the negative difference between 

supply and removal for Ca will increase with approximately 50% and the negative difference 
between supply anel removal in K even more. With whole tree harvest without base ration 
return, base cation negative difference will oceur in 96% of the area. The average total base 
cation negative differenees between supply and removal under whole tree harvest is 0.62 keq 
ha-1yr-1 , twiee the amount for stem harvest. In total, that implies an amount of base cations 
far the whole forested area of 320,000 ton yr- 1 if expressed as limestolle, equal to 0.7 ton 
ha-1rotation- 1. The result of the calculation is that whole tree harvest on the average double 
the base saturation depletion rate. With a depletion rate of 0.33 keq ha -lyr-1 , it would take 
from 15 to 100 years to empty the present base cation store in the forest soi!s. The depletion rate 
varies from approximately from less than 1 % to as much as 10% per year. If the depletion rate 
is increased to 0.62 keq ha-1yr- 1 , the depletion time is reduced to a range from 8 to 50 years 
(20-2% depletion per year), or in severe eases substantially less than a rotation period. There 
are obviously large uncertainties in such calculations, but still it illustrates that the problem 
must be taken seriously. A summary of some of the results of the calculations can be seen in 
Tab. 15.1-15.2. In addition to the ca se using present day values for the input parameters, a 
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best ease was eonstrueted. The best ease assume that the trees do uptake so effectively that 
they drive the soil solution eoncentration down to 5 r,eq I-I for Ca ami Mg and 1 ILeq I-I for 
K. A seeond ease was construeted, whole tree harvest, wh ich assumes consistent removal of 
the whole tree, stem, branches and needles upon harvest. Figure 14.20 and 14.20 shows one 
example of the results that are obtained when a budget calculation is made for Swedish forests. 
The example shows a budget balance for magnesium, the vital element for making chlorophyll. 
The map is baseel on data from the Swedish forest inventory. Such maps show large negative 
differenees between supply and removal for both Ca and Mg, but less for K. Negative implies 
that removal by growth and leaching is larger than supply, in the long term there will be too 
little. The calculations show that approximately 95% of the area has net negative differences 
between supply and removal for Ca, 93% of the sites for Mg and approximately 67% of the sites 
for K in the period 1987-1993. The average total base cation negative difference between supply 
and removal is 0.33 keq ha-Iyr- I , equivalent to 0.39 ton ha-1rotation- 1 of the missing ions 
expressed as carbonates. From the perspective of sustaining high growth rates, problems may 
arise. The amount nitrogen available for tree uptake remains high, but the amount of Ca, Mg 
and Korall decrease. The plant requires relatively fixed ratios of nitrogen to individual base 
cations in order to make needles, bark, branches, sterns and roots, and the uptake elastieity is 
not very large. If the base saturation would reduce to very low values, the soil solution would in 
many places have high eoncentrations of AI that potentially make problems for tree roots and 
the stability of the ecosystem would be low. The base saturation is important, as a source of 
short-term re soure es to cover short term high needs of base cations. Such "Ioans" can be repaid 
in other seasons with normal weathering but less growth. 

15.4 Discussion 

Every year since the acidity deposition at a eertain site exceedeel the weathering rate, the base 
saturation deereased with an amount elose to the differenee between the incoming acidity and 
the weathering rate. It go es almost without saying that the reservoir of exchangeable base 
cations should become very low after some time. When the base saturation reach very low 
levels, it beeomes very difficult to remove additional base eations, anel the eoncentration of base 
eations in the soi! solution will eleerease, beeause the total input of such ions to the solution is 
less. Many of the soils in quest ion has a base saturation of 5-15% and a CEC in the range from 
100 to 250 keq ha-I. This implies that the exehangeable amount of base cation in the soil is in 
the range from 5 to 35 keq ha-I. With a depletion rate of 0.33 keq ha-Iyr- I it would take from 
15 to 100 years to empty the base eation store. If the depletion rate is inereased to 0.62 keq 
ha-Iyr- I , the elepletion time is redueed to 8 to 50 years, or less than a rotation period. There 
is obviously large uneertainties in such calculations, still it illustrates that the problem must be 
taken seriously. From 1840 to 1980 the acid deposition increased steadily, from 1980 to 2000 it 
has decreased by approximately 60%. During the same period growth was inereased by more 
efficient management. At the same time the deposition of nitrogen increased, and depletion 
of the base saturation by acidifieation caused the coneentration of Ca, Mg ami K in the soi! 
solution to increase. Both nitrogen and Ca, Mg and K was available to sustain the increased 
growth. From the perspeetive of sustaining high growth rates, problems arise. The amount 
nitrogen availablc for tree uptake remains high, but the amount of either Ca, Mg and Korall 
decrease. The plant requires relatively fixed ratios of nitrogen to individual base eations in order 
to make needles, bark, branches, sterns and roots, and the uptake elasticity is not very large. 
Trees have prehistorically evolved to be adapted to a situation where nitrogen is always very 
lirnited, and where the best competitiveness is gained by taking it up as efficiently as possible. 
There are no prehistoric situations where the tree had to cope with more nitrogen than it eould 
use for growth. Uneler the best case assumptions, anel if growth could be optirnized with respect 
to base cation availability, maximum harvest woulel be able to stabilize at 85 million rn3yr- l . 

But unless acid deposition is reeluced at least to the critieal load, this woulel also irnply that 
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the base saturation would reduce to very low values, the soil solution would in many places 
have high concentrations of AI that potentially make problems for tree roots and the stability 
of the ecosystem would be low. The base saturation is important as a SOUf(~e of short term 
resourees to cover short term high needs of base cations. Such "Ioans" can be repaid in other 
seasons with weathering as usual but less growth. The historie data on leaching are derived 
from analysis of a few historieal soil sampIes and historical analysis of lake waters. If it is 
assumed that the base cation budget is forced to balance by the year 2030 because of empty 
base cation reservoirs in t.he soil, then the whole tree harvest will increase yield for a short period 
while base cations can still be extracted for the exchange reservoir, but eventually growth will 
reduce to what is long term sustainable. Base cation leaching will be significantly reduced, if 
the acidity deposition could be reduced to t.he crit.icalload for acidity. Then negative differences 
between supply and rellloval will be li mi ted to approximately 32% of the area with present 
growth. Under such conditions 30% of the area could also sustain a significant increase of t.he 
growth. The present sit.e yield index (Swedish: Bonitet) does not coincide with the amount. of 
base cations available from weathering. The present site yield index is infiuenced by nit.rogen 
availabilit.y, which for a large part of the area is not long t.erm limiting. An alternative site 
yield index need to be developed, based on base cations, and the minimum of the two must. 
be searched for. The calculation result.s shows that. as the base saturat.ion becomes deplet.ed, 
base cat.ion leaching will decrease, as has been observed for t.he Skiine Province in Southern 
Sweden (Barkman alld Sverdrup 1996). ßet.ween 1983 and 1993 the base saturation decreased 
in the Province of Skäne, and the soil survey connected to t.he Forest Inventory in 1993 (not 
yet published, still under evaluation by the Agricultural University in Uppsala) abo shows a 
decreasing t.rend in base saturation. The deerease in negative differences between supply and 
removal is a result of the lower availability of base eations as the reservoirs become empty. Not 
surprisingly, decreasing contents of Mg and K has been detect.ed in the needles (Barkman and 
Sverdrup 1996). At present whole tree harvest is already practiced in a large part of Southern 
Sweden. This is at present. done without return of base cation nutrients. This implies that t.hese 
landowners are quickly consuming the nutrient resources of the soi! and probably significantly 
reducing their fertility. This will also have repercussions on future forest property value (See 
the chapter on sustainable economy earlier). If the best case for uptake assumed cannot be 
realized, because the plant roots do not penetrate the soi! 100% perfectly, because the annual 
weathering is not avai!able for uptake, or because water limits uptake, then the amount that 
can be harvested will be proportionally less. On the average, weathering accounts for 60% of 
the base cation supply (The median/mean value of the nutrient base cation weathering rate 
in Sweden is 0.18/0.35 keq ha-1yr- 1) and deposition ac count for 40% (median/mean value of 
the nutrient base cation deposition is 0.16/0.25 keq ha -lyr-1) of the supply. If the base catiou 
deposition should decrease from an estimated 0.16 keq ha-1yr-1 at present to the estimated 
background of 0.12 keq ha-1yr- 1 , then that implies lowering the naturally sustainable harvest 
from 80-85 million m:lyr-1 to 70-80 million m3yr-1 (Tab. 15.1 and Fig. ??). The present 
calculat.ion aSSUllles that AI has no negative effect on uptake efficiency, (f(BC/ AI)=l). This 
is a very optimist.ic assumption, and any negative effect of AI or pR on growth would te nd t.o 
make leaching larger and uptake less, speeding up soil depletion. In these calculations we have 
assumed Hmt the pool of organic matter in the forest soil was at steady state. In the long term 
this is almost correct, but in the short term it. is most probably not. If the soil change from a 
net aecumulation mode t.o a net. loss mode for organic matter, large amounts of base eations 
ean be made available. This effect should be able to offset the effect of base cation defieiency 
for several decades. It must. be remembered that this is then another finite reservoir t.hat also 
beeome long term depleted. We are not able at present to determine apriori the change in 
the rate of net accumulation or net loss from these po ob with any certainty. This makes it 
very difficult. to determine exactly when nutrient disturbances or effects of soi! acidity will affect 
forest growth, exeept in very broad terms. A study of the results suggest that it may be possible 
to improve the present situation if high harvest volumes could be made to better agree with thc 
sites with high weathering rate. Today there is a certain eorrelation between high growth alld 
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Nutrient Present Best case 80% uptake Whole tree 
state possible efficiency harvesting 

% of area with larger 
removal than supply 

Ca 95 21 48 97 
Mg 93 2 22 94 
K 67 7 10 87 

BC 97 35 83 98 

Table 15.1: The table show percent of the forested area in Sweden with less supply than removal 
fOT base cations. The table show that the present situation with a high uptake and a leaching 
incTeased by acidification is not sustainable in at least 97% of the area. "Best case possible" is 
based on the assumption that tr·ees will take up all nutrients above 5J.lg 1-1 for Ca and Mg and 
OJ.lg 1- 1 fOT K, and that the mots have 100% efficiency in uptake in all percolate water. The 
"80% uptake efficiency" assume that the tTee will have the same concentmtion limits as the best 
case, bnt that the mots only come in contact with 80% of the soilwater. 

high weathering, but harvest is not optimized with respect to weathering and sustainability. 
Under conditions with continuing acid deposition, such an optimization would be desirable. 

15.5 Conclusions 

There is no reason to think that a severe base eation shortage will be without effect on long 
term productive growth. On the contrary, Liebig's law is an absolute law derived from the 
universal law's of mass conservation and the basic principles of thermodynamies. It applies to 
forests equally much as it applies to all other biologieal growth. Swedish forest growth is not 
sustainable at its present rate of growth with respect to base eations. The reasons für this can 
be identified as two major causes; 

• Increased depletion of the base saturation by acid deposition 

• Increased uptake to growth removed with harvest in modern times 

• partial misfit between high soil weathering rates and high harvest rates 

Without high depletion rates caused by acid deposition, it would possible to sustain a steady 
state harvest of approximately 80-85 million m:J /yr. For lligher rates of stern biomass harvest, 
addition of base cations will be necessary. The situation can be significantly improved by getting 
a better fit between high growth rate and high base cation weathering rate than today. It is 
important to realize tImt modern forest management is capable of increasing growth far beyond 
naturally sustainable growth for harvest. We ean eompare with an automobile; the maximum 
speed of the machine is not the same as the best traveling speed on a road. If whole tree harvest 
is practiced, then the demand for base cations and phosphorus per m:J harvested wooden timber 
inerease two- to three-fold, and approximately 40 million m:J of forest timber frorn whole tree 
harvest can be sustained on natural reSOIHces alone. Thus there is no way the present harvest 
volume of 75 million m:Jyr-l ean be sustained under whole tree harvest management, without 
addition of base cation nutrients. The calculations how in general terms that the nutrient mix 
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Nutrient Present Best case Whole tree 

Ca 
Mg 
K 

state possible harvesting 
Average difference between 

supply and removal in kg ha-1yr-1 

-3.4 
-1.6 
-0.8 

4.6 
1.5 
1.2 

-7.0 
-2.6 
-2.0 

Table 15.2: The table show the total average of the differencc between weathering plus deposition, 
minus uptak:e and leaching. Larger removal than s'apply is expressed as a negative number, 
The values show that the present 8ituation is not 8ustainable with the present conditions, that 
under the best case the weathering re80urces will be s'afficient, and that the s'it'aation is gms8ly 
unsustainable with whole tr'ee harvest without base cation f'e turn , Pr-esent state imply that the 
base saturation decr-ease on the average by 0.33 keq ha-1yr- 1 and whole tree harvest 0.62 keq 
ha-1 yr- 1 . 

added to the forest should contain primarily Ca, Mg and P, in the southern part of the country 
also K. We may conclude: 

• At present, the geographical arrangement of harvest results in Swedish forestry being not 
sustainable with respect to nutrients 

• Stern removal forestry up to 85 mill m:l annually may be made sustainable if the harvest 
is carefully matchcd with the carrying capacity, dominated by the weathering rate 

• At present, the practice of whole tree removal in southern Sweden is grcatly unsustainable 
with respect to nutrients, and can be shown to lead to rapid exhaustion of the soils 

• In Sweden, whole tree harvest cannot be sustainablc unless substantial replacement of 
nutrients take place, Most urgent is K and P in the south, Mg and P further north, 

The calculations stress the importance that sustainable forest management must include the 
management of nu trient fluxes and reservoirs, Forest growth for harvest must not neccssarily 
be limit cd by natural supply of nutrients, Active management of nutrients for growth is a 
great economic possibility, if it is carefully performed within the environment al constraints and 
optimized with respect to the properties and boundary conditions of the locality, It may seelll 
futile for the Swedish forest owner to in the short term to try to compete with farming of 
fast growing eucalyptus and similar trecs in tropical clirnates, but once the insight to what 
sustainability is has been won, it will cease to be a long term threat. Such short term successcs 
as the fast growing cucalyptus farming will soon find itself caught up with the fundamentals of 
sustainability. Much of such farming occur on highly weathered latcritic or quartzitic soils and 
red earths with very low intrisic weathering rate, At present the forest farmers are irreversibly 
cashing out their soil nutrients, leaving a depleted and empty soil behind, Only when locatcd 
on high weathering, low silicic volcanic soils, such forests may survive for any longer period of 
time, This insight will allow us not to indulge in such short term opportunism, nor to fear it, 
but stay long term sustainable in our own strategy, 
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General conclusions 

Harald SverdTUp, Ingrid Stjernquist, Bengt Nihlgard 

16.1 Statements and conclusions 

We may conclude that the data collected at Asa, Jämjö and Stenbrohult provide unique pos
sibilities for actually assessing forest sustainability from more than one aspect. The SUFOR
programme has produced a set of new models that may bemme future sustainability instru
ments, after duc adaption ami additions to makc them more user-friendly. The design for such 
tools are already taking shape. The integration proeess has lead to clash of ideas, vigorous 
diseussions and a rethinking of established paradigms. The eooperation between Lund Uni
versity, Lund Institute of Technology, Swedish Agrieult.ural University, Swedish Environmental 
Research Institute (IVL) and Gothenburg University has been neeessary for this development 
proeess. In the synthesis of the work, we have identified probable eonflict.s between goals if 
every aspect. of the future forest management ought to be sustainable. These confliets have to 
be further investigated to find ways to minimize or resolve these conflicts. The first. conflict type 
depend on if the forests are looked upon as statie or a dynamic ecosystems by the planners and 
researchers. As a biologie al system the forests are always dynarnic and thc development dcpend 
on ehanges in the natural as well as anthropogenie impact factors. This is espeeially true in 
a long-term perspective, i.e. over several hundred of years, Fig. 16.1. For exarnple, thc static 
demand from a sustainable forest biodiversity perspcetive to keep large areas with unaffected 
natural forests are hard to preserve within a dynamic approach. The secemd types of conflicts 
highlight the problem where the goal t.o kecp one biologie al process sustainable contradict other 
sustainability goals. Such corlflicts are: An increased area with recurrent burning activity to 
enhance forest biodiversity vs the long-term economizing of nitrogen or the goal to maintain the 
soil as a carbon sink. The third conflict depend on the definition of good economy of sustainable 
forest management. The tradition al definition of good economy is to evaluate the eost/benefit 
balance of different management activities from planting to clear cut. In a long-term sustainable 
perspective the cost/benefit balance have to include the costs of adepietion of soil nutrients. 

We may make some important conclusions after the first phase of the SUFOR Programme: 

1. Sustainable yield 

(a) The standard yield is NOT equal to the sustainable yield, but rather a systematic 
overestimate. The standard yield represents the maximum growth traditional man
agement can produce. The sustainable yicld ins the long term accept.able amount 
timt can be harvested without causing adverse effed,. 

(b) Sustaillable stemwood yield as m:l stemwood ha- 1 could be determined at Asa based 
on nutrient availabilit.y and tree cover properties. A principal method for estimating 

433 
H. Sverdrup and I. Stjernquist (ed,.). 
Developing Principles and Models jor Sustainable Forestry in Sweden. 433-441. 
©2002 Kluwer Academic Publishers. 



434 

\ 
\ 

\ 
\ 

1800 2000 

CHAPTER 16. GENERAJ, CONCLUSIONS 

Billions of people 

T emperature 

Nitrogen dcpositio 

SoilpH 
World population 

~----- pH 

--- ---

2200 2400 

Figure 16.1: Face thefacts! We have expe7'ienced ve7'Y la7'ge changes in the basic conditions (Cli
mate, soil chemical conditions, wo7'ld population, nitmgen availability) fo7' sustainable f07'est7'Y, 
and we must expect equal 07' even la7'ge7' changes in the ne.Tt 300 yea7's to come. This will p7'esent 
us with a numbe7' of difficult pmblems, and facing those will become the existential questions fo7' 
futu7'e sustainable f07'est management, and it will necessitate that the stmteg'ies adopted must be 
stmtegies that can adapt to such changes. 

the sustainable yield has been developed. Scaled down to the level of a small prop
erty of 100 hectares, a sustainability assessment would cost less than 3,000 Swedish 
kronor, plus a day or two of work time for the forest owner. The assessment would 
be valid and useful for several decades to come. 

(c) The most critical factors for nutrient sustainability are: Weathering in the collective 
rooting zone of the stand, This is depending in order of importance on: 

• rooting depth (depend on soi! depth, groundwater level and tree species) 

• soil content of minerals, 

• soi! texture, 

• soil moisture, 

• soi! stoniness, 

• soil temperature. 

(d) Leaching from the soil is dependent apart from the soil conditions mentioned above, 
on the net acidity input, 

(e) Base cation deposition depending mainly on location in the country and vegetation 
type, 

(f) NIltrient removal at harvest depend on: 

• standing stock and tree age, 

• nIltrient content of removed material, 

• harvesting strategy (stern only/whole tree/time of the year). 

(g) NIltrient sllstainability cannot be robustly tested, but the components of it can. The 
long term biogeochemical consequence of it's exceedance can be observed and Ilsed 
for testing. 

(h) The traditional forest yicld does not reflect the sllstainable yicld at a certain stand 
in a satisfactory way, Integration of trees with deeper roots mixed into the stand, 
significantly increase the sustainable yield of the stand. The project could determine 
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Figure 16.2: It is important to construct maps over the problems investigated. In SUFOR, 
mental maps were used extensively to map the problems and to help simplijicat'ion in order to 
obtain simple opemtional models. 

that trees with deeper root systems for nutrient uptake have a lligher nutrient sus
tainability potential than more shallow-rooted trees. Norway spruc:e lIlay be brought 
to grow faster than dec:iduous trees, but this is irrelevant for the sustainable growth 
which is determined by other parameters. 

(i) Stern harvest must \lnder c:ertain c:irc:umstanc:es be assisted with modest limestone 
and non-nitrogen nutrient additions to restore nutrient pools. Present base saturation 
levels in Asa are low, and so me assistanc:e to natural rec:overy would be desirable. 

(j) Whole tree harvest without nutrient replac:ement is always very harrnful and will 
deplete the soil badly in short time. The depletions risked this way may be serious 
enough to lower the yield c:apacity of the soil significantly, also ruining land property 
value. Whole tree harvest remove much nutrient in low quality biomass and within 
the sustainability limitation, this represents a less efficient harvest strategy. 

2. Sustainable forest vitality 

(a) The change in basic conditions is a threat to forest vitality. The fundamental pro
cesses for forest production and biodiversity are currently changing owing to the 
long-term impact of excess nitrogen, the ongoing soil acidification and a raised tro
pospheric ozone level as weil as an expected future climate change. In response to 
these threats there is areal risk for decrease in wood production ami quality as a 
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Figure 16.3: THINK SYSTEMS; The deeper mots of the deciduous tree take 'up large umounts of 
base cations to supply the larger nutrient circulation in the canopy. According to our hypothesis, 
in a mixed stand, the conifer tree neighbouring a deciduous tree may benefit fmm the higher base 
cation avu'ilability in the 'upper soil layers caused by the higher rate of nutTient ciTculation. At 
Asa as weil as at Jämjö, this hypo thesis could be shown to be acceptable. The deciduous tr'ee help 
the conifer tree by giving access mot help. The consequence of our hypo thesis is that effective 
fine mot depth become one of the most important sustainability parameters. Management of 
avemge fine root depth in stand and on pmperty become a main tool for susta'inable nutTient 
management when the maryins are small. Over'cTOssing of mots in adjacent tree '05 mot systems 
become an important pammeter. This is mOTe impoTtant in EUTOpe whe'f'e the trces da not usc 
allopeism as a competitional 'Weapon. 

consequence of changed ecological conditions likely to effect both growth ami suscep
tibi!ity to pest and pathogens or weather extremes 

• At present, the soi!s in southern Sweden accumulate large amounts of nitrogen. 
Prom 1850 to 2000 the soi! store of nitrogen has more than doubled, from 2 ton 
/ha to more than 5 ton/ha. Soil acidity eontribute to the nutrient imbalance in 
the soi! as weil as to changes in the quality of the runoff water. Declining forest 
floor C/N ratios indicate increasing risks for nitrate leaching. All forest soils 
south of a line from Kalmar to Göteborg have the potential to leach substantial 
arnounts of N to the water ecosystems. 

• Although the precursors of ozone may have decreased in Europe by the year 2010, 
the effect.s the ozone levels are unclear. NOx reduction may lead to increases in 
ozone in some situations. Furthermore, rapid increases in Asia will increase the 
ozone levels in the northern hemisphere, which in turn rnay affect the ozone levels 
in Europe. 

• Predictions suggest that southwestern Sweden will experience a warmer (+0.5-
l°C) and wetter climate (+15%) during the next 150 years, whi!e the southeast
Ern Sweden will become warmer (+1-3°C) and dryer (-10%), thus threatening 
tree species on the border of their climate range, such as spruce. 

• The Swedish forests can sequester large amounts of C in the short term; 8 million 
tons of C year- 1 in standing trees, and approximately 2.5 million ton C year- 1 

in the soi! litter. This is however not permanent. Management strategies that 
sequester carbon in the forests more efficiently than present must be developed. 

(b) The change in tree vitality depend on two fundamental processes which are affected 
by the change in environmental conditions 
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Short term maximizing profits 

Maximizing long term staedy state profit 

Figure 16.4: THINK LONGER; A much longer time perspective in forestry is necessar·y. Over
exploüation of the s-ite will over time erode the production potential. Instead of maximizing the 
growth rate for the moment 01' even a single rotation, it is necessary to integrate the maximized 
pToduction over a long time, rnany rotations. The production m.v.st in the lang term accumulate 
to the sustainab-ility potential. This applies to nutrient resources as weil as other resources such 
as biodiversity. 

• Nutricnt imbalancc 
Imbalance of macro and mitro nutrients in the tree is related to inereased frost 
sensitivity and predisposes the tree to heavier infections by pests and pathogens. 
There seems to be a difference among species which 01' the nutrients is the most 
affected by environment al ehanges and this has to be further investigated. 

• Changes in carbon balance 
Current owne levels as wen as nutrient imbalanee change the carbon balance 
of the tree through decreased root/shoot ratio, produetion of defense substances 
and winter hardcning. The ehanges in the growth pattern affect the uptake of 
mItrients ami water which, by a negative feedback meehanism, further reduce 
tree vi tali ty. 

(c) The possibility of countermeasures. Too COllnteract negative effects on forest vitality, 
two ways are possible: 

• A negative nutrient budget for a specific stand can be countermeasured by an 
input of deficient nutrients. Forest liming and different kinds of vitality fcrtilizers 
have been tcstecl. The site specific nutrient irnbalancc should be eonsidcred 
in thc choice of countermeasure method. If vitality fertilisation will be used 
continuously in a large seale, the environment al costs for society, likc the effeets 
of mining and transports must be includcd in the asscssment of sustainable 
forcstry. 

• A change from monoculturcs to mixed species stand is a way to "use" forest 
ccology to improve thc nutricnt balance for the whole stand by utilizing thc 
increased rooting dcpth. This approach has the addcd benefit of being a long
term method to counteract nu trient illlbalanees. 
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Figure 16.5: TRINK SUSTAINABILITY LIMITS; For production within the sustainability po
tential, whole tree harvest is a poor econorrric strategy. Removal of slash, which is a low val'ue 
product, will reqnü'e much more nutrierds per unit weight. The fraction wood, the high valne 
product, mukes the largest fraction of the harvest under a stem harvest strategy. Pr'esent whole 
tree harvest, almost ever-ywhere it is practiced, grossly overexploits the soil resources, unless the 
excess amo'unt is added . 

• l'vlonitoring of forest condition. l'vlonitoring of various aspects of forest vitality 
and system sustainability is vital in order to assess the combined effects of e.g. 
air pollution, future climate change and the outcome of forest poliey and actual 
de fa.cto practices within forestry. Long data series are also important from a 
research points of view, in particular when the lifespan of a tree generation is 
considered. Current integrated national monitoring programmes operate with to 
few monitoring sites where comprehensive data sets, covering both abiotic and 
biotic parameters, are collected to be fully usefu!. Similarly, the lack of recurrent 
regional forest decline surveys with high spatial resolution is unfortunate. 

3. Sustainable biodiversity 

(a) Biodiversity can be adequately protected by protecting and preserving it in number 
of core areas in the landscape. These areas must have a size above a minimal critical 
area of at least 10 hectares and make up at least 7% of the totallandscape area. 

(b) It is pos::lible to protect biodiversity by creating refuges in areas with small or no 
sustainable productive value. Thus detection of soils with low sustainability potential 
for stemwood production can become important stocks of essential biodiversity in the 
landscape. A number of indicators of sustainable biodiversity has been proposed. 

(c) The preelicteel future vegetation changes causeel by climatic anel pollution stress 
changes will imply that decieluous trees will regenerate easier in the forests and 
make up a larger part of naturally regenerateel forests. A warmer climate calls for 
a paradigm change in forcstry anel achallenge to sustainably increase proeluctivity 
anel profit ability within thc forest of mixed specics. 

4. Social sustainability 
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(a) Management. can weil adapt. t.o profit.able harvest. amI management. that. at the same 
time is seen as aest.het.ically pleasant. by t.he public. Weil managed forests are seen 
as aest.het.ically pleasant by t.he publie. 

(b) A mixed forest with different.iat.ed age st.ruct.ure is seen by t.he publie as being more 
desirable t.han rnonocultures and rnonot.onous single age/single speeies stands 

(c) Biodiversity is socially sust.ainable when it at the same time preserved aest.hetic values 
in t.he landseape. The publie observes and appreciates a biodiversit.y of veget.ation 
and faunal elements, whereas diversity in insects are often seen as a surplus of "bugs" 
and "pests". Funetional anci st.ruet.ural properties are not observed. The aesthetic 
eornponents of biodiversity must be built such that the unpereeived but irnport.ant 
elements are preserved. 

(d) The societal value of recreation in the forest ac counts for 30% of the value, whereas 
tradition al forestry aceount.s for 65% and hunting approxirnately 5%. 

5. Econornic sustainability 

(a) Sust.ainable forestry based on mixed stands can be optimized to an eeonomic prof
it.ability equal or larger t.han t.he eeonomic profit of a sustainable forestry based on 
Norway spruee rnonoeulture. 

(b) Present. economic profit are at present. based on unsustainable growth in 70% of all 
stands ami requires mining of nutrient. resourees that cannot be replaced at the rate 
of present. removal. 

(c) Sustainable forestry in Southern Sweden is possible within the present. profitability 
requirements. 

(d) The "Norway spruee monoeulture paradigm" is not. sustainablc over large areas in 
Sweden. A change is neeessary for present. profit.ability t.o survive int.o t.he next 
century. 

(e) Condit.ions for sustainable forest profit.abilit.y is larger in sout.hern Sweden t.han in 
the north. 

(f) We need t.o adapt and further develop planning and prediction instruments. 

(g) Economic conditions: 

• If a nutrient accounting management is adopted, then any produet.ion may be 
made sust.ainable with respect to nut.rient.s. Vitalizat.ion and whole t.ree harvest. 
may even be used as a t.ool t.o eliminat.e nit.rogen from a fOf(~st ecosystem. 

• Tradit.ional int.erest. ealculus is not. a valid invest.ment. analysis met.hod over one 
or several forest. rotat.ion. The argument. t.hat. t.radit.ional eeonornie do not. know 
any ot.her met.hod is not. a valid argument. for using invalid rnet.hods. Alt.er
native calculat.ion met.hods are available and have been applied in t.he SUFOR 
programme. 

• Forest management. needs t.o modify it.s accounting prineiples. Hidden incomes 
alld hidden eost.s needs t.o be included in the income aeeount.ing. It. is irnport.ant 
t.o include t.he management. eost.s for soil resourees, as weil as eost.s involved in 
environmental ami social obligat.ions. 

• Hidden asset.s and hielden liabilit.ies neeels t.o be inclueleel in the balance estimates. 
It. is important 1.0 increase or elecrease in int.ernal stock of nutrient resourees, as 
weil as internal movements bet.ween stocks. Eeonomic liabilities assoeiated with 
long term responsibility obligations must be internalized anel inclueleel in the 
balanees. 

• The aeloption of sustainable proeluetive yield must. be introeluced in management 
planning, anel the aetive management of any clifference between this and the 
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operative yicld must be properly included in the income/cost statements as well 
as the changes in stocks taken to the balance. 

• An analysis of the future market suggests that there will be an increased denmnd 
for wood products over the next 3 rotations (300 years). In the short term, 
half a rotation, both printing paper and sawed produets will show a positive 
development in consumption. An ongoing consolidation in the industry rnay in 
the very short term (10 years) force raw wood prices down. During 1985 to 
2000, the hardwood sawmill products and white copying paper were the fastest 
growing sector, parallelled by diminishing standing stock in many places. In 
the long term, paper is expected to be used for a wider range of products, and 
consumption is expeeted to rise with population ami GDP at least until 2150. 

• The constraint of sustainability remove the advantage earlier enjoyed by Norway 
spruce monocultures, putting deciduous tree stands and mixed forest stand on a 
equal or better position in tenns of value generation. 

(h) Operation al tools for the forest owner 

• A simple tool for nutrient sustainability estirnation is available ami will be pro
vided free of charge to any forest owner. 

• It is possible to establish the sustainable production potential at a forest property 
for a cost of approximately 5,000 SEK per 100 ha property, the input data gained 
will be valid for the next 500 years. 

• The sarnpling activities at Asa has resulted in knowledge of the necessary sam
pling density in order to be able to interpolate the results on maps, the uncer
tainty of the parameter values have been deterrnined and the necessary infor
mation for making statistically correct and significant upscaling was obtained. 
\\Te have determined that the critical sampling distance between points at Asa 
is approximately 700 meter, or one samplc per 25 heetare land. Thus for a 100 
hectare property, ab out 2-4 soil sampies will suffice to establish the sustainability 
potential with good accuracy. 

Risk management 

1. In a forest management for biodiversity sustainability, the density of older living and elead 
trees as well as the frequency of elisturbances regimes will increase. There is a risk for 
an threat to tree vitality owing to an increased population of pest and pathogens anel 
facilitateel dispersal. 

2. The private forest owners are the key aetors in the work towarels a future sustainable 
forest management in southern Sweelen. To stimulate this change, a larger assorted range 
of wooel products for the market is important as the forest/farm unit then will produce a 
lligher profit. Specific risks can be identified on the property level: 

• There is a risk timt the current biodiversity policy formulated by the Swedish Govern
ment, NGO' sand international certifiers gives a top-down perspective on the work 
for lligher biodiversity, with associated risks for poor acceptance and owner partici
pation. The forest owners, private as well as others, must be involved in the process 
to maintain or increase the forest biodiversity. 

• With an increased demand for more fire disturbances there is a risk for raised costs 
for the private forest owner. The owner has to keep watch over the burnt areas both 
in space and time. With few persons available, there is always a risk for the fire to 
spread to stands outside the planned burning area. Other economic considerations 
which ought to be further investigated are fire intensity vs increase of root rot and 
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decrease in organic concentration in the soil as well as the size of the burnt areas vs 
st.orm damages. 

We can conclude that the forest. management procedure must be an iterative, adaptive 
method of designing the management plan. It is importarJt that the proposed plan is iterated 
several times round the planning cycle and repeat.edly testeel against the criteria, in order to 
optimize t.he approach towards full sustainability and simultaneously maximum profitabi!ity. 
When eonflict of criteria or conflict of interests oc:cur, a structured model for handling these 
must. be employed, setting dear priorities (Fig. 4.1). 

In the project, we were able to move from a sc ale of single stands up to landscape level 
at 3,200 ha. In that range, the approaches have fuH interpolability and tlms we may down
interpolate from landscape scale into any property or stand. Additional sampling on t.he prop
erty will increase certainty amI quality of the sustainability assessment. The gap to the national 
level at 22,700,000 ha could not be continuously bridged in t.he first phase, but elata came forth 
that will definitely make this possible. With the presently available databases (2001) this is 
now fully feasible as weil as the degree of uncertainty is known and controllable. 

16.3 The future 

We have identified several gaps that can be the focus for future research: 

1. Develop knowledge ab out soi! root occupancy amI average rooting depth for different 
species, st.and types amI soi! properties as well as knowledge how these conditions affects 
the uptake of nutrients and wat.er. 

2. Develop biodiversity models and assessments int.o an integrated biodiversity assessment 
including fauna, vegetation, scale and structure. Being able to cope with climate change 
will be the single largest c:hallenge to all biodiversity management research, regardless 
of of other fadors involved. The prospect of dimate change may overturn all existing 
approaches for protection and conscrvation of biodiversity and makes thc research for new 
approaches urgently needcd. 

3. Develop knowledgc about the effccts of climatc change and nutrient availability on the 
carbon allocation of thc trees including models for pollutant fluxes to mature trecs anel 
stands. Prescnt global climate models have, when at all, insufficient feedbacks to the 
nitrogen cycle and sust.ainable forcst management, and present scenarios needs complete 
redoing. 

4. Test sustainability assessments in the field. 

5. Develop system knowledge ab out effects of countermeasures to preserve tree vitalit.y during 
the whole life cycle of the tree. 

6. Develop economic models for small private properties anel non-industrial management. 

7. Develop integrated forest property models (100-10,000 hectares) for all production aspects. 

This will be elaborate in thc application for the next phase of SUFOR. 
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