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Proposed method for estimating critical loads fitmogen
based on biodiversity using a fully integrated dyiamodel,
with testing in Switzerland and Sweden

Harald Sverdrup Salim Belyazid, Daniel KurZ, Sabine Brauh

1. Introduction to the problem

Until present, the environmental effects origingtinom acid deposition, eutrophication and
global climate change have been investigated intgpdly. The 1999 Gothenburg protocol
to abate acidification, eutrophication and grouenel ozone within the Convention on Long-
Range Transboundary Air Pollution (CLRTAP) has #uepe of decreasing emissions of
nitrogen and sulfur substantially when fully implemed (UNECE 1999). National

environmental goals for effect-oriented and optediair pollution control policies are set i.a.
on the basis of critical loads. However, at présemtional environmental goals for

biodiversity are defined in relatively vague anatistterms. The connection to air pollution is
only addressed in an indirect way, e.g. over ermlircritical loads for nitrogen. In order to
give the national authorities a starting point frammich to develop more quantitative
environmental goals for linking policy more firmiy critical loads for biodiversity, as well as
a lead on how to approach the problem with a mgrewhic approach, we intend to do this
study as an illustration of what could be done smiie options for the way forward.

Until now, the critical loads estimated regionafty nitrogen deposition and their
exceedances have had no dynamic and quantifiedectaon with biodiversity, because of
lack of proper models. Neither were any modelslalil which will combine the effects of
climate change and deposition of sulfur and nitnogeing mechanistic approaches, before
the arrival of the ForSAFE-VEG model. The Gothegbprotocol will be reevaluated and
revised during the coming years, and models fodiptieg pollution impacts on biodiversity
components can strengthen the case for strictegzradbe to effects-based critical loads for
multiple components of the ecosystems (Sverdrugl.e2005, Martinson et al. 2005). The
causal chain used in the effect-based critical mattept is:

Pollution input > abiotic response > biologicahgqmonent response > ecosystem effects
This is reversed in the critical load methodologyecome back-casting from the goals:

ecosystem effect limit > diagnostic parameter >tlwalue > calculation > critical load
Traditional is that the limit is set on an abiofiarameter like pH, [Al] and a causality

indicator, e.g. the BC/AI ratio (Sverdrup and Warge 1993), linked with an empirical
response function to ecological effect, and thé&cali load parameter iterated based on the
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abiotic limit (See Sverdrup and Warfvinge 1993 éosummary of the available European,
Asian and North American data with respect to a&gjdiWith the new generation of
integrated ecosystem response models like ForSAEE;\Mhe diagnostic parameters can be
formulated directly on an ecosystem response pdear(sefoliation, growth rate, abundance,
photosynthesis, etc), and the abiotic proxy isomgér needed. This implies that the critical
load can be calculated directly on ecosystem effeithout the intermediary indicator such as
ANC, BC/Al or an N concentration limit. The limian be set directly on ecological response
of trees, fishes or ground vegetation.

2. Objectives and focus

The focus of this study is to investigate how ttineate critical loads based on effects on
biodiversity. The issues pertinent are:

1. Which parameters are adequate diagnostic variatdesair pollution effects to
biodiversity of the ground vegetation?

2. How different numerical settings of limitationsdiagnostic variables will change the
resulting critical load

3. How to address properly the feedback between mtrogputs and the effects of
acidity, growth, management and differences betvggerconditions.

4. Conduct testing at sites in Sweden and Switzerlaungre the possibilities suggested
above are explored

5. How to create a valid procedure for estimatingicaltloads based on biodiversity in
regional assessments on a regional scale

The final objective is to demonstrate a full caétidn for a number of different sites, testing
the whole concept. The objective is to use thisamdnput to the national environmental
agencies for evaluation with respect to developMagtional environmental goals and
environmental policy goals within the process urtiterLRTAP Convention (UNECE).

3. Theory
3.1 Defining a critical load

To state that we want critical loads based on bmdity has ramifications. First of all,
biodiversity incorporates some of the systemic proges of an ecosystem. Biodiversity also
represents a quality aspect of an ecosystem, ctiturality to provide a rich species range for
continued evolution. It also implies a morally defd obligation by humans to keep impacts
on the surroundings within reasonable and contrtdldrames. From this follows that the
critical loads will necessarily incorporate a dtrattitude towards pollution. The general
critical load is defined as:

The maximum amount of pollutant input to an ecosystm that will not lead to
adverse effects on ecosystem structure or functions

It is important to realize that several pollutaatsd disturbances affect biodiversity, so we
have at least these critical loads that have frisang to weak connection to biodiversity:

1. Critical load for nutrient nitrogen
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Critical load for acidity

Critical load for phosphorus

Critical loads for heavy metals (Hg, Pb, Cd)

Critical loads for persistent organic chemicals (P€)

Critical loads for phytoactive organic pollutant8{OPs)

Critical loads for endocrine disruptive organic pahants (EDOPS)

NOoOkWN

Those in italics have yet not been assessed ampmproethods to establish Critical
Loads are at the moment not available. All of thewe aspects are coupled through the
feedback system of the ecosystem, making estim#tiegritical load for nitrogen alone far
from trivial. The critical load has a connectedatile, the critical level, developed with a
similar philosophy, which also represents paramsetath potential effect for biodiversity.
We can define the critical atmospheric level for:

Critical levels for tropospheric ozone £Qocal, regional)
Critical levels for sulfur dioxide (S© local)
Critical levels for nitrogen oxides (NQlocal)
Critical levels for ammonia (N§llocal)
Critical levels for volatile organic compounds (V&docal)
Climate change
i. Critical levels for carbon dioxide and other GHCsgas (global)
ii. Critical thresholds for temperature (local)
iii. Critical thresholds for precipitation (regional)

oA WNE

The critical load for nitrogen can probably be sfed into two distinct critical loads for
ammonium and nitrate. These are probably not inudg®, but the present state of our
knowledge does not allow us to differentiate betwtee impacts of ammonium and nitrate.
Unless specific research will be forthcoming, ithwemain so for the next future. The critical
load for nitrogen excludes its acidifying effedtistis included in the critical load for acidity.
Many persistent organic pollutants are phytoac{bOP’s) and may probably be able to
distort both biodiversity, ecosystem functions adlas warp individual species.

3.2 What is good and what is bad, defining "adveiféects”

The first challenge on the path to critical loasi$a define what is implied by the expression
"adverse effects” to either ecosystem structure fuorction. Typically, the diagnostic
parameter for observing effect is plotted versasithmediate causal factor, and the limit for
adverse is drawn on the effect axis in order t@ltle to derive the limit in the causal factor.
For example, the effect of nitrogen concentratiothie leaves is plotted versus the incidence
rate of contracting the Valdensia parasitic fun@Nerdin et al, 2002). Hypothetically, we
may determine that when 20% of a population has ladfected, then that is enough. For
acidification, this was done using growth of trees the diagnostic effect parameter and
BC/Al in the soil solution as the causative indoratAt this point, this requires us to state our
risk philosophy, in order to clarify what we prot@nd which risks we are willing to take.
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The  maximum allowable :
damage principle (MAD-P) is the 120 | :
principle used in traditional = :
acidification critical loads. A certain & ARt
degree of effect is accepted as being 38 100 ]&Giﬂ%ﬁif’?"‘
stress, but still not adverse damage. In 6 LAl A
the case above a 20% effect on growth & 80 e
was seen as the maximum, implying a E g :
limit of BC/AI=1.2 (Black line in Fig. E 60 o L% T coransech & Eidhuser 1967
.1). C'0n5|der|ng the dlsper§|on in points £ | kS ﬁ;gg:;ﬁgg;mem' (1990)
in Flg._ 1, the range given by the o 40 oo g:g;a;a;iigégm)
dispersion in points is BC/Al: g ot 5%»{ A Evers (1%83)
0.4<1.2<4. The dispersion is not .‘% 20 s H EZ?ESﬁéé‘sﬂiéclfffﬁess)
necessarily inaccuracy in the data, but DAl o & Rost-Sietfrt (1983)
also reflects variability —between o EL e
mdmdgal plants of the same species. 001 01 1 10 * 100 1000
According to MAD-P, we accept a Soil solution (Ca+Mg+K)/3AI molar ratio

certain degree of effect as not adverse,

and then we can defend to use a cut Fig. 1. Causeeffect diagram for Norway spru
value at 20% impact to growth. ~ ysed toset the critical limit used in critical loa

The precautionary principle caiculations. For this variable, experime
(PP) implies that we intend to exclud provide a fully documented respormeve
the occurrence of effects with a certa \yhere clear effect cuf can be made. The
safety margin or certainty. Applyin¢ diagrams are possible, when other factors ca
the precautionary principle for Norwa: neld sufficiently constantwith nitrogen, suc

spruce, interpreting it such that we wa gjagrams are seldom available in the same
to exclude effects completely, alsu

considering the dispersion of the data points i i gives the value BC/AI=4 as critical
limit. If the criterion is to eliminate any recodleresponse, we must adopt the value
BC/AI=22 as limit (dotted line in Fig. 1). The déffence in implication is that if the critical
load at a particular site was 1.0 kEg'a' of acidity using thenaximum allowable damage
principle, it will be approximately 0.3 kEq T using theprecautionaryprinciple and
something like 0.1 kEq Har™ for total risk elimination. The difference in pojiis evident,
the smaller the risk, the bigger the mitigationtas#l be. It becomes clear that the economic
cost of pollution mitigation is depending on thskriphilosophy adopted. In the European
critical loads mapping program, theaximum allowable damaggrinciple was the one
applied so far, even if this is not explicitly sdtin any policy document. In many political
arenas, therecautionaryprinciple is frequently used in speech rhetoric, but whewihes to
real policy, it generally becomes transformed isomething based on themaximum
allowable damagerinciple.

To estimate a critical load for nitrogen is morengdex than it was for acidity, as
nitrogen is both a necessary nutrient and a paoituia ecosystems, many plants interact in
mutual competition, and the definition of its etféexconfounded by the fact that nitrogen acts
differently on different plants. The physiologicalfect of nitrogen on plants is modified
depending on the competition in every new momentvéler, nitrogen is only one of several
strong factors affecting competition. A simple r@sge diagram alone cannot be used, as it
does not incorporate the effect of other factonsimcludes competition in a way that makes it
readable. Diagrams based on field observationsequally limited as they assume many
parameters to be constant when they vary freelysantewhat without control relative to the
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observation, assumptions made to be able to reemething to simple plots. Fig. 2 shows
on the left an example of a response diagram foel#rries with respect to average nitrogen
soil solution concentration. Fig. 2 shows the camebi effect of acidity (BC/Al-ratio in the
soil solution) and nitrogen concentration in thé solution for blueberries alone in the field
(utan konkurrens=without competition). Next youdfithe response with 6 other plants
present and competing with the blueberries (kordng). There is no easy way to use these
diagrams to come up with a simple concentrationt Ifor acidity or nitrogen to be entered
into a simple mass balance type of calculationtebs, we must use the full model to
substitute for a simple diagram, as the diagramsee&k is not any simpler and cannot be
displayed on paper. The causal parameter is threrelefined as the nitrogen system input.

Bl&bir /utan konkurrens

0.6

Evivehalt (mg W/1) 1.3 “0.9 legiBc/al)

Fig. 2. Simple example fc
blueberry showing the effe
of plant response wil
(Swedish: konkurrens) ai
without competition (Swedis
utan konkurrens)

The effect parameters are ecological and have &ever
manifestations, and we will enter into a discussain
these below.

There is a widespread misunderstanding that
plants in nature occupy their optimal range. Steidreat
record field occurrence of plants are used todrgdfine
"optimal” environmental ranges for plants. In réglithe
inherent assumption behind this is almost neverectr
All plants are in competition with other plants ftire
same room in the territory. Most of them occupy-sub
optimal parts of their own potential range, becahse is
what they can get in the competition with othernpda
The plants do not associate because they belomghtay
nor do they like each other, but their coexisteasaaused
rather from their competitive expression gettingnikr
outputs under certain conditions. As soon as the si
conditions change substantially, the plants in the
associations will seem to fly apart as their contipet
strengths change differently and then they seeandate
new plant associations. The plant in an associasian
fierce competition with every other plant in that
association. Thus, the composition of a plant aason
IS not a constant property, it is an ecosystem uiutmat
is variable with time. The assumption of plant
associations being a conserved variable is equivate

assume that competition within the community iséixat all times and cannot change. The
assumption that competition in an ecosystem waly stonstant forever is not correct. It is the
dynamic competition that is the core essence ofemogystem. In this study the association is
generated as an output from the system simulatitbnis. not mathematically possible to
untangle the field response of individual plantsptant groups back to individual plant
responses, because the necessary information mns tef independent variables is not
available in such observations. Thus, trying toesbs optimal ranges from field studies, and
use it to control plants in prediction models i hkely to capture the state at the critical
load. Models based on such optimal ranges will gskng predictions with strong errors.
Thus, we need to use the intrinsic properties chgdant group, and then let it act into the

competition with all the others.
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3.3 Defining "effect” and diagnostic biodiversitiate variables

Biodiversity is defined in terms of many variablds. terrestrial ecosystems we have
components such as:

Plants

Soil microorganisms
Soil microfauna
Insects

Animals

All these live in a feedback web where single cleaiimits no longer contain enough of the
system property for a critical load determinatidfong with this we have aspects of structure
and habitat quantity and quality. We will be cortcating here on the ground vegetations
components. The critical load is exceeded at theetiwhen the input of pollution has
transgressed the limit where it will eventually de#o significant shifts in vegetation
composition, abundance or the entry or departurenef or more plant groups. This will in
many cases be well before such effects are actabigrved, because of system delays. Thus,
waiting for observation of effects in the fieldagisaster-proposition, with such an approach,
the countermeasure will always be too late witlpeesto a preventive strategy. Because no
environmental decision has been made for how toneéethe limit for biodiversity in
terrestrial ground vegetation communities at thespnt moment, we will test a series of
proposals based on limitations in 3 different agpetbiodiversity and ecosystem protection:

1. The internal ecology of the vegetation, how reltabundance between groups are
changed as competition strength is changed in thastnof everything else, by
nitrogen pollution specifically

2. Conservation ecology, long term stability in spescieomposition and presence,
loosing resident or gaining immigrants by nitrogetiution specifically

3. The primary production is changed by change inientrnitrogen supply, so, how
much wood biomass change there is per unit land efiatnge in nitrogen input

The first criterion is change in the abundance haf plant groups, and shifts in relative
dominance. The ground vegetation is made up datrplants, and changes in these are much
more readily predicted than rare or specializedigge Several ground vegetation groups are
of great ecosystem interest, both as a componebtodiversity and for sustaining certain
ecosystem functions. The rare species live in therenment of the trivial bulk vegetation
groups, and their existence depend on the conditfmovided by the presence of these
groups, and with little or no substantial feedbackthe dominant trivial vegetation groups.
Thus, in order to predict rare species dynamigsgiatrplant dynamics are a prerequisite.
However, not only N determined the site abundarsexpressed by fraction of the area
occupied. This is also caused by long term chamgesmperature, moisture and soil acidity.
Another diagnostic change may be a change in theuamof biomass in the ground
vegetation. The amount produced and maintainedefgentdent on nutrient availability,
primarily pushed by P and N, limited when theseleméed, but also potentially limited by
base cations, acidity, drought or shadow. Trad#ispecies richness is not really relevant as
it counts all plants regardless of reference franfedoss of 9 out of 10 species can be
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compensated for by a gain of 9 new plants. Thendash index does not change, but the
ecosystem does change a lot. The new approakhtis/e are no longer able to define unique
and one-dimensional response diagrams that casdzkta set simple single parameter limits
from which we can calculate critical loads. Sinlge target is now a system-integrated output,
biodiversity, only a system-integrated calculatieifi do. In this way the procedure is much
simpler, we go straight from ecosystem effectsthi@integrated model to target state to get
the critical load of pollutant:

ecosystem effect limit > integrated calculationritical load

Traditional conservation ecology is preoccupiednioynber of resident species as a
measure of biodiversity. We have defined that thatpyroups take the place of species in our
assessment, all in order to make it feasible ims$eof calculation and quantitative estimate.
We may set a limit for how many plant groups wewllto disappear, before we say stop
based on our protection philosophy. At the same titlwe invasion of one or more new plant
groups may also be undesirable, and we may sdsliian it. However, climate change may
be a significant driver for biodiversity change, msny European plants are limited by
temperature and climate towards the north. Thuseased nitrogen input may have a similar
effect to climate warming. A critical load estimateould take all of the factors discussed into
account. We propose numbers on the aspects propedetiows:

A shift in composition by more than x % for eaclyaagate group
A change in ground vegetation biomass index by rtteae y %
The loss of z number or more of existing plant giou

The entry of w number or more of new plant groups

PR

The aggregate groups may as a first approach bé tgl@es such as lichens, mosses, heather-
ling, grasses, herbs and bushes. We may also aspiggs into dominant, sub-dominant and
minor groups as the aggregate groups. Finally, g use each and all of the defined groups
on the list. To set the limiting value on the lisnio change x, y and z is a separate issue, as
well as to iterate by changing the percentagesassepand taking out the highest nitrogen
deposition that does not exceed these change fiom$a The ground vegetation community is
sorted into three groups: dominant, sub-dominamd, raarginal (Figure 3). The classification
is carried out based on the percent cover of tfferdnt species present at a certain site. The
dominant group can contain one to three specigdant types, occupying at least 50% of the
site cover. The marginal group represents specipknot types occupying at most 10% of the
site cover. The subdominant group represents at thegemaining 40% of the site cover or
any fraction under the dominant cover and highanth0%. If the total cover of the marginal
and subdominant plant species or types is below, 2@$th are treated as a marginal group.
The distribution in Figure 3 relates the modeleanposition of the ground vegetation
community to the traditional plant associationghout having to follow the exact definition
of these associations. For example, trivial changethe % cover of blueberries in a blue
berry type association would still preserve thesgmity of the habitat. On the other hand,
having a specific class for marginal species walilolv the methodology to detect changes in
rare or red-listed species as well as eventualsiona by species or plant types which were
not present at the original association. Plantisgear types in the marginal group have the
potential of displacing or disturbing the domingnbup or the marginal group, but may still
oscillate within small enough margins that theyndb cause a shift in association. The criteria
of change were defined for each of the three véigetalasses in Figure 3. At this stage, two
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scenarios of limits are proposed for the domindass and will be tested numerically as
described below before one of the two scenarieslapted. Firstly, the cover of the dominant
class should not be allowed to be reduced by eBfes (scenario 1) or 50% (scenario 2) and
at the same time (valid for both scenarios) naot shithe dominant species or plant type (with
the largest area cover) is allowed. Secondly, tt@ tover of the subdominant class should
not be allowed to double or be reduced by half, aadshift in the species or plant types
making up this class should occur. Thirdly, no lassincursion of species or plant types
should be allowed in the marginal class. Withinsthdéimits the vegetation is allowed to

change without it being considered undesired change

Vegetation occupancy classes CL exceedence conditions

1- Reduction in cover relative to to other
Dominant species by: 30% or 50%.
Or 2- Shift in dominant species.

Subdominant 1- Increase in cover >= 100% (doubling or more)
Or 2- Reduction in cover >= 50% (halving or less)

1- Loss of one or more species

Marginal . .
9 Or 2- Incursion of one or more species

Figure 3:plant species or types distribution based on % cawne the group specific criteria
for acceptable limits of change.

4. Finding the critical load calculation method Baodiversity

The basis for carrying out calculations for crititeads of acidity and nitrogen based on
biodiversity will be the ForSAFE-VEG model. The delines described above will be tested
initially using the ForSAFE-VEG model accordingttee algorithm in Figure 4. The validity
of the model and its reliability are investigatedpiarallel efforts and will not be discussed in
this report. Initially, the theoretical compositiohthe ground vegetation under background N
deposition and historical (real) trends of climdssd use and other elements deposition will
be estimated by the model (right part in FigureSt)bsequently, a loop (left side in Figure 4)
will use the model to simulate the composition loé ground vegetation under different N
deposition levels. The N deposition levels willrst&t the background level plus an increment
step that defines the resolution of the CL calcoiet (the smaller the steps, the higher the
resolution). The simulated vegetation communityl wé compared with the reference level,
and as long as the criteria for CL exceedance ardulfilled the deposition is incremented
and the comparison carried out again. This loop mih until a deposition is found which
produces a ground vegetation community sufficiedifferent from the reference community
(i.e. fulfills at least one of the criteria as aefil in chapter 3.3). The N deposition at this stage
will be taken as the critical load of N. The chamg¢éhe composition of the ground vegetation
community is evaluated against a reference commufitis later is the composition under
background N deposition but including historicalasges in climate, land use and the
deposition of other compounds (such as’30The background N deposition is defined as
the total pre-industrial deposition of reduced amxdlized nitrogen compounds. Obviously,

10
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the referenc

e composition is a theoretical commywoimposition, but it is used to isolate the

change in the composition caused by N depositiankihg the reference level to the

background

N deposition implies that we are tryingprotect or revert to the vegetation

communities under pre-industrial N deposition ctinds, but still under today’s climate,
land use, and other elements’ deposition.

Increment Stepwise incrementing N deposition until Referenc_e vegetation ] i
— atmospheric N change in the ground vegetation exceeds community under S|mulate_ \_/egetatlon
dep (Nyep)i predefined conditions background N dep composition under
background N depositon

Simulate

vegetation

Reference
dominant Relative % cover
composition covel] per species type
Dominant over - reference|>
Relative % cover condition? (1)

cover per
species type

Reference

e Classification

algorithm

cover

False

marginal
cover

Classification| | | Subdominant over - reference]
algorithm cover condition? (2)
Reference /7

Marginal over - reference|
cover condition? (3)

(1) or (2) or (3)

L (Ng,,); effects -
True CLN (Ndep)i

Figure 4:Pro
composition

posed algorithm for calculating critical load$ N based on divergences of the
of the ground vegetation from the mgfiee community.

The critical loads estimation methodology will Ibe following flow of work:

1. The standard run. Initialize and calibrate the ForSAFE-VEG model lwibday’s
inputs to have a calibrated version for each ghe; standard S and N deposition
history until present, this is thetandard run. The calibration parameters are kept
from this particular run for all the other runseafthis. For climate change we use the

A2 sc

2. Ther

enario as defined by IPCC.

eference run. We run the ForSAFE-VEG model with all parametend ¢he

calibration set of initial values from ths&tandard run to establish the reference

groun
of the

1.
2.

d vegetation composition for a pollution afichate change unaffected version
site. The reference settings should be:

Acidifying input to be maintained at the at no mtran 1860-1880 level
The nitrogen deposition rising with time to the édage nitrogen deposition at
1860-1880 level
The forest management and net harvest volumesgrisinthe present and
continuing at the planned long term future levebsiimited by sustainability
based on supply of N, P, K, Mg and Ca.
Some driver parameters as set to fixed trajectamiéise basic run:

No climate change after 1900

Wildlife management with present history and préserel

Forest fires as present history and kept at prdeeet

11
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3. lteration runs. A set of runs used to show how the nitrogen dejoos violate the
critical load criteria stepwise from the backgrouedel up to the present deposition.
The calibrated initial values from the standard ane then used for all other runs as
initial starting values, and no calibration is dame the following scenarios. Forest
fires and wildlife management are been set withsgmé history and level. The
minimum set of iterations would be:

normal history S to 2010, then CUS, no N, and climate change

normal history S to 2010, then CuL S, 33% of CulaNd climate change
normal history S to 2010, then CuL S, 66% of CuL N

normal history S to 2010, then CuL S, 100% CuL NI atimate change
(Standard run)

PwpE

The output is used to interpolate the critical ldadCulL N is the current legislation
deposition. For S this is close to or at criticad in this area.

4. Set critical loadsfor N
Record the lowest nitrogen deposition that did caaise violation of one or more of
the criteria; this is the critical load of nitrogéar biodiversity.

Adoption of these points has some ramifications tieed to be realized and discussed.

Maintaining the acidifying input at critical loadnplies that we believe that the
present policy will ultimately lead to critical Ida being achieved. For S this seems a
likely scenario. That critical loads will be reachky 2010 in Europe is not certain.
Especially, the mitigation of agricultural and aumtive emissions of nutrient
nitrogen has several tough hurdles to pass.

Adopting the minimum of present harvest and suatden harvest assumes that the
forest industry will succeed in adapting to susthihity practices, which is not done at

the moment. The realization of the need and théteido the required substantial

measures has not yet passed the rhetorical letieinvihe forest research community
as well as in the forest industry.

The nitrogen critical load is not an independentapeeter. It depends strongly on
forest management and the total system input afcdlifying pollutants. The effect of
the acidity carried with the nitrogen into the gystis embedded in the approach.

A separate iteration design is required to propfnlg the effect and critical load due

to acidity input alone. Since nitrogen generate$ lagidity and eutrophication effects

in the same dose, the issue is not straightforw@igblve. This issue was outside the
scope of our study.

The present model does not include ozone impactsees or ground vegetation. The
phosphorus balance and the impact of phosphorbsodiversity are not yet included.

>cuLis deposition according ©urrentL egislation
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To a smaller degree it also depends on the trajecbthe climate change scenario. This
makes the critical load less simple to interpret anay lay bare goal conflicts in forestry,
acidifying pollution and nitrogen mitigation polés, nature conservation policies and climate
change mitigation policies. A similar methodologgyrbe devised for establishing the critical
load of acidity for biodiversity. The differencettsat we no longer can ignore and not address
the effect of acidity or climate change on whatagen causes.

5. The model in outline: FOrSAFE-VEG

Several factors are known to have a strong effedbiodiversity, and these are fully coupled
in the natural ecosystem, complicating our tasksmarably. In a forested landscape, these
are:

Nitrogen

Acidity

Forest management

Climate change

PR

These have roughly equal importance for the bioditle and none can be ignored without
significant implications. Any method we use mustdide to handle the effect of these on
biodiversity and reasonably well describe theireeffin the system. A full description of
ForSAFE is available in Sverdrup et al. (2007),yBeld et al (2006, 2007) and in the PhD
thesis of Belyazid (2006). The integrated FORSAHESY model includes the following
ecosystem components (April 2008):

The tree vegetation layer (canopy, stems, roots)

The ground vegetation layer

The soil chemistry and geochemical processes

The soil stocks and cycling of nutrients (Ca, Mg,AX N) and carbon

The soil hydrology and energy balance

Effluents from the system: carbon dioxide, Dissdl@rganic Carbon, solution
chemistry

ouhwnE

In order to synthesize an integrated multiple streystem, ForSAFE-VEG provides
simultaneous predictions of ecosystem effects ohate change, soil acidification and
eutrophication with vegetation changes on foreswn, cations, acidity, nitrogen and carbon
cycling. FOrSAFE contains fully mechanistic nitrogeand carbon cycle sub-models as well
as predictions of forest growth under productionnagement. The ground vegetation
composition in a forest or field is determined biyuanber ofdrivers in the submodel VEG:

1. Soil solution nitrogen activity (kmol th)

2. Soil solution phosphorus activity (kmofm

3. Soil chemistry in terms of acidity, antagonists aneagents: ([F, [BC*T, [AI*Y])
4. Soil water activity (soil moisture, hwater m® soil)

5. Site soil temperature®C), including wind chill effects (m’$

6. Light reaching the ground (micromol photon% sit)

7. Grazing by ungulents (moose units/Am

8. Wind tatter, mechanically damaging soft tisplants (m &)

9. Direct effect of gases (NG, CO;, O3)

10.Forest fires

13
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11. Forest management

Factors initalics are not fully activated in the model yet. An imiamt feature of the
ForSAFE-VEG model is that the plants have to comet their share of the territory. The
drivers act to give each plant group a competittsangth. The competition is made up of the
following elements where the individual plant greumave feedback on the drivers, affecting
partly itself and some specifically other plants:

1. The above-ground competition strategy of the plgnmtup for capturing light and
preventing others from getting it, is depending miant height and its shading
capacity.

2. The root competition strategy is for capturing wated nutrients, as well as exposure
to soil chemistry (H, AI**, BC*"), expressed through root distribution in differsntl
depths, to take up nutrients competitively.

The competition strength is the weight each groap \when the territory claim assigned to a
plant group is determined. The plant group thestrase this and the passage of time to take
that much of the territory. Phosphorus has beecemnalized and only partly parameterized,
but still remains to be integrated into the modwl ¢he parameterization validated. The plant
groups are assumed to be groups of plants withic@mesponses to all parameters. Indicator
plant species are identified for each group. Aspn¢ we have the ability to consider many
tree species as seedlings and as mature treedditioa to ground vegetation groups. Tree
mixes are being integrated at the moment of wrjtinter-species tree competition beyond
the juvenile stage has not yet been fully integratéo the model.

At present the ForSAFE-VEG model handles groundetagn and trees, only an
aspect of biodiversity. Development work is ongoitog make this more complete. The
ForSAFE-VEG system can at present handle the fatigwcological functional groups:

1. Trees
2. Bushes and shrubs
3. Ground vegetation
a. Lichens
b. Mosses
c. Grasses
d. Herbs and flowers
e. Brackens
4. Soil biology
a. Collemboles
b. Earthworms
c. Mollusks and snails
5. Soil functions
a. Organic matter decomposer bacteria
b. Organic matter decomposing fungi
c. Nitrifiers
d. Denitrifiers
6. Insects
a. Stationary insects of the forest canopy
b. Insects of dead wood and tree bole habitats
c. Insects of the soil habitat

14
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Items initalics have been conceptually framed in equations, buyetoncluded in the model.
Items in blue italics have been framed in equations, but not yet paenmetl. For
collemboles, earthworms, the coefficients of theuatmpns have been preliminarily
parameterized. The normal lettered ones are fulliegrated in the model with full
environmental responses parameterized and fietddes Sweden, Iceland and Switzerland.
The ForSAFE-VEG model does at present not addmpsatia systems. The ForSAFE-VEG
development is run as an open process, and thel isagenerally available to any.

The VEG model parameterization

The plant group parameterization for this study wasied out in two steps. It is an
integral part of the development process within VE&d the setting of the parameters
automatically calls up the response functions fogasonability test. In order to parameterize,
the ecologists involved fully understood the feaskiseof the model and the implication of the
formulation of the response functions. First thee8ish parameter list for 43 plant groups
were set by using literature data and unpublistegd ttom plant ecologist colleagues in the
group of Prof. Bengt Nihlgard, Department of Pl&ablogy at Lund University, collected
and edited by Harald Sverdrup. Next the remainingty slots in the parameter list was
complemented by Professors Bengt Nihlgard from Lumdversity, Prof. Lars Ericson at
Umea University and Harald Sverdrup from Lund Urmsity in Sweden, in a Deplhi process
where expert knowledge was used to scale the unksdgtween the knowns. In a second
process, further 5 grasses were parameterizedDangh plant functional group list with the
help of Prof. Sven Jonasson at Plant Ecology atekbavn University. A list of 24 plants
groups is also available for Iceland, this list bls® a good overlap with the Swedish list.

For Switzerland, first a subset of the Swedishfbsind to be relevant for Switzerland
was transferred to the Swiss list (Table 1). Thaéswased on the fact that many plants are
common to both Switzerland and Sweden. Next alitllof 89 Swiss functional groups was
defined by Prof. em. E. Landolt of ETH-Z and Pi&fn. Bengt Nihlgard, a some responses
filled in with parameter values derived from avhitapublished data. Finally the remaining
empty slots in the Swiss plant group parameterwas complemented by E. Landolt from
ETH-Z and Bengt Nihlgard and Prof. Harald Sverdingon Lund University, and Dr. Sabine
Braun from IAP, Basel, in a Deplhi process wherpegk knowledge was used to scale the
unknowns between the knowns. A third step was soame adjustment was made to the
original Swedish parameters in both the Swiss AedSwedish lists, as the added experience
from field studies in Switzerland modified the piat of responses and justified some
adjustment to the light sensitivity of Oxalisetosellaand Rubudructicosain particular, and
a general increase in shade tolerance to all tresgs.
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Table 1.The Swiss plant group parameter list.

Latin name yrs a0 k+ + k- w- kbc/ kbc kph W W W T T T L L h(m) heig k k
al min__top _max min _top _max _ min max ht (P) (G)
Dicranella heteromalla 20 1 005 1 1000 0 0.2 0 3000 -0.1 0.15 05 0 8 15 500 4000 0.01 0o 2 0
Hylocomium mosses 20 1 0.03 1 1000 O 0.07 150000 1050 0.05 0.15 035 -1 7 15 100 2750 0.02 0o 3 0
Leucobryum glaucum 20 1 o001 1 01 1 02 0 3000 -0.1 0.15 0.35 2 10 18 100 2750 0.02 0o 3 0
Mnium mosses 20 1 0.3 2 1000 0 04 0 6000 0.15 0.25 0.6 0 8 16 100 2500 0.02 0o 3 0
Polytrichum formosum 20 1 0.03 1 01 1 06 0 90000 -0.1 0.15 05 0 8 15 100 2500 0.03 0o 2 0
Sphagnum mosses 20 1 0.03 1 0.1 3 0.01 150000 150 04 0.6 1 -1 7 15 100 2500 0.02 0o 1 o0
Calluna vulgaris 30 14 0.2 1 3 3 02 0 3000 -0.25 0.15 04 -1 7 15 500 5000 0.25 2 107
Rhododendron 10 1 0.03 2 1000 O 0.2 150000 3000 0.25 0.35 05 -1 5 9 1000 3500 0.5 2 1 0
ferrugineum
Rubus fruticosus 10 1 1 2 1000 O 1 0 20800 0.15 0.25 04 3 11 19 100 3000 1 2 2 9
Rubus idaeus 5 1 1 2 1000 O 1 0 15000 0.15 0.25 0.4 2 10 18 1500 5000 0.8 2 3 9
Sallix caprea 30 1 0.5 2 1000 0 05 0 9000 0.15 035 06 -1 5 11 1000 4000 1.2 3 1 9
Vaccinium myrtillus 10 16 0.1 1 01 3 01 0 1500 -0.1 015 05 -1 5 11 100 2000 0.3 1 123
Vaccinium vitis-idea 15 16 0.03 1 0.003 3 0.35 0 5250 -0.2 0.1 045 -15 45 105 500 4000 0.15 1 107
Agrostis capillaris 10 1 0.5 2 1000 0 0.2 0 3000 0.05 0.15 05 3 11 19 750 4000 0.25 2 323
Brachypodium pinnatum 5 1 20 2 1000 O 6 0 90000 0.1 0.2 035 3 11 19 1000 3500 0.5 1 3 9
Bromus benekenii 5 1 20 2 1000 O 12 0 180000 0.1 0.2 04 5 13 21 250 3000 0.6 2 30 9
Calamagrostis 5 1 0.5 2 1000 0 18 0 20800 01 02 04 2 10 18 750 3500 0.5 2 3 07
arundinacea
Calamagrostis villosa 5 1 005 2 3 1 1 0 20800 0.15 0.25 05 15 9 16 750 3500 0.6 2 107
Carex pendula 5 1 1 2 10 1 6 0 90000 0.2 04 06 1 9 16 250 3000 0.5 2 123
Carex pilulifera 5 1 005 2 01 1 1 0 20800 0.05 0.15 05 -1 7 15 250 3000 0.1 1 123
Deschampsia cespitosa 5 1 0.5 2 1000 0 0.2 0 3000 0.15 0.35 0.6 3 11 19 1000 5000 0.35 2 3 0
Deschampsia flexuosa 5 1 005 2 1000 0 0.13 6 1950 0.05 0.15 03 -1 7 15 250 3000 0.2 2 323
Festuca ovina sl 10 14 0.02 2 10 1 01 0 1500 -0.25 0.05 0.25 3 11 19 1500 5000 0.1 1 30 07
Hordelymus europaeus 5 1 0.5 2 5 1 6 0 90000 0.15 0.25 05 3 11 19 100 2000 0.4 2 223
Milium effusum 5 1 20 2 1000 O 8 0 150000 0.15 0.45 0.6 5 15 20 250 3000 0.5 2 3 9
Molinia caerulea 5 1 1 2 1000 0 0.2 0 3000 0.2 0.3 045 5 13 21 1000 5500 0.4 2 30 23
Nardus stricta 10 12 0.05 2 10 1 0.2 150000 3000 0.15 0.25 0.4 0 8 16 1500 5000 0.15 2 1 0
Poa nemoralis 5 1 5 2 1000 O 8 0 120000 0.05 0.1 0.2 2 10 20 1250 5000 0.4 2 3 9
Athyrium filix--femina 20 1 0.05 2 5 1 1 0 20800 0.15 035 0.5 -1 7 15 150 2500 0.4 2 1 0
Blechnum spicant 20 1 0.05 2 3 1 06 0 9000 0.15 0.35 05 3 11 19 175 2000 0.15 1 1 0
Dryopteris dilatata coll 20 1 0.5 2 1000 O 2 0 30000 01 03 05 3 11 19 150 2500 0.4 2 1 23
Lycopodium annotinum 5 1 0.01 2 0003 1 06 0 9000 0.15 0.35 0.6 -1 7 15 150 2500 0.15 1 1 0
Pteridium aquilinum 20 1 0.5 2 1000 O 12 0 180000 0.05 0.2 0.3 2 8 18 750 3250 0.5 2 1 0
Aconitum lycoctonum 20 1 5 2 1000 O 10 0 150000 0.25 0.55 0.9 2 6 10 1000 5000 1 2 1 0
Adenostylus alliaria 5 1 1 2 1000 O 6 0 200000 0.2 035 04 1 9 17 500 3000 0.5 2 1 9
Allium ursinum 2 1 20 2 1000 O 40 0 600000 0.25 0.2 0.6 4 12 20 250 5000 0.25 2 30 0
Anemone nemorosa 10 1 0.5 2 1000 0 038 0 12000 0.2 03 04 2 10 18 250 3500 0.15 1 323
Antennaria dioica 5 1 o001 2 1000 0 0.1 0 1500 0.05 0.1 0.2 0 6 12 2000 5500 0.01 1 1 0
Arnica montana 5 1 o001 2 1000 0 0.6 0 9000 0.05 0.1 02 7 15 20 2000 5500 0.01 1 1 0
Cicerbita alpina 5 1 1 2 1000 0 12 0 200000 0.2 03 05 1 9 17 1250 5500 0.4 1 123
Circaea lutetiana 5 1 1 2 10 1 12 0 200000 0.15 0.25 0.5 3 11 19 500 3000 02 15 1 0.7
Dentaria pentaphyllos 5 1 005 2 3 1 12 0 200000 0.15 0.3 05 3 11 19 3753000 0.2 2 1 0
Epilobium angustifolium 5 1 1 2 1000 O 2 0 30000 0.15 0.2 03 0 8 20 1750 5500 0.8 2 3 32
Equisetum hyemale 15 1 005 2 3 1 12 0 200000 0.2 0.25 0.6 0 8 16 3753000 0.3 2 1 0
Equisetum sylvaticum 15 1 005 2 3 1 03 0 3000 02 04 06 2 10 18 3753000 0.3 2 107
Galium odoratum 3 1 5 2 1000 0 12 0 18000 0.15 0.25 0.4 3 11 19 250 3000 0.15 1 1 07
Geranium robertianum 3 1 1 2 1000 O 6 0 90000 0.15 025 04 -1 7 16 500 3000 0.15 1 2 9
Geranium sylvaticum 3 1 1 2 1000 0 18 0 27000 0.15 025 04 2 10 14 500 3000 0.5 2 3 9
Hedera helix 30 1 1 2 1000 O 6 0 90000 0.15 0.25 0.5 3 11 19 500 3000 1.2 3 1 07
Hepatica nobilis 20 1 1 2 1000 O 8 0 120000 0.15 0.25 0.4 2 10 18 375 3000 0.5 1 3 0
Impatiens glandulifera 5 1 1 2 10 1 12 0 200000 0.2 03 05 4 12 20 600 3500 1 1 1 07
Impatiens noli-tangere 5 1 0.5 2 5 1 6 0 90000 02 03 05 3 11 19 500 3000 0.6 1 1 07
Luzula luzuloides 5 1 0.03 2 01 1 03 0 3000 0.1 025 04 0 8 16 375 3000 0.2 1 1 07
Luzula sylvatica 5 1 0.05 2 3 1 03 0 3000 0.15 0.25 05 2 10 18 500 3000 0.3 1 1 07
Mercurialis perennis 5 1 5 2 1000 O 2 0 30000 0.1 025 04 5 15 20 500 3000 0.5 1 1 0
Origanum vulgare 20 1 0.5 2 30 1 10 0 150000 0.05 0.15 0.25 4 12 20 1500 6000 0.04 2 3 07
Oxalis acetosella 2 1 0.5 2 1000 0 0.2 0 3000 0.1 02 07 0 8 18 100 2500 0.05 1 1 0
Ranunculus lanuginosus 5 1 0.5 2 5 1 6 0 90000 0.15 0.25 0.5 4 12 20 375 3000 0.2 2 1 07
Sesleria coerulea 5 1 005 2 01 1 6 0 90000 0.1 025 05 3 11 19 1500 6000 0.2 2 107
Trifolium repens 5 1 1 0 1000 0 13 0 19500 0.2 035 04 5 15 25 1250 5500 0.3 2 1 32
Urtica doica 5 1 5 2 1000 0 10 0 150000 0.15 0.25 0.45 2 10 20 500 5000 0.8 1 3 07
Abies alba 60 1 005 2 3 1 0.36 0 5000 0.18 0.28 05 1 9 17 600 2000 0.1 3 107
Acer pseudoplatanus 80 1 0.5 2 5 1 025 0 3500 0.18 0.28 05 2 12 18 800 2800 0.1 3 1 9
Alnus glutinosa 30 1 0 0 1000 0 1.2 0 12000 0.2 03 1 2 10 18 500 3500 0.1 3 107
Alnus incana 30 1 0 0 1000 O 6 0 90000 0.2 03 1 0 8 16 500 3500 0.1 3 107
Alnus viridis 30 1 0 0 1000 0 1.2 0 12000 0.2 03 1 -1 7 17 1200 5000 0.1 3 107
Betula pendula 60 1 o0.01 2 3 1 028 0 3750 0.15 025 05 -2 10 14 1000 2600 0.1 3 1 9
Carpinus betulus 100 1 0.05 2 3 1 04 0 6000 0.15 0.25 05 3 11 19 800 2500 0.1 3 1 23
Castanea sativa 90 1 0.05 2 3 1 025 0 3000 0.15 0.25 05 7 15 23 500 3500 0.1 3 2 07
Fagus sylvatica 100 1 0.05 2 3 1 03 0 4200 0.15 0.25 0.5 3 11 19 600 2600 0.1 3 1 9
Fraxinus excelsior 80 1 0.05 2 5 1 6 0 90000 0.15 0.25 0.6 4 12 20 1200 2600 0.1 3 2 9
llex aquifolium 70 1 0.05 2 3 1 12 0 12000 0.15 025 05 10 18 26 400 2400 0.1 3 1 0
Larix decidua 60 1 0.05 2 3 1 06 0 9000 0.15 0.25 05 -1 7 15 800 2700 0.1 3 1 9
Ostrya carpinifolia 30 1 0.05 2 01 1 6 0 90000 01 02 05 7 15 23 800 2500 0.1 3 2 9
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Latin name yrs a0 k+  w+ k- w- kbc/ kbc kph w w w T T T L L h(m) heig k k

al min  top max min top max min max ht (P) (G)
Picea abies 60 1 0.01 2 3 1 032 0 4500 0.15 0.25 0.5 -1 7 15 400 1700 0.1 3 1 07
Pinus cembra 80 1 0.01 2 01 1 0.32 0 4500 0.15 0.25 0.5 4 12 20 1000 2600 0.1 3 1 0.7
Pinus sylvestris 80 1 0.01 2 01 1 0.28 0 3000 0.05 0.15 05 -1 7 15 600 2200 0.1 3 1 0.7
Populus tremula 40 1 0.01 2 3 1 06 0 9000 0.1 0.2 05 3 11 19 1200 3500 0.1 3 1 9
Prunus laurocerasus 20 1 0.05 2 3 1 025 0 3500 0.15 0.25 05 4 12 20 600 2600 0.1 3 2 32
Prunus serotina 20 1 0.05 2 3 1 6 0 90000 0.15 025 05 10 18 26 600 2600 0.1 3 2 32
Quercus pubescens 100 1 0.05 2 3 1 03 0 4000 0.1 0.2 05 6 14 22 1000 2800 0.1 3 1 0.7
Quercus robur 120 1 0.5 2 5 1 025 0 3000 0.15 0.25 05 4 12 20 1000 2800 0.1 3 1 23
Robina pseudoacacia 60 1 0 0 1000 0 12 0 12000 0.1 0.2 0.5 7 15 23 500 3500 0.1 3 2 0
Sambucus nigra 8 1 1 2 1000 0 04 0 6000 0.15 0.25 05 5 13 21 1200 5000 0.1 2 3 32
Sorbus aria 20 1 005 2 01 1 06 0 90000 0.15 0.25 05 4 12 20 800 4000 0.1 3 3 9
Sorbus aucuparia 30 1 005 2 3 1035 0 5000 0.15 025 05 -2 6 14 1000 4000 0.1 3 2 32
Tilia platyphylla 100 1 005 2 3 1 12 0 12000 0.15 0.25 05 4 12 20 1400 4000 0.1 3 3 9
Trachyspermum fortunei 30 1 005 2 3 1 12 0 12000 0.15 0.25 05 8 16 24 800 3000 0.1 3 2 0
Ulmus glabra 80 1 0.5 2 5 1 05 0 7500 0.15 0.25 05 4 12 20 1200 2600 0.1 3 2 9

6. Demonstration at two Swiss and two Swedish sites

Four different sites have been chosen for takiregy ims apart for interpretation and for
iteration of a critical load. We have chosen todgtseveral diagnostic parameters for this
assessment: wood biomass, ground vegetation cotigpoand the soil base saturation at 30
cm depth. This investigation has been applied at fdllowing sites, selected from the
regional databases of Switzerland and Sweden:

Switzerland
o Aeschau with fir, spruce and beech
o Bachtel, with spruce
Sweden
o Hogbranna, Lappland, Northern Sweden with spruce
0 Sostared, Gotaland, Southern Sweden with pine

The sites make a transect across Europe in allutdamental aspects of the problem, and
ought to provide an adequate testing ground forctimeept. The average temperature range
from -1.5 to 11°C, the nitrogen deposition from 2 to 35 kg'ha™, forest growth rates from
1.5to 15 m ha' yr™.

6.1 Taking the runs apart

A set of investigative runs for evaluating the effef different drivers involved with the
pollution inputs, acidity input by sulfur alone, tnant nitrogen input alone and the climate
drivers water and temperature. These are showraleT2. One purpose of the investigative
runs is to establish threference scenaripthe level from which all differences are measured
Then the set of scenarios composed to show howdiffexent drivers have cooperated to
create the result.

First of all thestandard run is done and the model calibrated. The calibratéthi
values from the standard run are then used fasthélr runs as initial starting values, and no
calibration is done on the following scenarios. 8, runs start at the same base saturation
and initial soil pH as we had in the calibratechdrd run with normal pollution and climate
change. Forest fires and wildlife management aen Iset with current history and continued
at present level. No S or no N implies that thesme&hbeen kept at natural background levels.
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Run Figure code S N Climate
Reference Sce-0 - - -

Scenario-1 Sce-1 - - C

Scenario 2 Sce-2 - N C

Scenario 3 Sce-3 S - C

Standard Sce-4 S N C

Scenario 5 Sce-5 S N -

Table 2.S means normal trajectory of sulfur, N, normal épry of nitrogen deposition
to 2010, after that current legislation depositidd,means climate change, - means|we
have background deposition or no climate change.

Field validation of vegetation simulations

The model system is only calibrated on the prebase saturation by adjusting the initial
base saturation at the starting time for these iuwas set to 1750. The Swedish runs were
initiated in 1450. After calibration against thegent base saturation, all other outputs follow
from mechanistic rules, molecular biology and maalances, and nothing else is adjusted to
make the runs look right. Thus from one singlelbralion, all other like soil chemistry,
nitrogen cycle, carbon cycle, tree growth, C/Nastidecomposition as well as the ground
vegetation follow.

Number of species
Item Aeschau Bachtel
Modelled and observed 8 8
Modelled but not observed 5 9
Observed but not modelled 2 6
Observed, but not yet assigned to any model plamniy 4 10

Table 3.Comparison of number of modelled and observed gtaggetation species at the
two Swiss sites of Aeschau and Bachtel

At the sites we have observed field cover of plamsSweden (Sverdrup et al 2007) and in
Switzerland. These were used for checking perfoomarf the VEG submodel (see Table 3
for two Swiss sites). The ForSAFE-VEG model runsdmt a sensitive reaction &ubus
fructicosuscover to N deposition. This is confirmed by obsg¢ions from the forest plots.
With N deposition of >25 kg N Rayr?, cover byRubusincreases. In plots with repeated
ground vegetation assessment, the coveRiilyusincreased significantly from 1984 to 2003,
especially where it had been low before. This cartmeoexplained only by management as
e.g. in the plot Bachtel tree cover even increabatihg this time period. More attention is
made to the validation of other aspects in a sépatapter of this report by Braun et al.
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Aeschau, the Swiss beech and fir/spruce forest

The site is located in central Switzerland, neamB&he vegetation response to nitrogen and
climate for this site is significant. The respontase been plotted in Figure 5. Sce0 is the
reference from which we always estimate the change.

Comparing Sce0 --- (The reference run) and SceheWs the difference between
the no pollution without and with climate changecdn be seen that the effect of
climate change alone, cause significant biodiveditanges after year 2000.

Comparing Scel-C and Sce2-NC (no sulfur, but Ncindate change) shows that
nitrogen introduces a very fundamental change écsite from already early dates
for both forest growth and ground vegetation respen Already at 1812 the
changes in terms of vegetation shifts are larges @lready suggests that if the
reference scenario is the goal standard for setiiegritical load, then this will be
quite low. The nitrogen increases the oscillationshe system outside its usual
envelope of variations, it destabilizes the ecasyst

Comparing Scel-C and Sce3-SC shows the effect ité guodest acidification

alone. At this site, sulfur pollution alone, doest shange the biodiversity very
much. However, the pH at this site does not readbve below pH 5.5 and we
should expect no great effect for this setup oh{gaAt this site, most of the acid
comes from deposition of nitric acid and converssdbammonium in the soil. The
acidity impact on the biodiversity is significariut difficult to cleanly separate
from the nitrogen effects.

Comparing Sce0 --- (The reference run) and Sce4-8N€é standard run) shows
the full effect of nitrogen and climate change anak taken together, the impact
from the past to now has been very dramatic. Theaots are evident already 150
years ago, suggesting that the critical load fodiversity is very low.

Comparing Sce4-SNC (The standard run) and Sce5hHeNssthat the system is
made less stable by the addition of climate chaoglee scenario after year 2000.

Figure 6 shows the response in forest wood bioraaddase saturation at the Aeschau site. It
can be seen that the effect of nitrogen on the trasvprofound, after 1930 the effect is really
overwhelming. The base saturation at the SwisglAeas site shows a more complex pattern.
The onset of climate change makes the weathertegrrerease. However, the effect is off-set
by the effects of pollution at the site. Thus wathifur only, it acidifies, and it recovers partly
because of decreased input and partly because ref weathering after 2000. In the nitrogen
input scenarios, the acid input is by far more tti@increase of weathering can compensate
for. The coloured bands in Figure 5 represent @aglant group, whereas the colored lines in
Figure 6 represent the scenarios.
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Figure 5.Vegetation composition from 1750 to 2100 as preditty the ForSAFE-VEG
model at Aeschau. The colour bands represent diffgslant functional groups as
defined in the nlant leaend for Switzerl: (see Tabhle
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Figure 6.The predicted wood bicmss and the soil base saturation at 30 cm soil ld
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the middle, the key to read the scenarios.
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Bachtel, a Swiss spruce site

The Bachtel site near Zirich showed large resporigesy are plotted in Figure 7. We may
compare the runs as follows:

Comparing Sce0 --- (the reference run) and SceEhQws the difference between
the no pollution without and with climate changecdn be seen that the effect of
climate change alone, cause significant biodivedianges after year 1970.

Comparing Scel--C and Sce2-NC (no sulfur, but N@imdate change). It shows
that nitrogen introduces a very fundamental chaongke site from already early
dates, 1840-1870, both for ground vegetation resggand for forest growth. This
already suggests that if the reference scenariibeigjoal standard for setting the
critical load, then this will be low for this sit€éhe nitrogen makes the oscillations
in the system pronounced already from the earlesments (1850), and the
amplitudes much larger, it destabilizes the ecesysind lets it swing outside its
usual envelope of variations. The addition of digant climate change after 2000
further increases the amplitude of the oscillations

Comparing Scel--C and Sce3S-C shows the effectlfirsalone. At this site,
sulfur pollution acidity input alone is too smalk aompared to the weathering
capacity for it to give any significant impact. Thel at this site does not really
move below pH 6 and we should expect no great eftecthis setup of plants.
The total acidity input is much larger if S and ®Ndonsidered and the site may
possibly be exceeding the critical load for acidiigsed on biodiversity.

Comparing Sce0 --- (the reference run) and Sce4@MNCstandard run) shows the
full effect of nitrogen and climate change and tlaken together, the impact from
the past to now has been dramatic for this sitee Dlodiversity has been
profoundly changed, the stability and variabilitythe system has fundamentally
changed character. The impacts are evident alréa@dyears ago, suggesting that
the critical load for biodiversity for preserviniet original kind of biodiversity is
very low.

Comparing Sce4SNC (The standard run) and Sce5Stvssthat the system is
made less stable by the addition of climate chaoglee scenario.

Only sulfur pollution alone will allow more foregrowth by the setting free of more base

cations in this time period. Adding climate changt help deplete the resources faster. The
amount of wood biomass is also affected at thes ast can be seen in Figure 6. The nitrogen
determines the canopy size to a large degree,hmrd ts an extra effect of climate change,
albeit smaller. The effect on base saturation & ldramatic and the site is never really
acidified. The two trajectories are caused by theeb of climate change and the positive
change in base saturation shows the effect of nveeghering caused by higher temperature.
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Figure 7.Vegetation composition from 1750 to 2100 as preditty the ForSAFE-VEG
model at Bachtel site, with scenarios. The colamds represent different plant functional
groups as defined in the plant legend for Switzetlésee Table 4).
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Table 4.Swiss functional plant group legend for the dynaraits. For Switzerland we have
89 plant groups defined. The groups were determimedooperation with Swiss plant
ecologists. Each group represents plants with tkeecesame response function parameters
for the drivers. Different species may inhabit Hane group, only sharing driver parameter
settings.

W Leucobryum giaucum — MHylocomium_mosses BlVnium_maosses W Dicranella_heteromalla W Polytrichum_formosum

B Sghagnum_moszes B Calluna vulgaris B Vaccinium_myrtilus B Vaccnium vitis-idea B Rhododendron ferrugineum

B Rubus_idaeus BRubus_fruticosus B Salix_capres B Agrostis_capillars B Brachypodium_pinnatum

B Bromus_benekeni

W hordelymus

B Molinia_caerules

B Dryopteris_dilatata_coll

B Anemane_nemarosa
Geranium_robertianum

B Oxalis_acetosells

B Dentaria_pentaphylos
Impatiens_giandulifers
Urtica_doica
Alnus_glutinosa
Fagus sylvatica
Prunus_lauracerasus
Populus_tremulz

Picea_ahies

B Calamagrostis_vilosa

B Deschampsia_cespitosa

B Nardus stricta
Lycopodium_annatinum

B Antennaria_dioica

B Geranium_sylvaticum
Trifolium_repens
Equisetum_hyemale
Impatiens_noli-tangere
Tiia_platyphylla
Alnus_incana
Quercus_robur
Aeer_pseudoplatanus
llex_aquifolium

Pinus_cembra

B Calamagrostis_arundinacea W Carex_piuffer

B Deschampsia_flexuosa

B P03 _nemoralis

B Pteridium_aquiinum
Arnica_montana

B Hepatica_nodilis

B Adenostylus alliaria
Equisetum_sylvaticum
Luzula_sylvatica
Sambucus_nigra
Alnus_virids
Quercus_pubescens
Ostrya_carpinifolia
Ulmus_glabra

Pinus_sylvestris

B Festuca_ovina 3

Blechnum_spicant

B Aconitum_lycoctonum

B Epilobium _angustifolium

Mercurialis_perennis

B Luzulz_luzuloides

Circaea_|utetiana
Cicernita_alpina
Sorbus_aria
Betula_pendula
Castanea_sativa
Robina_pseudoacacia
Fraxinus_excelsior

Larix_decidua

B Carex_pendula

B Milium_effusum

B Athyrium filix-femina
Alliym_ursinum

B Galium_odoratum

B Origanum _vulgare
Sesleria_coerulea
Hedera el
Ranunculus_[anuginosus
Sorbus_aucuparia
Carpinus_betulus
Prunus_seroting
Trachyspermum _fortunel
Abies alba
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Sostared, a site in southern Sweden

The Sostared site showed large responses. Theyadred in Figure 9. We may compare the
runs as follows

Comparing Sce0 --- (The reference run) and Scedha@vs the difference between
the no pollution without and with climate change.Sce0 we can see the strong
effect of management at this site. The site is ifithbiodiversity and this is
changed, but not damaged by the management. Anad¢hteges appear to be
reversible. Adding climate to the scenario introgllBbme permanent changes
which are large and profound in their nature. Thera shift in dominant species
and several new enter the scene.

Comparing Scel--C and Sce2-NC (no sulfur, but N eimdate change). This
shows the effect of management and climate. Thematé change introduce
permanent changes to the system, and since clichatege is here to stay. The
output parameter variations in the system becomrgeid, and the combination of
climate change and nitrogen further increase ®everal plants with preference
for nitrogen enter the scene.

Comparing Scel--C and Sce3S-C shows the effeculfiirsalone. This is not

enough acidity to make much impact on biodiversityd only when all the acidity
from nitrogen and sulfur is considered do we sesignificant effect on

biodiversity. The critical load for acidity based biodiversity is above the current
legislation deposition for sulfur alone, but posgiat or below the acid input
provided by both N and S. At Séstared, the nitrogent has a profound effect on
forest growth, far more than climate or managenreitself. Acid input has also a
significant impact, enhanced by the fact that iteetsas a modest weathering rate.

Comparing Sce0 --- (The reference run) and Sce48M€ standard run) shows
the full effect of nitrogen and climate change dinak taken together, the impact
from the past to now has been dramatic for thes sill the major drivers, acidity,
nitrogen, climate change and management have hgeldad significant impact.

Comparing Sce4SNC (The standard run) and Sce5Stvssthat the system is

made less stable by the addition of climate chaagke scenario. Without climate

change, the temporal variations become smallertl@dite seems to be able to
reach a new steady state, different from the oaigin

The amount of wood biomass is also affected atditésas can be seen in Figure 8. It can be
seen a large difference between the nitrogen amdah-nitrogen scenarios in wood biomass.
The base saturation shows a pattern that is bbsitted same in all scenarios, but the

amplitude change to larger with more nitrogen ahénvclimate change is added.
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Figure 9.The Sostared site 1750-2100. The colour bands sepitadifferent plant functional
groups as defined in the plant legend for Swedea T&ble 5).
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Figure 10.The Hogbranna site 1750-2100. The colour bandsasgmt different plant
functional groups as defined in the plant legendSaweden (see Table 5).
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HoOgbranna, the polar site in the Swedish far north

The Hogbranna site showed large responses tharetiffsignificantly from the other sites
used so far. They are plotted in Figure 10. We nmaypare the runs as follows

Comparing Sce0 --- (The reference run) and Scedha@vs the difference between
the no pollution without and with climate chang&eTSCe0 shows the effect of
management on biodiversity. At Hogbranna has managea large impact, but
this is in itself all reversible and thus not aethr to the ecosystem. With the
introduction of climate change the changes furtlecrease and become
permanent.

Comparing Scel--C and Sce2-NC (no sulfur, but N e@idate change). The
addition of nitrogen up to the current legislatianthis site is not sufficient to
create large changes, but minor changes are sdem. Current legislation
deposition is not above what appears to be thearitbad, but this is not fully
evident here. Thus the change is visible, but ratimdest.

Comparing Scel--C and Sce3S-C shows the effeatlfafrsalone. The effect of
climate change overshadows the effect of sulfuategl acidity, and no significant
effects can be seen on biodiversity.

Comparing Sce0 --- (The reference run) and Sce48M€ standard run) shows
the full effect of nitrogen and climate change dnak taken together, the impact
from the past to now was dramatic for this sitereHthe effect of acidity on
biodiversity can be seen to be modest, countingaidlity that comes in from both
nitrogen and sulfur. Thus the changes here arigm fclimate change, forest
management and total acidity input. The site idabby above the critical load for
acidity based on biodiversity. The impact of nieagon forest growth is very
significant at this site, and probably essentiat fbe long term viability
commercial forestry in these regions. Without rgao input from pollution, forest
growth would be very marginal.

Comparing Sce4dSNC (The standard run) and Sce5Sdivsshthat acidity and
nitrogen has a modest effect in this system antltheamajor impact come from
forest management and climate change. The critomd for acidity based on
biodiversity is above the present acid input & Hiie.

The amount of wood biomass is also affected atditésas can be seen in Fig. 8. The base
saturation is not much affected by any of the sgesaillustrating that the acidity critical
load is not exceeded at the moment and under ¢uagislation. A comparison between the
Swedish sites show that there are tremendous elitess within Sweden and a study that
involves significantly more sites from north to Hous necessary for assessing the critical
loads for nitrogen.
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Table 5.Swedish plant group legend: For Sweden we haveld3 groups. Each group
represents plants with the exact same responseidangarameters for the drivers. Different
species may inhabit the same group, only sharingedparameter settings.

B Clzdonia_lichens B Hylocomium_mosses B Mnium_mosses B Sphagnum_mosses

B Calluna_vulgaris B Empetrum_nigrum W Erica_tetralix Vaccinium_myrtillus

B Vaccinium_vitis-idea B Myrica_gale Rhododendron_tomentosum M Rubus_idzeus

B Salix_lznats Salix_myrsinifolia B Agrostis_capillaris Brachypodium_pinnatum
Bromus_benekenii B Calamagrostis_arundinacea M Deschampsia_cespitosa Deschampsia_flexuosa

N Festuca_ovina Milium_effusum Molinia_caerulea Nardus_strictz
Poa_nemoralis Dryopteris_dilatata_coll Pteridium_aquilinum Aconitum_lycoctonum ;
Allium_ursinum Anemone_nemorosa Antennaria_diocia Arnica_montana
Epilobium_augustifolium Galium_odoratum Geranium_sylvaticum Hepatica_nobilis
Mercurialis_perennis Origanum_vulgare Oxalis_acetocella Trientalis_europaea
Trifolium_repens Urtica_dioica

7. Estimating nitrogen critical loads based on eibity

The iteration runs are done, based on the iniahles set from the calibrated standard run:

normal history S to 2010, then CuL S, no N, andhate change

normal history S to 2010, then CuL S, 33% of CuLdhd climate change
normal history S to 2010, then CuL S, 66% of Culari climate change
normal history S to 2010, then CuL S, 100% Culnd elimate change

PONPE

The scheme was applied to the 2 sites in Switzeérkamd the 2 sites in Sweden. CulL is
deposition according to current legislation aftet@.

The first results for 1750 to 2100 for the Swiss&®au site are shown in Fig. 5. We
see that not much happens before 2100. The reagbatinow the ecosystem is loaded with
nitrogen that the turnover of the large internablde dominating the system. The system has
become eutrophied to the degree where it has rdachew local self-sustaining stable zone.
The system does not change until a major everkestriThis can be seen in the next set of
graphs (Fig 11), where we have continued the catiicuis for another 400 years to 2500. In
2150 one large harvest of biomass is carried optased, and this is large enough to set the
system again on a path of ecosystem change. Afti@naition period of approximately 150
years the system approaches a stable state, anthnwvesee the results of the deposition
reductions. In Fig. 11 we give the full overvievorh 1750 to 2500. We should note the
following issues: within the span of 400 years fr@t00 to 2500 the site does not fully
recover. Some of the species never come back w#pect to 1750. The site recovers to a
state more resembling what it looked like in 1880@ist some of the mosses are on the verge
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of extinction. At 33% of the nitrogen depositioonge significant as well as marginal species
are lost with no recovery. Thus, the critical loaitl be well below 33% of current deposition.
For very long after the reductions, memory effgusy around in the system, also being
expressed as clear effects on the ground vegetakign for clarity, we repeat the reduction
scenarios below in Tables 6 and 7.

Site Sulfur | Nitrogen Temperature
Kg N/ha yr o

100% | 66% | 33% | Background c
Aeschau 10 35 23 11 6 10
Bachtel 10 31 20 10 6 8
Sostared 18 20 15 7 3.5 6
Hogbranna 1.7 1.5 0.9 0.45 0.3 -0.5
Table 6.Deposition levels used in the assessment for atitb@ads in Switzerland and
Sweden, covering a distance of more than 3,000dtos8 Europe.

In Fig. 12 we have the similar scenario for the SwBachtel site. It responds
differently from the Swiss Aeschau site. Changesabrthrough in the system much faster.
The delays are shorter in this system, also caysamtial recovery to occur faster. The site
already early showed a lot of dynamic behaviohm ieference run. It has shorter delays and
faster response times. A close study of the rurwshihat there is not much difference
between the reference run and the 33% run. Thigesig that the critical load is perhaps in
this range. Here also the clear-cut initiates gdarthange in dynamics and allows the recovery
to start.

Sostared is a pine forest site that is more opan thspruce forest, and it lets more
light penetrate to the ground through the canopyyiding opportunity for biodiversity. It is
therefore the site in this test with the largestdiversity. A large part of the site had open
land from 1620 to 1820, but a part of the site paignanently with a pine cover. The scenario
runs are seen in Figure 13, for 1750-2500. At $édfapermanent vegetation composition
change will remain, because of climate change. Siteeseems to have small changes at the
33% level but significant at the 66% level.

At Swiss Aeschau and Swedish Sdstared sites tieensible changes occur because
of the climate change. Recovery is not completéeasnclimate change is undone. This is not
likely to happen in the next millennia.

Site Site Nitrogen deposition Critical
150 % 100% | 66% | 33% Background load
Ecological effect

Aeschau Extremeé Extreme | Verylarge Small| Reference 25%
Bachtel Extreme Very large| Some Some Reference 40%
Sostared Extreme Large Some Small Reference 30%
Hogbrannal Large Small None None Reference 125%
Table 7 Effects assessment for setting critical loads gefected sites in in
Switzerland and Sweden, covering a distance of nioae 3,000 km acrogs
Europe.
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Hogbranna is a site in northern Sweden, in theipoevof Lappland. It is far to the
north in a polar environment, with long cold wirdeand small amounts of pollution
deposition. Here the nitrogen deposition has béewveathe current legislation deposition for
the site during 1980-2020, and the model runstkelt the site exceeded the critical load
during those years. However, the site was loaddolywgufficient nitrogen to eutrophy the soil
and to start a cycle where the eutrophied statmade permanent by the internal cycle.
Whereas the deposition applied according to cutemislation is about 1.5 kg N/ha yr, the
maximum N deposition was in the range 3.0-3.5 kigaN/r. According to Figure 14, the site
will be heavily affected and the recovery will nake place until after 2100, when the site is
clear-cut, and this pushes the system towardsaveeg The load is in 2020 at or slightly
below the critical load.

In Table 8 we have summarized the assessment tafatrioads, exceedance and
policy. We can see that at the sites chosen far shidy, the present nitrogen pollution
policies do not provide adequate protection foretation biodiversity.

Site Current legislation Estimated Approximate % reduction

deposition critical load exceedance required

in 2010 in 2010
kg N/ha yr
Aeschau 35 5-11 24-30 65-90%
Bachtel 31 10-16 15-21 50-65%
Sostared 20 4-6 14-16 70-80%
Hogbranna 15 1-2 -0.5-0.5 increase 15%
Table 8.Assessment of critical loads, exceedance and pa@yirements

8. Discussion

This was a study with the focus to suggest a mefboctalculating the critical load for
nitrogen based on biodiversity. The issue is théhotg and not the numerical values. At this
stage, we do not really care about the exactitdideeonumerical values of the critical loads,
they are just examples and not representative rfigthang in Switzerland nor Sweden at
present. However, we are able to create reasoregtimates and vegetation predictions
across a large gradient in climate and pollutiorosg Europe, from central Europe to the
polar regions in the north, more than 3,000 km tapar

The model output diagrams are not trivial to intetpand there is certainly a lot of
room for improvement in our critical loads propogabwever, it allows now for exploratory
studies and attempts to come up with good estinadtascritical load based on biodiversity.
This in turn now puts pressure on having a realudision about what is the proper reference,
and how much change is damage? In the end this 8oWwn to become a principal question
of protection perspective and environmental goaigte long term.

There may be an issue with the existence of acalitoad for acidity from S and N
based on biodiversity. However, this was outside 4bope of this study to investigate, and
the results for this issue are just indicative, batmore. Further work needs to be done to
address this issue and calculate the values, ir dodassess to what degree they are covered
by the Gothenburg protocol now in force, and ithiso should affect the planned revision.
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One important observation from the runs is thasdwave the ability to become self-sustained
in an eutrophied state if the stock of nutrienttarge enough. The requirement is that when
the internal recycling becomes so large that theereal supply or removal becomes
insignificant, then the system may keep itselfineaitrophied state for a prolonged period of
time. Then the system needs a strong disturbanoeder to shift its state. This is parallel to
what happens with phosphorus in an eutrophied(&kerdrup et al. 1991).

9. Conclusions

As a result of this study we may make some conmhssconcerning methods for deriving
critical loads for nitrogen based on biodiversity:

1. We have a method that can make critical loadsitoogen based on biodiversity.

2. There appears to be necessary to assess critmas lfmr acidity input, based on
biodiversity. The present study was not designedejgarate out a critical load for
acidity alone, and further work will be needed. sThssue should be properly
addressed at a number of test sites.

3. An automatic model tool for regional assessmentritical loads for nitrogen based
on biodiversity can be ready in the near future.

4. A mapping manual for regional critical loads fotragen based on biodiversity, can
be ready in the near future.

Concerning what we learned from the actual runsmag conclude:

1. Recovery from nitrogen pollution effects on biodsity is slow (50-300 years) and
sometimes the system seems to need a push frongeraeat measures to start full or
partial recovery.

2. Some changes are irreversible, mostly because rgj-tlerm climate change that

cannot be removed.

The results are sensitive to the limits for ecatagchange used.

The tool of management holds large threats but sdsee very good opportunities for

helping mitigation and adaptation.

5. Earlier modeling of biodiversity without the feedla between the nutrient cycles and
the cross-feedbacks between climate change, aamtitit, nitrogen cycle and nutrient
use mass balances with links to growth are renderedid, and all assessments made
on such assumptions need to be scrapped and redone.

how

The take-home policy messages are:

1. The present European N pollution mitigation polidges not provide adequate
protection for vegetation biodiversity, and the stixig policy needs a substantial
revision to be able to do so.

2. The present study also shows that the presentypolicnature conservation for
biodiversity in the hope of return to a historisshte or to preserve the present is a
total failure and cannot provide what it is intedd®r. The sooner this policy is
revised the better.
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3. Much damage can be done to ground vegetation keoslty by the wrong type and
timing of forest management. At the same time foreanagement is one of the
important tools for helping mitigation, adaptatiemd recovery.

The present runs with the ForSAFE-VEG model haveriteed us that the FOorSAFE model

Is superior to the SAFE model in its overall andtipalar performances, also with respect to
soil chemistry and forest growth modeling. Thisdexe many of the assumptions in SAFE
have been replaced by proper mechanistic formustithe ForSAFE model is thus far more
general. Another fact is that because of its me@megc nature, FOrSAFE requires less input
data than SAFE.

Modeling two sites in each two countries cannot enakmap, but the indication from
this study is that it is justified to make a largessessment covering many sites and different
regions of both Switzerland and Sweden to assesk it risk and help devise adequate
mitigation and adaptation strategies. This wouldvjate the first steps towards a fully
integrated regional assessment.
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Input preparation for dynamic modelling with ForJ&ANVEG
in Switzerland — deposition of nitrogen, sulfur drake
cations and climate related parameters

Beat Rihnf and Daniel KurZ

The climate inputs
Data requirements

For dynamic modelling of soil and vegetation changéth ForSAFE-VEG (Sverdrup et al.
2007a and 2007b) the following climatic parametes required with a monthly temporal
resolution:

Year. The data should span the period from apprataiy 1700 to 2100.
Day of year (doy), middle of each month, Januaripéocember.
Monthly mean air temperature (TT), in °C, 2 m abguveund.

Air temperature - monthly average of daily minimi@®f,,), in °C.

Air temperature - monthly average of daily maxim®gay), in °C.
Monthly minimum of air temperature (T.f), in °C.

Number of frost days in the month.

Monthly sum of precipitation (RR), in mm.

Photosynthetically active radiation (PAR), montlalyerage between sunrise and
sunset, in HE fAs™.

(planned) Monthly mean CO2 concentration in theiaippm.

(planned) Monthly mean ozone concentration in tharappm.

In future releases of the model, it is plannednidude the effects of atmospheric £@nd
ozone-concentration. Therefore, also input dat@tedlto CQ were prepared. For ozone, no
input data are available, so far. Regarding ampterature, earlier releases of the model
calculated TT as the average of Jjpand TDn.x Now, TT is given as a separate input
parameter. THin and frost days are also new input parameters. Téikey to the bud break
problem, which is relevant for the competitivene$sseveral relevant plant species. Input
data were prepared for 260 forest sites in Swipekl As there are no meteorological on-site
measurements, the data had to be spatially intgumblto those locations as precisely as
possible, i.e. local climatic influences such astumle, high horizon and terrain were
integrated in the interpolation. The challenge ¢dssof preparing a data set that fairly
reproduces local conditions and spans a periodwdral centuries as well.

Methods and Data Sources

For solar radiation (PAR), the annual cycle is asstl to be constant, as neither historical
data nor projections were available. The mean nipmRAR values are calculated on the
basis of measurements of solar radiation in thereece period.

6 METEOTEST, Fabrikstrasse 14, 3012 Bern, Switzerlahth@meteotest.ch
" EKG Geo-Science, Maulbeerstrasse 14, 3011 Beritz&¥and,geo-science @bluewin.ch
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The CQ-concentrations are hemispheric averages (measmekgrojected). For temperature
(TT) and precipitation (RR) monthly resolved tineries are calculated for the period 1659-
2100 by combining (1) results of local meteoroladjimeasurements for a reference period,
(2) monthly temperature and precipitation recortdioms back to 1659 as well as (3) climate
change projections for the period 2000-2100. Thastically reconstructed fields of monthly
temperature and precipitation (1659- 1800 in caserecipitation; 1659-1900 in case of
temperature) were prepared by Luterbacher and bmobdors (2007) as grid data with a
spatial resolution of 0.5°x0.5° (in case of tempae and 0.1°x0.1° (in case of
precipitation), respectively. For the post 180@§itation) and post 1900 (temperature) we
used station based grid analysis of the Climatise@ech Unit (Mitchell and Jones, 2005;
Efthimiadis et al. 2006). Climate change projecti@me available as global raster data, e.g.
from Met Office (2005) or IPCC (2007). Thus, theimaork steps for preparing the required
temperature and precipitation inputs can be sunzeds follows:

a) Determine aeference periodor which climatological measurements are availalvie
this study we use 1961-1990 as the reference pefi@i any climatological
application a period of at least 30 years is recemued by the World Meteorological
Organisation (WMO).

b) Calculate thaeference period mearf TT and RR for each modelling site on the
basis of the grid reconstructed TT and RR data.

c) Calculate the monthlyanomaliesof TT and RR 1659-2000 with respect to the
reference period means. This is done on the basieaeconstructed raster data set.
The climate change projections of the Met OfficBQ®2) provide anomalies for 2070-
2100 relative to the reference period 1960-1990.

d) Spatially interpolate meteorologicaeasurement® the modelling sites and use them
to calculate base period means of TT and RR. Wi raster data only show
averages of a larger area, the (interpolated) meamants reflect the local conditions
at the modelling sites.

e) Construct the time-series of TT and RR 1659-2008aath modelling site bgdding
the monthly anomalies to the ‘measured’ referereréod means.

f) Calculate TRin, TDmax TTmin and frost days as function of TT This was done
assuming that the monthly variability of temperatuwhich was analyzed for a
reference period, is constant during the whole rtiodeperiod (1659-2100).

For calculating the mean monthly values of TT, R aadiation in the reference period at
the modelling sites, the software-tool METEONORMe(®Nd et al. 2007) was used. This
tool includes both, a worldwide database of metegical measurements as well as
interpolation models to calculate mean values gtdesired location. METEONORM offers
two reference periods (1961-90 and 1996-2005) amiudes also the climate change
projections calculated by the Hadley CM3 model (Mifice 2005) based on the IPCC
emission scenario 1S92a. The software also congrigetines to derive T, and TDyax
from the monthly mean temperature (TT). In the enésersion of the software, it is assumed
that the relation between monthly average temperaind the extremes is stable over time,
although there is some evidence that this is mumtlgtthe case. This point could be improved
in future studies.
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For this study, the METEONORM software was extengdoutines to calculate T, frost
days and PAR. Furthermore, the software was extegea batch-mode for (1) running
several sites in one run and for (2) reading thathig anomalies and calculating the output
parameters for each month of the modelling peridib9-2100).

Temperature and Precipitation
The statistically reconstructed grid temperatured gorecipitation data compiled by
Luterbacher et al. (2007) include the followingalaburces:

Mean monthly temperature (TT) 1659-1900: Luterbaeteal. (2004) and Xoplaki et
al. (2005); the data were recalculated and fittethe Greater Alpine Region (GAR)
using more monitoring station series as predictors.

Mean monthly temperature (TT) 1901-2002: Mitchellalones (2005).

Monthly precipitation sum (RR) 1659-1800: Luterbachkt al. (2007).

Monthly precipitation sum (RR) 1801-2002: Efthymidt al. (2006).

The historical TT data have a resolution of 0.58%(as shown in the example of Figure 1.
The historical RR data were prepared at a resoluod 0.1°x0.1° (Figure 2). The
reconstructions are based on a combination ofumstntal station data and documentary
proxy evidence applying principal component regmsanalysis. The statistical model is
fitted within the 20th century (1901-1995) betweeach single grid point and available
temperature and precipitation measurements. Thistgtal relationship obtained within the
instrumental period is then applied to the avadadata back in time. It is the same
methodology as applied by Luterbacher et al. (2004) Xoplaki et al. (2005), however
fitting on the new temperature dataset of Mitclagtl Jones (2005) and precipitation data of
Efthymiadis et al. (2006) and reconstructing montidlues. Due to the decrease in climate
data back in time the uncertainty of the reconsibas increases and the variability for each
grid-point decreases.

Dec. 1659
High : 0.6

Low : -9.8

Figure 1. Mean temperature in December 1659 reconstructed ao®.5°x0.5° raster
(Luterbacher et al. 2007). The locations of the B&ftelling sites are marked by black dots.
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_1802_03

High : 349

Low:0

Figure 2 Precipitation sum in March 1802 reconstructed 0f.4°x0.1° raster (Luterbacher
et al. 2007). The locations of the 260 modellingssare marked by a black dot.

Figure 3 shows the monthly temperature anomaliea &elected site (temperature of a month
minus the reference period mean of that month). afenalies were calculated on the raster-
cells shown in Figure 1 and then interpolated te thodelling sites. The precipitation
anomalies were calculated in the same manner. dleetsed site Beatenberg is situated in the
pre-Alps at 1510 m a.s.l. (7.762°E 46.700°N).

5
August temperature anomalies 1659-2002 (reference 1 ~ 961-1990) at Beatenberg (DMsite 2086)

-3
T

-4 T T T T T T T T T T T T T T T T
1660 1680 1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000

Figure 3.August temperature anomalies 1659-2002 relativéheoreference period (1961-
1990, see red bar) at the pre-Alpine site Beatemlf2510 m a.s.l). Units: °C. The black line
is the moving average over 10 years.
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Results from climate-change experiments conducsetguMet Office Hadley Centre
computer models (Met Office 2005) are used for jotedy trends of precipitation and
temperature between 2003 and 2100. The experines#gsme that future emissions of
greenhouse gases will follow the 1S92a scenariayhich the atmospheric concentration of
carbon dioxide more than doubles over the courgdePR1st century. This is a 'business as
usual' scenario, which assumes mid-range economuwtly but no measures to reduce
greenhouse-gas emissions. The scenario is intelgratethe standard version of the
METEONORM software.

The reconstructed anomalies and the climate projecintil 2100, as well as the site-
specific interpolated monitoring data of the basequ are used for calculating the monthly
precipitation sums (RR) and mean air temperatufi€s). (Furthermore, METEONORM
applies local corrections for sites on southerpesdoand sites close to large lakes (Remund et
al. 2007). As an example, Figures 4 and 5 showdhelting values for January and July at
the pre-Alpine site ‘Beatenberg’. The main chamastes and trends at this site can be
considered as representative for large parts otzéviand. E.g., increasing temperatures in
the last decades can be seen in Figures 3 and idlynra winter). Until 2050 (Figure 4) a
substantial temperature increase of approximatel 3s expected for summer. The winter
temperatures are rising as well.

So far, there is no inter-annual variability of T@nd RR) implemented for the post
2002 period. In a next step, it is important taadtice variation of TT and RR also for this
period, because the extremes will change vegetétginnot the averages.
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Figure 4.Mean January (blue) and July (red) air temperatf@) 1659-2100 at the site
Beatenberg (1510 m a.s.l). Units: °C. The thickdimre moving averages over 10 years.

Stochastic models are implemented in METEONORMalawdate TRhin, TDmax T Tmin @and
frost days (Remund et al. 2007). The stochasticatsogenerate intermediate data (hourly
values) having the same statistical properties has nheasured data, i.e. average value,
variance, and characteristic sequence (autocdoejafThe generated data approximates the
natural characteristics as far as possible. Thisttal properties rely on measurements of the
period 1996-2005.
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At the site Beatenberg, precipitation in winterdise be lower than in summer most of time
since 1659 (Figure 5). However, this is expectedutn around in the future: the climate
projections of the Hadley Centre (Met Office 20@&) well as regional scenarios of ICPP
2007 show this trend towards drier summers andewetinters. The annual precipitation
amounts are expected to remain more or less girésent level.

200
190 -

160 - ‘

150 -

140 ‘ ‘
1)

= T AN —
w1 I, AR ‘W LM -
%E. | i ‘ \

SRR LA i “W
' I

‘ July

2Tl i
B r
A i

40 I {
30
20

10
0 T T T T T T T T T
1660 1680 1700 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100

Figure 5.Precipitation sum in January (blue) and July (rdd)59-2100 at the pre-Alpine site
Beatenberg (1510 m a.s.l). Units: mm/month. Thekthines are moving averages over 10
years.

Photosynthetically Active Radiation
Photosynthetically active radiation (PAR) is thetpd global solar radiation in the 400-700
nm waveband. It is the general radiation term tlo&ers both photon terms and energy terms.
The vegetation module of ForSAFE-VEG requires thetpsynthetic photon flux density
expressed in HE Ts? (1 HE = 1 pmol photons = 6.022 4 @hotons). Furthermore, PAR
must be calculated as monthly mean between suandesunset. There are very few stations
world-wide measuring PAR. PAR can be estimated frov@asurements of global solar
radiation to a reasonable degree of accuracy. &gsir forward approach for calculating
hourly PAR from global solar radiation (G), theareess index (kand the solar zenith angle
2 was proposed by Rubio et al. (2005) based on gririgal model developed by Alados-
Arboledas et al. (2000):

PAR=G (1.832-0.191In k; + 0.099 cos ;)

The solar zenith angle is the most important factacloudless conditions and the clearness
index allows the model to take into account the@fbf clouds. This model was implemented
in the METEONORM software, where the stochastic et®djenerate hourly values of the
required input data (Remund et al. 2007). As amgie, Figure 6 shows the mean annual
cycle of PAR over the 1961-1990 period calculatadlie site Beatenberg. This result is used
for all years in the modelling period 1659-2100, s information on the long-term
development of PAR was available.
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Figure 6.Photosynthetically active radiation (PAR) from dary to Deember, averag
over the period 1961-1990, at the pre-Alpine Béatenberg (1510 m a.s.l).
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Figure 7.(a) Global CQ concentration in the atmosphere over the perio@d0tZ100 (future
values according to IPCC 1S92a scenario). Unitsmpb) Annual cycle of the relative @O
concentration. The values are relative to the ahma@an concentration in 1959. Units: ppm.

CO, Concentration

In the pre-industrial era of the Tand 18 centuries, the global concentration of O the
atmosphere was at a constant level of about 28Q Some 1800 an accelerating increase of
the concentration is observed reaching today d @80 ppm in 2006 (see IPCC 2007 for a
compilation of monitoring results). The future dieyament of the C@ concentration
following the 1S92a emission scenario (which wasdufor the temperature and precipitation
projections) is documented in IPCC (2001): untiD@1t is supposed to reach around 700
ppm. Figure 7 (a) shows the resulting 8fncentrations for the period 1700-2100. The,CO
concentrations follow a typical annual cycle caubgdhe activities of the vegetation. Figure
7 (b) shows the monthly deviation of the concerdret from the annual mean concentration
as observed in the Northern hemisphere (Tans 20Wir3. information was also included in
the preparation of the input-files for FOrSAFE-VEG.
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Deposition inputs
Data requirements

The dynamic modelling of soil and vegetation changgh ForSAFE-VEG requires annual

deposition rates for a specified reference yeawal as (relative) trend curves of the

deposition over the modelling period. ForSAFE chtas the temporal evolution of dry

deposition as a function of the vegetation stafirerefore, wet and dry deposition must be
supplied separately. Furthermore, oxidized andgeduwitrogen have to be distinguished in
the deposition input files for the reference yedrich contain the following parameters:

Wet and dry deposition of oxidized nitrogen: W4y, DDnoy

Wet and dry deposition of reduced nitrogen: MY DDnpix-

Wet and dry deposition of sulphur: W§), DDsox

Wet and dry deposition of base cations (= Bc = Gég+ K): WDg., DDgc
Wet and dry deposition of Na: W DDya

Wet and dry deposition of Cl: Wgy) DDc

DDnoy is the sum of gaseous M@aseous HN®and particulate N©. DDy is the sum of
gaseous Nkland particulate NH.

Methods and Data Sources — a Summary

Deposition in the Reference Year (2000)

Input data were prepared for 260 forest sites iftZgwand. As there were in general no on-
site measurements, wet and dry deposition rates medeled or interpolated on the basis of
results from various monitoring sites. The deporitof N, S, Bc, Na and CI was calculated
with a generalized combined approach for the refa¥eyear 2000. Thimonier et al. (2004)
give a description of the methods related to N 8ndeposition. In short, wet deposition is
calculated by combining the concentration fieldsolfate, nitrate and ammonium compounds
in rain water with a precipitation map. Results vét concentration measurements are
relatively homogenous below an altitude of 1000mnt. MAgher altitudes concentrations
decrease. In Southern Switzerland, a detailed stundyet deposition patterns was carried out
(SAEFL, 2001). Resistance analogue models are fosesessing the dry deposition of NH
and NQ gas and aerosols. For these compounds, the coattentfields are calculated from
emission inventories with a resolution of 200m NEOm) by applying statistical dispersion
models as presented by Thoeni et al. (2004) fog, Nty SAEFL (2004) for N@ and by
SAEFL 2003 for aerosols (PM10). For HBGhe concentration field is calculated as a
function of altitude. For S§ the concentration field is determined by georstiatl
interpolation of monitoring results. For BC, gridlk deposition data from CCE are used in
combination with filtering factors for forests aaderage ratios of individual base cations in
bulk deposition measurements. The concentratiotdsfieare multiplied by deposition
velocities, which depend on the reactivity of thalygant, surface roughness and climatic
parameters. Deposition velocity values were takemfliterature. As an example, Figure 8
shows the resulting spatial pattern of total nimogleposition, characterized by a general
decrease with altitude, relatively low depositioninner-Alpine valleys and areas with high
depositions due to local ammonia emissions (e.gemtral Switzerland) or by import (in
Southern Switzerland).
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Figure 8.Nitrogen deposition for Switzerland (kg N'ha')

Figure 9.Wet sulfur deposition at modelling sites, year@00

Figure 9 shows the wet deposition of sulfur for 26 modeling sites: the highest deposition
rates are found in the South, where high precipitahmounts occur along with relatively
high sulfate concentrations in rain water.
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Trend Curves of Deposition

The trend curves used to construct time-seriesepbsition of SQ NG, and NH, are shown

in Figure 10. They are based on data compiled bhy&e et al. (2003) for 1880-2030. In the
time span before 1880, deposition trends of &@d NQ were obtained from scaling the
Rothamsted sulfur deposition trend (C. Walse, Lundversity, pers. comm., 1996, based on
Sverdrup et al. 1996) to the given 1880,3Md NQ depositions. Resulting grid average
background loads of the early 18th century, 27Ganbl, ha* a* for sulfate and 7 to 11 mol
ha' a' for nitrate (natural backgrounds according to EMEPto 79 and 0 to 9 moha'a®,
respectively), were finally extended into the pastfar as needed. The ammonia depositions
were extended unchanged to the beginning of theslatron period. Regarding dynamic
acidification modeling, we have assumed for aleéhcompounds deposition trends for years
beyond 2020 to be constant until the end of theukition period. Finally, values for years
between the five-year intervals were obtained bgdr interpolation.

Figure 10.Deposition trend curves of sulfur (red), oxidzedragen (blue) and reduced
nitrogen (green) for the period 1800-2100, showrdegrams for each EMEP grid (50km)
covering Switzerland.
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Chloride and base cation deposition trends arey@tprovided. We have therefore adopted,
as earlier, national deposition trends (Fig. 1@jfrthe initial national dynamic modeling
exercise (SAEFL, 1998). Chloride deposition treadsentirely based on the Swiss national
hydrochloric acid emission evolution compiled bg BUWAL (1995). Before 1900, chloride
depositions were scaled down more or less alongutier trend to a background value of ca.
25 mol ha' a in 1800. Deposition after 2000 was slightly readuit@ 40 mal ha' a* by

2050 and kept constant until the end of the sinargberiod. The evolution of base cation
(cd*, Mg**, K* and N&) emission and deposition trends still is subjeatdntroversy;,

mainly due to an almost complete lack of data.tRisrstudy, we have tentatively scaled
20% of the originally constant base cation depasitwith the trends of dust emissions in
Switzerland (BUWAL 1995). This leads to steadilgreasing base cation deposition prior to
1960 and rather strongly decreasing base catioosttegm after 1960. From 2030 onwards,
values were kept constant until the end of the kitran period.

Figure 11.National chloride and base cation deposition trenased to extrapola
current site-specific deposition in time.
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Glossary

Bc base cations (Ca + Mg + K)

DD dry deposition (gas or aerosols)

WD wet depositon

doy day of year (1..365/366)

E Einstein = 1 mol photons = 6.022 *¢photons

IPCC United Nations Intergovernmental Panel om@te Change

Kq clearness index, ratio of global radiation ortléa surface and extraterrestrial
radiation

PAR photosynthetically active radiation

TT monthly mean air temperature (°C), 2 m abaweigd

TDrmax air temperature - monthly average of daily max{fitd

TDmin air temperature - monthly average of daily mai(hC)

TThin monthly minimum of air temperature (°C)

RR monthly sum of precipitation, above canopy jmm
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Monitoring, experimental data and geochemical eatabns
related to the modelling sites

Sabine Brauf) Salim Belyazid, Dani KurZ® and Harald Sverdrdp

Parameterisation of the vegetation table

An expert meeting was held with B. Nihlgard (Nihida1972; Nihlgard and Lindgren, 1977)
and E. Landolt (Landolt, 1977) to parameterise getation table with representative plant
species. 89 species were selected (see annex)lymamesses, 7 dwarf shrubs, 15 grasses, 5
brackens, 28 herbs as well as 28 trees and shindisator values were assigned by expert
knowledge for acidity, water, temperature, ligham height, root depth, life time and grazing
preference.

Sites used for comparison with model output

From a network of 133 forest observation plots ¢kiger and Braun, 1998, Braun et al.,

1999), 32 plots were selected for model work (Hig. The selected plots are all equipped
with suction cups for collection of soil soluticaipd most of them have soils that are poor in
base cations. Information on soil morphology and sbemistry, tree biomass, stem

increment (Fig. 2) and ground vegetation is avéalddr all plots as well. In 10 plots also soil

moisture is monitored which allows some validatéhef hydrology outputs from ForSAFE.

Fig. 1:Network of forest observation plots (grey) and pktlected for model work (red). The
plots Aeschau (AU) and Bachtel (BA) are highlighted
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Fig. 2: Density distribution of biomass of 133 plots (lafid of stem increment between 2002
and 2006 of 119 plots (right).

Input data to the model

Site history

Stand age is available for all forest plots. Fanemf them, site history was traced back as far
as possible. In most cases, this was possible tmacit least 1876 when a forest law was
enacted in Switzerland to maintain sustainabilityich demanded detailed records. In some
cases it was possible to follow the forest histback to 1770. For Bachtel no detailed
information is available except stand age. The pleschau has been recorded as selection
forest already in 1865, i.e. as a forest stand wathoval of single trees, without clear-cut.
After attempts to transform into a high foreststmanaged today again as selection forest.
Other former management systems include coppiceoppices with standards, with high
forest in higher elevations. The utilization of inches was a common practice till about 1950.

Soil parameters

Soil morphology was evaluated from a soil pit fellog the classification system of Benzler
et al. (1982). Samples were collected by layer andlysed for exchangeable cations
according to Truby and Aldinger (1984) using an ufféxed NHCI extract as well as for
total nitrogen and carbon. The mineral compositbithe soil of a site was quantified from
the bulk chemical analysis (XRFA) of each indivitlsail layer using the algorithm A2M
(Posch and Kurz, 2007). The site-specific qualitatnineralogy was identified by means of
optical microscopy of the fraction >63 um of atdeane sample per site. Furthermore,
conventional X-Ray diffraction analysis was usedd&termine the clay mineralogy of the
samples' fraction <2 um. Stoichiometries for thenenals identified were drawn from the
literature. To remain internally consistent, staachetries used for the quantification of the
mineralogy were also introduced into the MineratDfie (i.e. site specific MineralData file)
which contains kinetic data and stoichiometrieshbloéing used by ForSAFE to calculate
weathering rates. As suggested by Jonsson et 885)J1 we have area weighted the
quantitative mineralogy.
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Comparison of model output with field data

Vegetation table

The model output of the test sites Aeschau and tBhelas compared to ground vegetation
assessment (Tab. 1). A quite large proportion efdpecies present at these two sites were
modelled correctly although improvements are stdksible.Rubus fruticosusand Oxalis
acetosellawere predicted even with a correct estimate ofcihner degree. The presence of
Vaccinium myrtillus Blechnum spicantDryopteris dilatataand Polytrichum formosumvas
also forecasted correctly in both sites.

Number of species
Aeschau Bachtel

modelled and observed 8 8
modelled but not observed 5 9
observed but not modelled 2 6
observed, but not assigned to any plant group 4 10

Tab. 1:Comparison of number of modelled and observed gtoregetation species at the
two Swiss sites Aeschau and Bachtel

The ForSAFE-VEG model runs (see contribution by r8ue et al.) predict a sensitive
reaction ofRubus fructicosusover to N deposition. This is confirmed by obs¢ians from
the forest plots. With N deposition of >25 kg N'ha™, cover by Rubus increases
exponentially (Fig. 3). In plots with repeated gnduvegetation assessment, the cover by
Rubusincreased significantly from 1984 to 2003, espbchere it had been low before
(Fig. 5). This cannot be explained only by manag#nas e.g. in the plot Bachtel tree cover
even increased during this time period. SimultasBouhe average Ellenberg score class in
the plots was significantly higher in 2003 thari884 (Fig. 4).
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Fig. 3: Cover of Rubus fruticosus in all Fig. 4: Average Ellenberg score class for
forest observation plots in relation to nitrogen in 1984 und 2003 (48 relevés in 23
modelled N deposition. The line is a observation plots). The red line is the
smoother through local median values regression through the points, the green line
(SYSTAT function LOWESS). is the 1:1 line.
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Fig. 5: Braun-Blanquet cover class of Rubus
fruticosus in 1984 and 2003 (35 relevés in 22
/ i plots). The red line is a smoother through local
median values, the green line is the 1:1 line. The
: increase from 1984 to 2003 is significant at
p<0.05. Green point: Bachtel.

cover classin 2003

0 1 2 3 4 5 6
cover class in 1984

Biomass data
Biomass was predicted well for the two Swiss tassgFig. 6). The difference in the lines for

Aeschau and Bachtel reflect the different managérmgstem (selection forest in Aeschau,
high forest in Bachtel).

Fig. 6: Comparison between measured biomass (squares) amags modelled using
ForSAFE (line) for the plots Aeschau (left) and Bt (right).

Litterfall

Litterfall was measured in 8 plots. Four of therolilde comparisons between adjacent beech
and spruce plots (BA, BR: spruce, BAB, BRB: beedtje wood fraction collected consists
of dropped branches, it does not include decayingdadebris. For comparison with model
calculation, data are available for Bachtel. Froai.T2 it can be seen that measured litterfall
was higher than the modelled numbers. The measloads for N, Ca and Mg are

correspondingly higher, for K the modelled value higher which suggests that the K
concentration in leaf litter is overestimated.
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Fig. 7: Litterfall of N and Ca+Mg+K in 8 forest observatioplots. BAB (Bachtel), BRB
(Brislach) and MUB (Muri) are beech plots, BA (Bt BR (Brislach) and ZV (Zugerberg
Vordergeissboden) spruce plots and FR (Frienisbengd GB (Grenchenberg) are mixed
stands.

Measured Modelled

dry matter 425 300
N 4.47 2.67
Ca 4.09 1.27
Mg 0.55 0.25
K 0.70 2.70

Tab. 2:Litterfall in Bachtel in the year 2005 (excludingabches collected in the litterfall
traps). Units are g/f

Fig. 8: Comparison between measured (squares) and moduettate concentration (line) for
the plots Aeschau (left) and Bachtel (right).
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Fig. 9:Measured nitrate concentrations (left) and BC/Aiadright) in different depths of the
observation plot Aeschau. The lower dashed linghénleft graph is the concentration which
corresponds to the maximum tolerated nitrate leaghifor non-polluted ecosystems
(UN/ECE, 1992), the higher the Swiss limit for #&rimg water quality. The dashed line in the
right graph is the critical BC/Al limit.

Fig. 10: Comparison between measured (squares) and modBIEFAl ratio (line) for the
plots Aeschau (left) and Bachtel (right).

Soil solution chemistry

The modelled nitrate concentration in the soil Bolushow a large seasonal variation which
is not reflected by the measurements (Fig. 8)héndite Bachtel the measured concentrations
never reach the lower end of the predicted vamatuhich means that uptake in summer is
overestimated by the model. However, the peak vaiiree reasonably well at this site. In
Aeschau, nitrate concentrations are overestimalée. measured nitrate peak in the soil
solution of Aeschau is caused by a management €seatalso Fig. 6). It is paralleled by a
decrease in BC/AI ratio especially in the lowerl dayers (Fig. 9). The BC/AIl ratio is
underestimated by the model, more in Aeschau thaBachtel (Fig. 10). The hydrology as
reflected by the Cl concentration is modelled Weig. 11).
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Fig. 11:Comparison between measured (squares) and modgledde concentration (line)

for the plots Aeschau (left) and Bachtel (right).
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Fig. 12: Soil moisture data modelled with
ForSAFE in comparison to measured data
(monthly averages) at 20 cm depth.

Room for improvement in the present model

Soil moisture

Volumetric soil moisture data are
available for the site Bachtel. They were
compared to the modelled data.
Although the chloride concentrations of
the soil solution indicate that the
hydrology is about correct, the seasonal
variation modelled by ForSAFE is much
greater than in the measured values, and
the difference between years is much
smaller (Fig. 12). The differences seen in
Fig. 12 may be caused by the deviation
of the microscale hydrology at the site
from the stand-generalized hydrology
used in the model. We have observed
that the accumulated water flux fits well,
implying that the water is slightly
dislocated in time.

The ForSAFE-VEG is in a state of steady developnaet we have seen after the present
runs that some changes are desired to the model.
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1. Change of tree speciesThe model will be complemented with a routine tinait
allow for gradual or abrupt change of tree spedreshe model. Tree species
composition is a result of forest management ang change during time. Often this
is not the naturally dominating species. Up to niiwyas not possible to change the
species composition during a model run. This shdaddkept in mind for future
versions of the model.

2. PhosphorusWe need to complement the model with a simple phagfs availability
sub-model. The will be based on a simple concepidimg on tree nutrient cycling,
weathering and decomposition. This will utilize skig driving engines already
present inside the model. In the forest observapitmts, a striking increase of P
deficiency was observed between 1984 and 2007 (pbThis P deficiency has
consequences for growth (Tab. 4) and may be thenrewhy the stem increment of
beech has decreased since 1987 (Fig. 13). N addikperiments suggest that this P
deficiency may result from increased N depositieig.(14). Thus, the P nutrition has
to be taken into account when growth is modellenfrclimate data and nutrient
availability. We also have reason to suspect thatesplants, for example Urtica, are
affected in their competition abilities by the dshility of phosphorus in small or
large amounts. Thus for biodiversity assessmemdsgslalso desirable.

Number Strongly Slightly
of plots deficient deficient

£0.8 >0.8-1 >1 mg

Year Normal

Fagus sylvatica 1984 51 0 11.8 88.2
1987 57 5.3 8.8 86
1991 55 55 27.3 67.3
1995 52 5.8 17.3 76.9
1999 53 26.4 30.2 43.4
2003 53 13.2 52.8 34.0
2007 52 25.0 46.2 28.8
Picea abies 1984 18 5.6 5.6 88.9
1987 27 7.4 40.7 51.9
1991 35 40 25.7 34.3
1995 38 18.4 44.7 36.8
1999 52 30.8 28.8 40.4
2003 50 20.0 28.0 52.0
2007 48 33.3 33.3 33.3

Tab. 3:Development of the proportion of forest observaptots with P deficiency (%).
P concentrations in mg P/g d.m.
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P mg/g  Number Increment 95% confidence
d.m. of trees (cnlyear) interval
Fagus sylvatica £0.8 57 27.7 254 - 29.9
>0.8-1 97 333 31.3- 352
>1 200 343 329- 357
Picea abies £0.8 67 269 25.0- 288
>0.8-1 50 288 26.3- 31.2
>1 53 31.2 28.7- 336

volume increment (m 3 ha-l yr-1)

Tab. 4:Growth of cross section area of beech and Norwaycspin relation to P
concentration in the foliage (assessment on theslmsndividual trees). In both tree
species the relation is significant at p<0.01.
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Fig. 13:Development of biomass Fig. 14:Effect of N addition on the concen-
increment in beech plots between tration of P (red) and K(green) in leaves of
1984 and 2007 (41 plots). Bars: young beech. The asterisks indicate a
95% confidence interval. significant linear trend with increasing N

addition, filled data points significant
differences to the control (n=9-12).

Adaptation of the ForSAFE-VEG model to open land raditions. The adaptation of
the model to model open land is needed for ab@eline areas, montane meadows,
coastal land, tundra and grasslands. This wouldireqwo main items to be fixed
permanently:

a. The inclusion of a proper carbon and nitrogen nizance for each plant
group, in order to have a proper carbon and nitroggcle without the
presence of trees and forest cover. The modelnsleds uptake of N to ground
vegetation for being able to better predict N l@#agHrom clear-cut areas in
the forest. At present the N leaching is somewlvar-predicted in intensity
and temporal length.

b. The inclusion of the effect of wind on the grouredetation through wind chill
that decrease the temperature and the effect dianéxal stress on plants by
the force of the wind.
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Adaptation of the model to open land conditions ldoput the model in reach of
many important biodiversity sites outside the tiiadal forested ecosystems.

4. Potassium nutrition and drought resistance
In a N addition experiment on calcareous soil,réoss K deficiency developed during
the experiment which was aggravated by N additiag. (14). This K deficiency was
correlated with drought necroses (Fig. 15). A retatbetween N deposition and K
concentration in the foliage was also observed atune forest stands during the dry
year 2003 (Fig. 16). As K is involved in the cohtod the stomatal opening, these
observations suggest that its deficiency resulisgreased water loss. Such scenarios
should be included into the models as climate chasmgxpected to increase drought.
2003 2006
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Fig. 15:Drought necroses in beech leaves in relation taKcentration in the leaves.
Both relations are significant at p<0.001.
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Fig. 16: Relation between K concentration in the foliagebeéch (left) and Norway spruce
(right) in relation to modelled N deposition. Saewlcollected in summer 2003, during the
drought. The dashed line marks the lower end obgitenal range.
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Conclusions

The comparison of the output of ForSAFE-VEG witbldi data shows encouraging results.
We must conclude that ForSAFE-VEG is a strong foolrisk assessment both for the past
and the future.
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Forecasting Air Pollution Impacts on Biodiversityda
Habitat Quality: A British Study

Ed C. Rowé Chris D. Evarns Simon Smartand Bridget A. Emmett

1. INTRODUCTION

The Convention on Long-Range Trans-boundary Aitudioh (CLRTAP) of the UNECE is
an effective international policy instrument thaes evidence of actual or potential damage
from pollutants to set emissions limits. The CLRTARs been particularly successful in
regulating emissions of the acidifying pollutantdrogen (N) and sulfur (S). Damage
indicators and thresholds are currently defineteims of soil chemical criteria such as pH or
Ca/Al ratio. This approach is being reconsidere@ do two pressures. Firstly, a large
reduction in S emissions has shifted the emphasis facidification damage towards
eutrophication, i.e. a damaging increase in ecesysproductivity driven by N pollution.
Secondly, EU conservation legislation uses hafatity indicators that are largely based on
species occurrence, not soil properties. Hencehave developed a model chain that predicts
the effects of pollution emissions scenarios orcigsebased habitat quality indicators, by
linking models of pollutant deposition, soil chetrys species occurrence and habitat quality.
This requires much trans-disciplinary communicatien there is a clear requirement for
transparency in model description, in particular definition of model inputs and outputs.

2. SIMULATING SPECIES OCCURRENCE
2.1 Introduction

A two-stage process was used to simulate the sftdalifferent N and S deposition scenarios
on plant species. Firstly, a dynamic model [Cosbgl.e 2001] which is currently used by the
UNECE Coordination Centre for Effects to simulate@s of pollution on soil [de Vries et
al., 2007] was used to predict changes in soil ptl @arbon (C) to N ratio. These variables
were used as inputs into a set of static regresamels [Smart et al., in prep.] which predict
species’ probabilities of occurrence under a gsetnof environmental conditions.

2.2 Soil chemistry

The MAGIC model focuses on acid-base dynamics,isglat each time-step a system of
linear equations that describe ionic competitioneiochange sites. This model also simulates
N dynamics using a simple saturation function. d¢jem pollution affects habitats mainly
through effects on competition. With a decreaseNinlimitation, low-growing, light-
demanding species are shaded out by increasedgmiwaster-growing and taller species.
However, the soil micro-flora competes stronglyhaptants for N additions, and initial inputs
of N into a pristine ecosystem are mainly immoleitioy interaction with the soil carbon (C)

! A version of this document was presented to iERBS: International Congress on Environmental Mdidg|
and Software, Barcelona, under the title “Predigtiinners and Losers:Translating Air Pollution Ryl
Initiatives into Indicators of Habitat Quality."

2 Centre for Ecology and Hydrology, Environment @ewales, Deiniol Road, Bangor, Gwynedd, LL57 2UW,
UK. (ecro@ceh.ac.uk)

% Centre for Ecology and Hydrology, Lancaster Enmireent Centre, Library Avenue, Bailrigg, Lancastekl
4AP, UK.
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pool, resulting in a decrease in soil C/N ratio f@ersen et al., 1998]. Because of the large
organic matter pool in most soils, C/N ratio chahgmly slowly with typical levels of
atmospheric inputs. In the absence of historic smhsurements, N addition experiments
allow predictions of soil C/N change to be asse¢sayl 1).

40 - Start of N

additions

©
£
°
S o
=z Control (simulated) O Control (observed)
(@) 30 7 Low (simulated) © Low (observed)
Medium (simulated) O Medium (observed)
——High (simulated) @ High (observed)
25 T T T 1
1850 1900 1950 2000 2050

Figure 1.Measured soil C/N ratio in an upland dry heathlaffuabon, N Wales, UK)
receiving 0, 40, 80 and 120 kg N *hag* since 1988, and MAGIC simulations of this site
[Evans et al., 2006]. Initial C/N was obtained bglibrating the model to measured C/N in
the zero additions treatment.

2.3 Plant niches

Plant species occur within specific ranges of emrmental conditions, determined by their
autecology, competition with other plants, and epsbility to pests and diseases. This
‘realised niche’ is a hyper-volume within the spaedined by a set of environmental factors.
Maximum probabilities of occurrence exist for maspgecies in relation to these factors,
although some species have broad tolerance or bildistributions when plotted against
individual factors. Ellenberg [1992] and subsequanthors defined optima scores for
European plant species on arbitrary scales relatetde availability of nutrients, water and
light, and acid reactivity. We modelled the occooe of plant species in two stages, to make
use of datasets where environmental factors weresuaned alongside occurrence as well as
the far larger datasets where only species wererded. For the former dataset, multiple
regression was used to calibrate mean scores &sept species against five soil variables:
total C and N content, pH, % soil moisture, andatbonate-extractable phosphorus.
Minimum adequate models were determined by firggcteng factors with no significant
effect on mean Ellenberg score and then using degiaeduction tests to accept or reject
interactions and quadratic terms for the remairiaggors. Next, multiple logistic regression
was used to relate probability of occurrence witthe larger dataset to the mean Ellenberg
score, by stepwise elimination from the set of igant effects, interactions and quadratic
effects. This results in a set of per-species n®offah. 2), collectively known as GBMOVE,
which can predict the probability of a species odng under a given set of environmental
conditions [Smart et al., in prep.].
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Figure 2.GBMOVE niche models for Drosera rotundifolia andith dioica (plants typical
of infertile and fertile habitats, respectively) fialation to soil pH and soil carbon/nitrogen
ratio, at fixed levels of canopy height (0.8 m)J] saoisture content (35%) and soil carbon
content (5%).

2.4 Species dynamics

Coupling the MAGIC dynamic soil chemistry model wihe GBMOVE static species niche
model allows the dynamics of plant species occegen be simulated. Testing this model
chain is difficult due to the scarcity of long-temtatasets covering both soil chemistry and
plant species occurrence. However, the model ghvaived fairly successful in simulating the
rates of change in probability of occurrence itoaistic dataset extending from 1973 to 2001

(Fig. 3).
3. FROM SPECIES OCCURRENCE TO BIODIVERSITY INDICATO RS

Predictions of changes in probability of occurrefmea large number of individual species

are of limited value in themselves for assessirgtataquality, which is assessed according to
criteria such as rarity, typicality and fragilitRatcliffe, 1977]. The Habitats Directive of the

European Union [EEC, 1992] has lead in the UK ® dievelopment of Common Standards
Monitoring (CSM) protocols [JNCC, 2006] which lispecies for each habitat, grouped into
positive and negative indicators. We have useddhisgorisation to interpret predictions of
species change, by calculating an overall habgatiic quality score Q as

R P
P Pmax n Pmax;
Q = X - ] (1)
i=1 p j=1 n

whereP; andP; are the probabilities of occurrence of fhpositive indicators and negative
indicators for a habitat, respectively, dpghax is the maximum probability of occurrence for
the species within the parameter space. Re-sctiifinax is necessary because the large
variation in abundance of individual species withange survey datasets and in maximum
occupancy of suitable sites means that absolutbapilities of occurrence vary widely.
Rescaling top and n allows for the variable numbers of positive andjateve indicator
species listed for different habitats. Speciesinoluded in the CSM indicator lists are not
used in this calculation. The approach is illugilatising simulations of C/N and pH change
due to atmospheric S and N deposition (Fig. 4).I18Vkwith more N pollution the probability
of occurrence increases for some positive indisat@nd decreases for some negative
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indicators, the overall pattern of response isNgpollution to favour negative over positive
indicators and so there is a clear decline in thexall quality score.

4, MODEL IMPROVEMENT
4.1 Uncertainty

Linking models increases uncertainty related tdlpatrameterisation and model structure. A
major source of uncertainty in the MAGIC-GBMOVE nebahain relates to the prediction of
mean Ellenberg fertility score from soil biophydiogeasurements. Between-habitat variation
in the inert proportion of soil organic matter [Rewt al., 2006] results in a poor correlation
between total soil C and N pools and mean Ellentderglity score. We are currently
measuring a set of soil properties including miheahle N alongside floristic data in a large
national survey, to identify more accurate predgtdhis reduction in parameter-uncertainty
will however lead to a requirement for more struaticomplexity in the soil organic matter
model.

1, Figure 3.Predicted versus observ
o| o o change for individual species
¢ blanket bog (Moor House lorigrm

2, monitoring site, Cumbria, UK

Predicted change is the slo
coefficient of a linear regression
| e . | occurrence probabilities predicted
004 002 6.0 002 0.04 the MAGIC-GBMDVE model chail
for each year between 1973 ¢
* . 2001. Observed change is the sl
LA coefficient of a linear regression
° % frequency in sample plots in e¢
survey year. Pearson correlati
004 coefficient = 0.568, p=0.00ZSmart
et al., 2005]

4.2 Additional drivers

The inclusion of multiple environmental gradientsthe GBMOVE niche models offers the
potential to link to other dynamic biophysical mtleCanopy height is used in the niche
models as a surrogate for ground-level light avditsg, which has a profound effect on
environmental suitability for plant species. We aterently using this mechanism to link
GBMOVE to the SUMO vegetation model [Wamelink, 2DQ@@ simulate the effects of
vegetation succession on plant species occurrdiee effects of changes to rainfall pattern
could be represented via effects on mean soil mm@stontent. We have also developed an
extended version of GBMOVE that includes other eliim variables, allowing simulations of
climate change. Since the niche models are basedhpirical data that includes the effects of
multiple drivers, we have some confidence that aéipigroach can be applied to simulations of
several interacting biophysical drivers.
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Figure 4. Simulated changes in blanket bog at Moor House -tengn monitoring site,
Cumbria, UK, under a) Goteborg emission scenarimj &) an extreme N addition scenario
with an additional 50 kg N Kayr” from 1960. (1) Soil pH and C/N ratio simulatedngsithe
MAGIC soil chemistry model. Soil water content arahopy height were assumed to be
constant. (I1) Probabilities of occurrence of pogt Common Standards Monitoring indicator
species for blanket bog, rescaled to Pmax. (llip&bilities of occurrence of negative CSM
indicator species for blanket bog, rescaled to Pm@X) Overall habitat quality Q (see
equation 1).
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4.3  Open model development

The model development process has historically Ine@mopolised by the subset of scientists
who are also programmers. We are using severalaugtlo open this process to wider
scrutiny and discussion. Static niche models rdlai® measurable factors are easily
understood and checked by plant ecologists, cordpatith dynamic models of species
populations or of cover proportion. Dynamic soienfistry models written in FORTRAN are
being re-implemented in SIMILE graphical modellisgftware [Muetzelfeldt and Massheder,
2003], which can be understood and assessed bynmognamming modellers. This also
makes it easy to see submodel boundaries, elimmé#tie danger of double representation of
processes when combining models. Lastly, the us&Sdfl indicators to assess habitat quality
allows discussion with habitat specialists in th& dature conservation agencies using
familiar terms.

5. CONCLUSIONS

By linking a dynamic soil chemistry model to stapilant niche models, we have obtained
positive correlations between predicted and medscinange in the abundance of individual
plant species. This approach could be applied teardety of other problems in nature
conservation, which urgently requires methods foedting the effects of a changing
environment on species abundance. The proposediomasional habitat quality summary
statistic is based on indicators used by consemigts and policymakers, yet allows
definition of a simple damage threshold that colddused to define acceptable pollutant
loads.
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