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Abstract. To be able to simulate climate change effects onLPJ-GUESS simulation results for a large part of the Alpine
forest dynamics over the whole of Switzerland, we adaptedregion.

the second-generation DGVM (dynamic global vegetation
model) LPJ-GUESS (Lund—-Potsdam—-Jena General Ecosys-

tem Simulator) to the Alpine environment. We modified

model functions, tuned model parameters, and implemented Introduction

new tree species to represent the potential natural vegetation

of Alpine landscapes. Furthermore, we increased the com€limate change affects species composition, forest structure
putational efficiency of the model to enable area-coveringand biomass of forests worldwide. The appropriate modeling
simulations in a fine resolution (1 km) sufficient for the com- of forests at a large scale is important to assess their func-
plex topography of the Alps, which resulted in more than tions, in particular their influence on the global carbon cy-
32000 simulation grid cells. To this aim, we applied the re- cle (Fischlin and Midgley 2007 Purves and Pacal2008.
cently developed method GAPPARD (approximating GAP This requires model functions that describe forest dynamics,
model results with a Probabilistic Approach to account for particularly with respect to forest disturbances and structure-
stand Replacing Disturbance§acherstjanoi et g12013 to related competitiongonan 2008 Quillet et al, 2010).
LPJ-GUESS. GAPPARD derives mean output values froma The well established dynamic global vegetation mod-
combination of simulation runs without disturbances and aels (DGVMs) simulate dynamics of vegetation, including
patch age distribution defined by the disturbance frequencyforests, based on main plant physiological functions. The
With this computationally efficient method, which increased first-generation DGVMs simulate the vegetation of one plant
the model's speed by approximately the factor 8, we werefunctional type (PFT) or species in a stand aggregated in
able to faster detect the shortcomings of LPJ-GUESS funcene individual (big-leaf approach). Therefore, they do not
tions and parameters. We used the adapted LPJ-GUESS ttake into account forest structure and show limitations in
gether with GAPPARD to assess the influence of one cli-modeling competition and disturbancé&allet et al, 2010,
mate change scenario on dynamics of tree species compavhich might especially affect mixed forests and the veg-
sition and biomass throughout the 21st century in Switzer-etation growth under dry conditionSifith et al, 2001).
land. To allow for comparison with the original model, we Second-generation DGVMS$éto et al.2007 Hickler et al,
additionally simulated forest dynamics along a north—south2008 Fisher et al. 2010, also termed hybrid models, ac-
transect through Switzerland. The results from this transectount for structural characteristics, improve the modeling of
confirmed the high value of the GAPPARD method despitecompetition and small-scale disturbances, and thus lead to
some limitations towards extreme climatic events. It allowedmore realistic simulations of forest dynamics, but on the cost
for the first time to obtain area-wide, detailed high-resolution of either model resolution, model extent or simulation speed.
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One commonly used but simulation time-consuming way age-approximation method is applied during the simulations
to include structural characteristics into a DGVM is the and for each simulation year. Hence, and also due to a lower
gap approachBotkin et al, 1972 Shugart 1984, which spatial resolution in EDNJoorcroft et al, 2001, GAPPARD
stochastically simulates dynamics of tree individuals or co-has most likely a higher computational efficiency. However,
horts on numerous small patches, so that the mean of alhis increase in efficiency comes along at the cost of less pre-
stochastic replicates builds the result of one simulationcision on smaller timescales.
step. The second-generation DGVM LPJ-GUESS (Lund— The approximation used by the method shortens LPJ-
Potsdam—-Jena General Ecosystem Simula@m)ith et al, GUESS simulations (100 stochastic replicates) by roughly
2002, Hickler et al, 2004 combines such an approach with a factor of 10. Therefore, the computationally efficient sim-
plant physiological functions of the LPJ-DGVNbifch et al, ulations were highly advantageous and enabled us to more
2003. As it uses the gap approach, LPJ-GUESS is yet notrapidly analyze functions of the model and more easily adapt
computationally efficient enough to simulate forests with model parameters. This is the first time that this method is
a fine resolution € 1km) on a large scale (continental to used area-wide on a large scale. Hence, our first aim was
global). Area-wide simulations with LPJ-GUESS typically to test the applicability of the GAPPARD method. As we
use resolutions of 10 or 50 arcmiGi(tti et al, 2006 Koca  tested LPJ-GUESS on a finer scale than typically used and
et al, 2006 Morales et al.2007 Wolf et al., 2008 Hickler applied the model to a specific region, we expected that we
et al, 2012 to perform simulations on subcontinental to will have to change model parameters and adapt model func-
continental scales. To more specifically analyze model functions. It was, thus, our second aim to control how applica-
tions of LPJ-GUESS some studies focused on simulationdle the latest LPJ-GUESS parameters are to model the po-
on certain stands (e.g., for SwitzerlaRdrtner et al.201Q tential natural vegetation (PNV) in a heterogeneous Alpine
Manusch et a).2012 Wolf et al, 2012. However, the most landscape and on a finer scale, and what changes have to be
recent LPJ-GUESS parameterization led to substantial dismade due to model functions and parameters to improve re-
crepancies at a finer scale between model results and compaults. Our third aim was to use GAPPARD with the adjusted
rable datalfflickler et al, 2012. functions and parameters, and to assess (a) the usefulness of

We aimed to perform simulations with a 1 km resolution our modifications and (b) the potential influence of one cli-
over the whole of Switzerland. Our decision to use Switzer-mate change scenario on the development of forest biomass
land as a study area was supported by two main argumentsind species composition allover Switzerland. One main issue
first, this specific region combines altitudinal gradients with was the response of the different tree species to warmer and
a very rugged topography and different degrees of conti-drier climates and to the increase in atmospherio C&al-
nentality and consequently contains different climate andditionally, we were also interested in how the results of the
vegetation zones. Therefore, it is a difficult test for every adjusted LPJ-GUESS differ from the results using the most
modeling exercise. Partly due to that, there are no dynamicecent LPJ-GUESS functions and parametelisKler et al,
area-covering climate change impact simulation studies or2012.

Swiss forests. Second, comparatively detailed climate and To sum up, our main research questions are the following.

soil input data are available that are necessary for our mod-
eling purposes. Despite the limitations at a finer scale, we
chose to use LPJ-GUESS for the modeling because it con-

— How applicable for area-wide studies over the whole of
Switzerland is the GAPPARD method?

tains detailed plant physiological functions combined with  — How valuable are the recent LPJ-GUESS parameters
a structured vegetation and dynamics. However, recent re-  and functions to model the potential natural vegetation
sults from Scherstjanoi et al(2013 allow us to estimate in a heterogeneous Alpine landscape, and how do model
that using a 1 km resolution over the whole of Switzerland functions and parameters have to be adapted to improve
would require several months of simulation time. To en- results?
able simulations over a large range we used a method that ] ] ]
was lately developed bcherstjanoi et al(2013. With — Which changes of forest biomass and species com-
it, GAP model results are approximated with a Probabilis- ~ Position are projected by simulations over the whole
tic Approach to account for stand Replacing Disturbances ~ Of Switzerland using one climate change scenario and
(GAPPARD method). what trends do different parameters and input data indi-
The GAPPARD method utilizes a modified version of the cate?

von Foerster equation of age-structured population dynam-

ics (von Foerster1959. Several other approaches also used,  \aterial and methods

von Foerster types to approximate gap dynamfiashyama

1993 Falster et al.2010. Moorcroft et al.(200)), e.g., ap- 2.1 LPJ-GUESS

proximated in the second-generation DGVM ED (Ecosystem

Demography Model) size and age by applying a van Foerl PJ-GUESS is a process-oriented second-generation DGVM
ster type equation. In contrast to GAPPARD, this size- andthat simulates the vegetation dynamics of foreSmith
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et al, 200% Hickler et al, 2004. It shows characteristics effect is included in the GAPPARD method. Therefore, an
from the first-generation DGVM LPJSftch et al, 2003 undisturbed model run is fully deterministic.
and the individual-based (cohort-based) gap model GUESS Using just one deterministic undisturbed run leads to an
(Smith et al, 200)). Plant physiological and biogeochemical extrapolation of the vegetation succession pattern from the
processes are based on the formulations in the LPJ-DGVMbeginning of the simulations to the whole simulation period
Plants are either simulated as tree spedfes4 et al, 2006 without considering the effect of changing drivers (in LPJ-
Hickler et al, 2012 or aggregated to PFTs. GUESS changing climate). As a solution, additional deter-

LPJ-GUESS uses a gap approach to simulate the fate ahinistic undisturbed simulation runs starting from different
individual trees, determined by growth, stochastic establishpoints in time (nodes) are performed. The final result is in-
ment and stochastic death processes. Other stochastic elterpolated between these nodes. A more detailed explanation
ments can be climatic drivers and in particular stochasticallyof the derivation of the method is given 8therstjanoi et al.
appearing small-scale stand-replacing disturbances (distuf2013. For our study, we used five deterministic undisturbed
bance stochasticity). Due to the stochasticity, individuals andsimulations: one starting in 1100 with a spinup up to 1900,
vegetation biomass on each patch develop differently andne starting in 1950, one in 2000, one in 2050, and one in
simulations of many patches have to be averaged to yield th@080. After several tests (results not shown), and due to the
forest dynamics, requiring a lot of computational time. For results ofScherstjanoi et a{2013 we decided to use a dis-
gap models in generdBugmann et al(1996 recommended turbance frequency of 0.0154, corresponding to a return in-
the use of 200 stochastic replicates per stand. In LPJ-GUESServal of 65 years.
most commonly 50 or 100 of such replicates are used (as in Applying the GAPPARD method does not currently al-
Koca et al, 2006 Hickler et al, 2008 2009 Miller et al., low any spatial interactions between neighboring grid cells
2008 andWramneby et a).2008, but to save computational or patch-to-patch interactions. Therefore, seed dispersal or
time the number of patches is often even smaller (e.g., 20 irmigration functions or the spatial mass effect of LPJ-GUESS
Hickler et al, 2012. (establishment in a patch depends on other patches’ biomass

in a stand) cannot be applied.
2.2 GAPPARD method
2.3 Simulation setup

The GAPPARD methodScherstjanoi et 12013 is based
on the idea that a forest does not necessarily have to be refwe simulated forest dynamics on all cells of a 1 km grid of
resented by different stochastic replicates but can be calSwitzerland where, at the moment, forests potentially could
culated with just one undisturbed simulation, which would grow. Based on the Swiss soil suitability mafrdi, 1976,
be much more computationally efficient. The method as-we excluded rocky, urban or water areas, which led to a sim-
sumes that stochastically appearing small-scale disturbanaglation setup containing 32 214 cells.
events that transfer all living biomass of a stochastic repli- We applied climate change after the simulation year 1900.
cate to the litter are mainly responsible for the differenceUp to 1900 we used randomly selected values of the first
between a stochastic and a deterministic model run. In LPJ30 climate data years for the model spinup. For the 1901—
GUESS such stand-replacing disturbances occur with a cont929 simulation period, we used CRU (Climate Research
stant probabilitypgist. The GAPPARD method furthermore Unit) data downscaled to the 1 km model gridi{chell et al,
assumes that the succession after a disturbance event is @&004). For the 1930-2006 simulation period, we used Swiss
ways the same, given a constant climate. Thus, values of statgeather station data from the Federal Office of Meteorology
variablesy starting from bare patch produced for each sim- and Climatology MeteoSwiss interpolated to a 100 m grid by
ulation yeara in an undisturbed model run and information applying the Daymet methodiornton et al.1997. For the
on the patch age distribution based p#ist can be used to  2007-2100 simulation period, we used CRU climate data of
approximate stochastic model run results. The expectatiomne A1B climate scenariditchell et al, 2004). Along with
valueY (T) of y, which includes the effect of small-scale dis- that scenario we used G@ata that reach 703 ppm (parts per
turbances, is calculated for each y&amn a postprocessing million) in 2100 (PCC, 2001, Annex II). To be able to make

way: statements about the G@ffect, we additionally performed
simulations with constant atmospheric £om the simula-
Y(T)=1- pdgisn” y(T) tion year 2000 on. A visualization of the climate used for the
T-1 simulations is given in FigD2 (Appendix).
+ Pdistz (11— pdisD®y(a). 1) We developed and applied an empirical model to estimate
a=1 daily cloud coverage of each simulated stand. It uses avail-

able climate data from 59 Swiss weather stations (TBldle
The results ofScherstjanoi et al2013 showed that the in the Appendix) to predict cloud coverage from season, and
other stochastic functions of LPJ-GUESS, establishment angrecipitation and altitude of a stand. A more detailed descrip-
mortality, either do not have a significant influence or their tion is given in AppendipC1.
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Based on theSoil Suitability Map of SwitzerlandFrei,
1976, we defined the required LPJ-GUESS soil parameters: J
usable volumetric soil water holding capacity (fraction of soil = c
layer depth), soil thermal diffusivities at different points of J
water holding capacity and an empirical parameter for the :
percolation equation. A more detailed description is given in
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We applied two parameter sets to our simulations, one masl,
with existing parameters and one with new ones (see Ta- Atiude of suitable stands

. . . . . . <=500m >500-1000m >1000-1500m s >1500m
ble D10 in the Appendlx). For simulations with the first Lakes, solid rock or urban areas

a?rilmret?r lseztoive uszci ?ltlh bicr)rei?T: ?r:j r:empevzlatl(la SF:;C I":l"—slgure 1. Location of and altitude along the analyzed transect, and
ckler etal.( 9 used for their simulations, as well as _location of geographic terms. The transect (blue line) is placed at a

grass and bore_al evergreen shrubs. V\_/e applied the Spec'ﬁﬁ]gitude of 638000 m (Swiss CH1903/Iv03 coordinates). J: Jura;
parameters oHickler et al.(2019 who simulated the PNV ¢: central Plateau; P: Prealps; N: north Alps; S: south Alps; V-
across Europe. For boreal evergreen shrubs we additionallygajais: T: Ticino.

used parameters dlNolf et al. (2008. Here we refer to

this set as the standard parameter set. Considering that LPJ-

GUESS was not designed for this specific region and a fine2.5 Simulation evaluation

scale and based on first tests (results not shown), we expected

from the results that (1) the species distribution would differ FOr both applied parameter sets, we mapped total biomass,

from PNV, (2) not all important tree species would be mod- the biomgss of aII_singIe main species for the year 20003

abruptly. tionally to the Switzerland-wide simulations, we mapped the
We created a second parameter set to improve simulatémporal course of the biomass of the main species along an
tions of the PNV in Alpine landscapes. For this aim, we €xemplary north—south transect (Fig.to (1) get a more de-
used general knowledge and different publications on pNvtailed idea of the temporal development of the species com-
(Ellenberg 1986 Brzeziecki et al.1993 Bohn et al, 2004 position and species biomass, and (2) have a smaller amount
Frehner et a).2005. We did not use stand data to fine-tune of grid cells so that results can be compared to stochastic
LPJ-GUESS because almost all Swiss forests have been if-PJ-GUESS simulations using 100 stochastic replicates. The
fluenced by forest management for a long period. To thistransect covers the east Jura, the Central Plateau, the cen-
set, to which we will refer to as the adjusted parameter settral Prealps, the northwest Alps, and the Valais. Along this
we additionally added the three new spediesix decidua transect we displayed the changes in biomass between 1900
Pinus cembraand Pinus mugaas described iBcherstjanoi ~ and 2100. For the comparison along the transect, we mapped
et al.(2013. The fine-tuning of LPJ-GUESS includes a new the biomass change of the species along time for both, LPJ-
function to describe the leaf senescence afix decidua ~ GUESS results and GAPPARD results. To quantify the qual-
Its photosynthetic activity decreases in fall with an s-shapedty of the GAPPARD-approximated results we calculated a
curve (based on results Migliavacca et al(2008, see Ap- 00t mean square error (RMSE) between the stochastic LPJ-
pendixA). Furthermore, we developed a modified function- GUESS results and the GAPPARD results for each stand of
ality of the plant parameter of the maximum 20-year coldestthe transect and each species. Here, we present the mean
month mean temperature for establishment. This parametdRMSE value of all stands of the transect. The RMSE cor-
is a proxy for chilling requirements for seed germination; if responds to the differences in carbon mass between the two
the 20-year coldest month mean temperature exceeds the pglodels in each simulation year (described in detail in Ap-
rameter’s value, establishment of boreal species is prevente@endixB). For every species, each of these differences enter
(Nienstaedt1967, as cited irPrentice et a).1992). Instead of into the calculation of the RMSE as a fraction of the maxi-
allowing no establishment above this limit, we used a func-mum possible difference appearing in that stand and the cal-
tion that decreases the amount of new saplings with an sculated simulation period. Hence, the maximum RMSE is
shaped curve. This novelty allows shade tolerant boreal tree@n€ (Completely different results). We calculated the RMSEs
to also grow in more temperate vegetation zones but not t@nly for the climate change period. Furthermore, we com-
such a degree that they dominate the forests (see Appandix pared the simulation time between both simulation types.
for details). Based oBcherstjanoi et a[2013, we changed The simulations ran on one core of an AMD Opteron 2439
further parameters mainly addressing drought resistance ané8 GHz processor.
temperature dependencies.
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Table 1.Root Mean Square Error of the carbon mass between LPJ- GAPPARD LPJ-GUESS
GUESS results and GAPPARD results along the mapped transect _ _
LPJ-GUESS used 100 stochastic replicates. Values were calculate:
as a mean of all simulated stands in between 1901 and 2100. - -
a)
Root mean square error e ——
Boreal evergreen shrubs 0.27 _ e
Betula pubescens 0.24 — ——
Larix decidua 0.2
Pinus cembra 0.27 =
Pinus mugo 0.22 B
Abies alba 0.25 VV BV
Betula pendula 0.12 [
Carpinus betulus 0.13 Se———_ ===
Corylus avellana 0.14
Fagus sylvatica 0.15 oi:ﬂ carbon mass in kg m ™
Fraxinus excelsior 0.15 B ubanfocklake
Quercus pubescens 0.12
Quercus robur 0.13 time
Tilia cordata 0.13
Total carbon mass 0.08 Figure 2. Total carbon mass development along the analyzed tran-

sect from 1900 (left side) to 2100 (right side) with LPJ-GUESS (100
stochastic replicates) and using the GAPPARD metfaychdjusted

The terms describing geographical regions mentioned inoarameterse(b) standard parameter set.

the following sections are defined in Fig.Here, we describe
the biomass as in kilograms per square meter (kg)rcon- Both methods used show a biomass increase of drought
sistent with the LPJ-GUESS output variable. Assuming thatresistant species (e.gQuercus pubescengnd Pinus

c_arbon makes h,?lf of the wgod’s total mass and a Wde der'éylvestris), a shift or area extension of most species to higher
sity of 0.5gcnm3, 1kgC nT2 equals 40 i wood hal or

altitudes, and a general increase in biomass over time. In the

20t biomass ha'’ transect, the shift of species to higher stands can most clearly
be seen in some higher elevated parts of the Valais region,
3 Results where at the beginning of the 21st century no trees at all ap-
peared whereas at the end of the century a high biomass of
3.1 Simulations along the transect Larix deciduaandPinus cembraccurred.

Applying the GAPPARD method generally decreased the3.2 Switzerland-wide simulations for 2000

simulation time. Simulations along the transect with LPJ- ) ]

GUESS required 27 h 58 min, and thus about the 8-fold comAPPlying the standard parameter set, in the year 2000 the
puting time as those with the GAPPARD method: 3 h 28 min €arbon mass of most stands’ forests was between 9 and
(all values are a mean of 10 simulations). The results alongi13 kgC n < (Fig. 4a, for the region names cf. Fig, Table2).

the transect for both methods in general were similar (gs. N Particular, the carbon mass was lowest above the upper
3, for the location of regions refer to Fig). The RMSE  (reeline and in the dry inner Alpine valleys: @ kgC nT?),

for the total carbon mass between both used methods wa@d highest in stgmds of the Jura, the Ticino and the Pre-
smaller than 0.1. The RMSE for single species was alway@/PS & 14kgC nT). Using the adjusted parameter set, we
smaller than 0.3, for most species smaller than 0.2 (Thble simulated a similar total biomass as with the standard LPJ-

Generally the GAPPARD results appear more smoothedGUESS parameter set, with a few exceptions (Rg. The
along the latitudinal axis as well as in time. LPJ-GUESS, biomass in higher stands of the Jura and the Prealps was

on the other hand, tends to show irregularities and stripeSlightly smaller and in the Central Plateau slightly higher.
like patterns. Within a few years particularly the biomass of Additionally, the increase in blomass from the lowest stands
broadleaved species can decrease or increase suddenly afighe Central Plateau to stands in the Prealps was smoother.
over large sections of the transect. However, this is the only

remarkable difference between the methods.

www.geosci-model-dev.net/7/1543/2014/ Geosci. Model Dev., 7, 18434, 2014
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Table 2. Total simulated (rough values) and actual biomass for the years 2000 and 2100. CP: Central Plateau; JA: Jura; PA: Prealps; NA:
Central, northwest and northeast Alps; SA: south, southeast and southwest AlBs&isele(2009 for the detailed locations of regions);

SP: standard parameter set; AP: adjusted parameter set; APS: Forest stock approximated from AP 2000 results €l areg&mivalent

to 400 n® wood ha'l; see Sect2.5); NFIS: actual forest stock as result of the newest SWISS national forest inveBi@nyd(i, 2009.

Units of SP and AP are in kilograms of carbon per square meter (k@@).rblnits of APS and NFIS are in cubic meters of wood per hectare

(m3 wood ha'l).

AP 2000 AP 2100 SP 2000 SP2100 APS2000 NFIS
CP 10 12 9 10-11 400 387-411
JA  11-12 12-13 9-13 12-15 440-480 367-369
PA  11-12 12-15 9-13 12-16 440-480 416-466
NA 9-11 11-12 9-12 10-12 360440 329-358
SA  7-11 7-12 7-11 7-12 280-440 225-298
Fsyl B.pen adjusted parameter set standard parameter set
—
a—— W0
_2_
_3_
—C
Q.rob Q.pub
P.abi A.alb
9 — —
£ —
P.syl _ _ P.cem
L.dec - -
carbon mass in kgm™
— = 0 5
— = ﬂz-s IT-5 carban mass change I kg
| I - <=1 — >-1.-0.25 ] >-0.25.0.25
—,,—e—e—e—e—e——— <5 >10 3 urban/rock/lake O >0.25.1 - 1.2 - 2 =3 urban/rock/lake

fime Figure 4. Total carbon mass simulated with the adjusted and the
Figure 3. Carbon mass development along the analyzed transecstandard parameter set, both using GAPPARD(dp2000 andb)
of nine selected species using the stochastic (100 replicates) LP2100. Total carbon mass changes betw@gand(b) are displayed
GUESS approach (right) and the GAPPARD method (left), bothin (c).
with the adjusted parameter set. The timescale on each plot extends
from 1900 (left side) to 2100 (right side). A.alAbies albaB.pen:
Betula pendulaF.syl: Fagus sylvatical..dec:Larix decidua P.abi:
Picea abies P.cem:Pinus cembraP.syl: Pinus sylvestrisQ.pub: most stands (Fig5, for the region names cf. Fidl, Ta-
Quercus pubescen®.rob: Quercus robur 1: Central Plateau; 2:  ble 3). Fagus sylvaticagrew in stands below approximately
north Alps; 3: main Alpine ridge; 4: Valais. For the location of re- 600 m, and was very dominant on humid sites. Up to roughly
gions see Figl. 1000 m it co-occurred witlPinus sylvestrisor Picea abies
as a secondary specieBetula pendulehardly established.
Most broadleaved summer-green species reached their high-
est biomass values in the Central Plateau, in the dry inner
Alpine valleys and valleys of the JurQuercus pubescens
was a dominant species in southwest Switzerland, and in
Applying the standard parameter set, at the end of the 20tlthe valley bottoms of the Ticino and the Valais, wh&ae
century eitherPicea abiesor Fagus sylvaticadominated gus sylvaticavas less dominant. As a minor species it also

3.2.1 Simulations of single species for the year 2000 with
the standard parameter set

Geosci. Model Dev., 7, 1543571, 2014 www.geosci-model-dev.net/7/1543/2014/
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B.pen OBS / B.pen 0BS S (
/(/ = / T
L i
‘/(
Q.rob Qpub Aalb Qurob Qpub Aalb

B.pub P.abi B.pub

L.dec P.cem BES Ldec BES

carbon mass in kg m™ carbon mass in kg m™
0 5 0 5
25 75 not implemented 25 75
<5 >10 urban/rock/lake <5 >10 urban/rock/lake

Figure 5. Carbon mass simulated with the standard parameter seFigure 6. Carbon mass simulated with the adjusted parameter set
for single species at 2000. A.alBbies alba B.pen:Betula pen-  for single species at 2000. See Fgor species abbreviations.
dula; B. pub:Betula pubescen§.syl: Fagus sylvatical.dec:Larix
decidua P.abi: Picea abies P.cem:Pinus cembra P.syl: Pinus
sylvestris Q.pub:Quercus pubescen®.rob:Quercus roburBES: g densities at the lowest elevation sites of the Central
boreal evergreen shrubs; OBS: other broadleaved sp&laesitus  pjateau: it was more successful in the southwest and espe-
betulus Corylus avellanaFraxinus excelsioandTilia cordata). cially in the Valais, similarly to the standard set. All the
species that grew in the Central Plateau also established in
the low Alpine valleys, buFagus sylvaticaand Betula pen-
appeared in the lowest stands of the Central Platdaies  guladid not grow there on drier siteAbies albaestablished,
albawas modeled, but did not establish at all. The occurrencen contrast to the standard parameter set simulations. It ap-
of Picea abiesvas generally restricted to stands at altitudes peared in the transition zone between the Central Plateau and
higher than approximately 1000 m. Its dominance reached upjgher altitudes, and there co-occurred with Central Plateau
almost to the hlgheSt pOtential inhabitable stands in the AlpSSpecieS Olpicea abies It d|d not grOW in the |0wer parts
but a small Stripe above remained where it did not eStabliShof the Central P|ateaU, but increased its biomass stepwise
Pinus sylvestrioccurred only above approximately 600 m, from approximately 600 m on and decreased again at approx-
but only established on stands belBizea abiewor besides  jmately 1200 mPicea abiesvas less dominant in the Jura
Betula pubescersat the upper treeline. and the Prealps than with the standard parameter set. Sim-
ilarly to Abies alba the biomass oPicea abiesdecreased
3.2.2  Simulations of single species for the year 2000 with  gradually to zero from mountainous stands down to higher
the adjusted parameter set sites of the Central Plateau. Two of the three newly parame-
terized species appeared as main spetimsx deciduawith
Applying the adjusted parameter set generally allowed morgyradually increasing biomass from the lower montane veg-
species to co-occur and the dominance of species was lessation zone up to the subalpine zone &idus cembrae-
pronounced (Fig6, for the region names cf. Fig, Table3). stricted to the subalpine zone.
In contrast to the standard parameter $8hus sylvestris
grew in the lower Central Plateau stands and valley bottoms.3 Development of GAPPARD simulations until the
of the Valais and Ticino, and was most successful on drier year 2100 focusing on the adjusted parameter set
stands. Generally, a mixed forest that was dominateBaby
gus sylvaticaleveloped in the Central Plateau, wiluercus ~ The temporal course of the climate change simulations with
robur besidesRinus sylvestrigis the main secondary species. the GAPPARD method and the adjusted parameter set was
Betula pendulastablished as well on most stands below ap-rather smooth (FigRa, left). The biomass increased in all ex-
proximately 1000 m but on the very dry ones, and becamecept a few stands in the valley bottoms of the Ticino and the
more successful with increasing altitude and fewagus  Valais, where it decreased by up to 0.5 kgCh{Fig. 4b, c,
sylvaticabiomass. AlsoQuercus pubescerestablished in  left). For most parts of Switzerland, we simulated an increase
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Table 3. Simulation results of selected species for the different regions. Units in Ko mstandard parameter set results for 2000; I1:
adjusted parameter set results for 2000; IlI: development of standard parameter set results until 2100; IV: development of adjusted paramete
set results until 2100; a: Central Plateau and low sites in the Ticino; b: Alpine valley bottoms (submontane/colline); c: lower montane
vegetation zone of Jura, Prealps and Alps; d: upper montane vegetation zone; e: subalpine vegetation zones; n.i.: not implemented; —: specie
did not establish or only had a very small biomass; N: none if too dry; *: strongly increases with water availability; **: strongly decreases
with water availability; U: on upper stands; L: on lower stands; D: on dry sites; T: only Ticino; SA: south flpscrease higher than

3kgC i 2; 4: increase of 1-2kgC mP; 7 increase lower than 1 kgC™; —: roughly constanty,: decrease lower than 1kgCT#; |:

decrease of 1-2 kgCTﬁ; ~~: varies strongly; see Fig. 5 for species abbreviations.

F.syl B.pen Q.rob Q.pub P.syl A.alb P.abi B.pub BES L.dec P.cem
I a 6942Y <02 0.4 2 >4.8 - - - - n.i. n.i.
b 0.6 <0.2 0.6 >0.5* - - - - - n.i. n.i.
c - - - - - - 5>10 <1* - n.i. n.i.
d - - - - 0-10 - 1-10* 0.5 - n.i. n.i.
e - - - - - - - 0.5 1.4 n.i. n.i.
N a 4.6 0.3 2 0.. >0.5% 2.3 - - - - -
b 5N 0.1* 2 1.5% >o0.6* 2u - - - - -
c - - - - - >0..10 <0.5¢ - 2.3 -
d - - - - - - 5.10 <0.5¢ - 4.6 -
e - - - - - - - <05 1.4 4.6 5
m a NtV - ST Ly WY - - - - n.i n.i.
b \LﬂU N \ — \U — — — — n.i n.i.
c /L > /YN — ~ — \ — - n.i. n.i.
d - kb SA - ~ - f \ - n.i. n.i.
e - - - - - - 1 N Y n.i.
vV a NG TP D AU 4L a 4L AU = _ _ _ _ _
b - - NP Y - - - - -
c t 7 7 - - - N - - N -
d - S - - - 0 — - — -
e - - - - - - 1t /N e NEAY

of 1-2kgC nT2 (Table 2). The increase was highest at the pubescensncreased its biomass on most stands and, be-
upper treeline. In the east of the Jura, most lower stands o$idesPinus sylvestriswas the only species benefiting from
the Valais, and in the southwest of Switzerland the increase irtlimate change in the lower part of the Central Plateau. It
carbon mass was lower than 1 kgCfUsing the standard was also the species with the highest increase in distribution
parameter set yielded a very similar picture. One differencearea and it only lost biomass in some stands of the south-
is that in the Central Plateau the increase was rather smalvest.Picea abiedbiomass decreased in most parts of the Jura
(< 1kgC n12). Another difference is that forest biomass de- and the Prealps. In contrast, on most stands of the Alps and
creased in lower parts east of the Jura, and in stands at the vdtigher stands of the Prealps the biomas®icka abiesn-
ley bottoms of the Ticino and the Valais (up to 1 kgC#
The changes in biomass show that drought-adaptedidesPicea abiesthe newly implemented specikarix de-
species benefited most from climate change, and that boeiduaandPinus cembravere most successful establishing at
real species lost the most biomass in lower stands and exdigher altitudes, specifically where they were not growing at
perienced a gain of biomass in higher stands (Fi§s3
left; Table3; Fig. D3 in the Appendix). Climate change led decreased in the Jura and the Prealps,Rinds cembrdost
to an increase oPinus sylvestridbsiomass in most stands. approximately a third of its biomass on lower sites and only
On sites in southwest and north Switzerland, and on standscreased on very high siteBetula pendulébenefited from
of the dry inner Alpine valleys, the increase was highest.the decrease iharix deciduabiomass in the Prealps and the
Its biomass only decreased on mid-altitudinal sites in theJura and increased its biomass there.
Valais. The biomass dfagus sylvaticancreased on stands
of the Jura and the Prealps and decreased in the lower paftr some species led to clearly different patterns (Fpg.
of the Central PlateaQuercus robumbiomass increased on Figs. D4-D6 in the Appendix); besides those species that
most stands, but some low sites in the southw@siercus

Geosci. Model Dev., 7, 1543571, 2014

creasedAbies albabiomass did not change significantly. Be-

the end of the 20th century. Howevkagrix deciduabiomass

With the standard parameter set, simulations until 2100

were not parameterized for or were not able to establish well
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adjusted parameter set standard parameter set

B.pen
F.syl

A.alb
Q.rob

P.cem - ;1@“*;1 o

carbon mass change in kg m=
- <=1 C>-1.-025 [1>-0.25.0.25 E==9>025.1  mmm >1 ot e R g

- <=1 C1>-1.-025 [1>-0.25.0.25 C3>0.25..1 - 1

== urban/rock/lake
3 urban/rock/lake

Figure 7. Changes in carbon mass between 2000 and 2100 for

six selected species simulated with the adjusted parameter set. S&gure 8. Changes in carbon mass between 2000 and 2100 for three
Fig. 5 for species abbreviations. selected species compared between simulations with the adjusted

parameter set and the standard parameter set. SeefBigspecies
abbreviations.

with the standard set, this is mainly true feinus sylvestris

Fagus sylvaticaand Quercus robur In contrast to the ad- . _ .
justed setPinus sylvestrisost biomass on all but a few high simulations with LPJ-GUESS standard parameters. Concern-

ing LPJ-GUESS standard species, we replaced especially
the regions wher®inus sylvestrisnd Abies albaoccurred.
Moreover, we reduced the dominance-afjus sylvaticand
Picea abiesFurthermore, we enabled more gradual transi-
tions between species of different vegetation zones, in par-
ticular betweerPicea abies Abies albaand species below
the upper montane vegetation zone.

Applying constant C@from 2000 on led to a decrease of to-
tal biomass on most stands (F8). The total carbon mass in
the Central Plateau decreased by more than 2kg& ive 4 Discussion

simulated an increase of biomass only above approximately

1000 m. The only species that still benefited from the temper4.1  The GAPPARD method
ature increase in the Central Plateau w@teercus pubescens
andPinus sylvestris

elevation stands and mid-altitudinal stands of the Vales,
gus sylvaticancreased its biomass largely in the higher el-
evations of the Central Plateau, and the biomasudrcus
robur decreased on most stands of the Central Plateau.

3.4 Development under constant CQ conditions

By applying the GAPPARD method we were able to simulate
forest dynamics across Switzerland on a fine grid requiring
3.5 Summary of the most important changes by a short simulation time. Hence, we were able to analyze the
adjusting the parameters effects of the chosen climate change scenario on forest dy-
namics in the heterogeneous topography of Switzerland.
By using the adjusted parameter set we significantly changed Our simulations along the transect once again confirmed
simulation results of forest dynamics. The implementationthat the GAPPARD method provides good approximations
of the three speciekarix decidua Pinus cembraand Pi- of the stochastic LPJ-GUESS, already shown for sample sites
nus mugowvas one major change. The modeling of partic- (Scherstjanoi et §l2013. This is reflected in the RMSE val-
ularly Larix deciduaand Pinus cembraand the adjustment ues. Furthermore, the comparison of simulation times em-
of temperature- and drought-related parameters of species iphasizes the computational efficiency of GAPPARD. Using
general led to an altered species distribution in comparison t&GAPPARD we were able to efficiently adjust a parameter
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15 min for the whole of Switzerland). Thus, furthermore un-

derlining the great potential of our method, disturbance inter-
vals could also be easily implemented as stand specific (e.g.,
o soil, management or altitude specific). However, in this study

we did not focus on the analysis of disturbance frequency and

o L ™, chose one constant value for the disturbance interval. In con-

L . v i trast to the standard LPJ-GUESS value of 100 years we used
PR o7 s an interval of 65 years. Our decision for a low disturbance

%} =Y return interval was mainly based on the idea to also consider

the effects of other disturbances (e.g., wind, fire, parasites,

Py Sl e i Poem human disturbgnce;) and was also supported by recent re-

' : sults of Scherstjanoi et a{2013.

The most remarkable difference in our results between
the stochastic LPJ-GUESS simulations and the GAPPARD
method concerns the intensity with which the biomass can

Esyl Q.pub B.pen

Tom Al carbon mass change in kg m™ change over time. Most likely, extreme climatic events, i.e.,
> . = dry periods combined with high temperatures, led to ex-
f“‘-\v’% o tinction events when simulated with the stochastic LPJ-
—= B urban/rock/lake GUESS. In a similar way the vegetation increased as a re-

sponse to good growing conditions. In contrast, applying the
Figure 9. Changes in carbon mass between 2000 and 2100 simui ApPPARD method on LPJ-GUESS led to smoothed results.
lated with the adjusted parameter set under a constaptl®@l 5 the one hand this is limiting the use of the GAPPARD
from year 2000 on. See Fi§ for species abbrewano_ns. TCM:t_otaI method on shorter temporal scales. On the other hand, the
carbon mass chghge. Compare to F@_ands for single species | " trends of both method d imil d
results under a rising CQevel, and to Fig4 for total carbon mass ong-térm trends of both me 0, Su_s,’e .Were very §|m| gr, an
results under a rising CClevel. the Io;ger temporal scale applicability is not negatively influ-
enced.
Still, there are some limitations. One shortcoming of the
GAPPARD method is the current impossibility of allow-
set and to improve functions of the complex forest modeling spatial interactions (see Se&.2). Especially migra-
LPJ-GUESS. For the first time, simulations of LPJ-GUESStion might have a significant influence on the change of
could be run over the whole of Switzerland and on all po- species composition under a changing climatésdhke
tentially suitable cells on a 1 km grid (more than 32 000 grid 2005 Neilson et al.2005 Lischke et al.2006 Epstein et al.
cells). Hence, the method has the potential to be applied t@007 Snell et al, 2014). The shift of species towards higher
other regions with a similar or larger number of grid cells. altitudes simulated here was not constrained by tree disper-
The usefulness of the GAPPARD method can be highlightedsal. Whenever climatic conditions allowed, tree species grew
even more by extrapolating the simulation time the stochastidhere. Therefore, the simulated shifts might be too fast and
LPJ-GUESS required for the transect (131 grid cells) acrosshe species composition could be biased. However, this lim-
all of Switzerland (assuming that the transect is represenitation also addresses LPJ-GUESS as it does not include a
tative for Switzerland). If ten processors are used in par-migration function. Furthermore, the role of demographic
allel the Switzerland-wide simulations would roughly last stochasticity (stochastic establishment and mortality) has not
30 days, which complicates an analysis of results, whereabeen fully covered by the GAPPARD method, as we assume
with GAPPARD Switzerland-wide simulations required only that small-scale disturbances have the biggest potential to
3-4 days. achieve deviations from the deterministic LPJ-GUESS run.
By applying GAPPARD, we indirectly showed that the When applying the method to other models it should be first
parameter of LPJ-GUESS with the strongest influence ortested how much influence a demographic stochasticity has.
the stochasticity of results is the return interval for stand-
replacing disturbances. The great influence of this parame4.2 Switzerland-wide simulations
ter was already shown in other studiétdkler et al, 2004
Gritti et al, 2006 Scherstjanoi et al2013. One great advan- We evaluated the plausibility of our results by comparing
tage of the GAPPARD method is that the results of the de-them with the assumed PN\Ellenberg 1986 Brzeziecki
terministic runs, starting from different nodes (see S2@), et al, 1993 Bohn et al, 2004 Frehner et a).2005 and
can easily be used for multiple values of disturbance inter-general expert knowledge. However, we are well aware that
vals. The main reason for this is that GAPPARD is applied in PNV distributions are also results of models, be it statistical
a postprocessing way, and requires substantially less compumodels or thought models. Still we tend to favor these distri-
tational time than the deterministic simulation runs (roughly butions over forest compositions derived from observations,
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e.g., of the InfoFlora (National Swiss Data and Information Alps must be regarded separately from the one in northern
Center of the Swiss Flordttp://www.infoflora.ch last ac-  Europe. The Scandinavian northern and Alpine upper tree-
cess: 8 June 2014) or of National Forest Inventory (NFI) datdines differ in terms of solar energy, angle of insolation, alti-
(Brandli, 2009, because (a) the current forest composition istude, summer temperatures, wind magnitude, soil properties
biased by management, such as favoring certain species (e.@nd the biota, which might have an influence on the species
Picea abie} by selective thinning and planting, and (b) it composition. Due to our information dPinus sylvestrisn
would be challenging to extrapolate the plot-based NFI datahe Alps we changed its parameters for our study. We par-
in space. Furthermore, the existing LPJ-GUESS parameteriticularly removed the limit for the maximum 20-year cold-
zation is according to a PNV. Hence, a comparison to actuakst month mean temperature for establishment so that the
forest dynamics would require taking into account manage-species can also grow in the valleys (column “tc_max_e” in
ment effects and would most likely cause additional changediable D10 in the Appendix). To force the growth d¢finus

to the LPJ-GUESS parameterization (e.g., reduced sensitivsylvestris especially in the Alpine valleys, additional func-
ity of seedlings to chilling if trees are planted, i.e., surpasstions would have to be implemented into the model. Another

the seedling stage). parameter we changed fBinus sylvestrisvas GDLQyin. We
raised it from 500 to 600 to prevent growth at higher altitudes
4.2.1 Situation for the simulation year 2000 (column “gdd5min” in TableD10 in the Appendix). Gener-

ally, information onPinus sylvestri&DDnj, in the literature

The total biomass we modeled in general is slightly higherreaches from 500 to 9504ikola, 1993 Rehfeldt et al.2003
than the actual forest biomass. In Tal®eour results are  Matias and Jum®012. Considering a PNVf-agus sylvat-
compared with data from the Swiss NBréndli, 2009. Our icais the dominant species in the Central Platdzuzéziecki
simulated total biomass for the Central Plateau is closest t@t al, 1993 Bohn et al, 2004 Frehner et a).2009, but it is
the NFI data, whereas the results for the Jura and Alps difnot exactly clear what grade of dominance is most realistic.
fer more strongly from each other. Our total biomass resultsThere should be at least 50Bagus sylvaticdbiomass but in
are also consistent with results®ifb (2004, who reported a  most cases less than 10% of the biomass are of secondary
PNV carbon mass of 12.4 kgCThfor Austrian forests. Fur-  tree speciesBohn et al, 2004. We decreased the drought
thermore, in a study where LPJ-GUESS was used locally fottolerance ofagus sylvaticgcolumn “d_tol” in TableD10in
a valley in the Swiss Prealp§immi et al.(2009 also con-  the Appendix). As a result, it is less abundant but still makes
cluded that the actual biomass was slightly smaller than theup approximately half of the forest biomass in the Central
assumed natural forest biomass. Plateau. With the standard parameterization set this value is

Simulations with the standard parameter set led to ahigher but the species is too successful in dry regions where
species distribution that revealed that the parameterizatioit should not appear under natural conditions (e.g., the east of
was not specifically designed for the Alpine region. It might the Valais). Another shortcoming of the standard parameter
work better on larger scales (see alkler et al, 2012. set is the low biomass @etula pendulaWe fixed that with
For the specific climate, soil properties, terrain and presenthe adjusted parameter set when we decreased the species’
species this parameterization is not adapted enough. Imreeded growing degree sum required for full leaf cover (col-
portant species were missing and the distribution of majorumn “phenramp” in Tablé®10 in the Appendix) to account
species was not realistic. Using the standard parameter sefpr its comparatively fast budburdtifrray et al, 1989. The
the spatial distribution dPicea abiesnds too abruptly atal- implementation of the new species was successful. The upper
titudes of approximately 1000 m. Here, it should build mixed treeline composition witharix deciduaandPinus cembras
forests withAbies alba(Brzeziecki et al.1993 Bohn et al, main species, and the gradual downslope decreakarof
2004 Frehner et a).2005. However,Abies albadid not es-  decidua is consistent to the expected distributidfrg¢hner
tablish at all. The most likely reason for its absence mightet al, 2005.
be the combination of a low parameter value for the maxi-
mum 20-year coldest month mean temperature for establish4.2.2 Development in the 21st century
ment (high temperatures prevent establishment) and a high
value of minimum growing degree day sum ofiGGbase The total biomass increase of 1-2 kgC#n(equivalent to
(GDDmin, high temperatures are required for establishment;40-80 n¥ wood ha'l, see Sect2.5) is mainly CQ driven,
columns “tc_max_e” and “gdd5min” in Tabl210in the Ap- as simulations with a constant atmosphericoGhow (see
pendix). With the standard parameter §hus sylvestrigp- Fig. 9). An increase of temperature alone might have the
peared at the upper treeline. In contrast, according to PNV ieffect of making more stands potentially habitable to more
is supposed to grow in the dry Alpine valleyBahn et al, species but it also increases the evapotranspiration and thus
2009, andLarix deciduaandPinus cembraare the species the risk of water stress situations.
that build up the upper treeline. In northern Europ&us The fate of forest trees as a consequence of climate change
sylvestrisreaches up to the northern treeline (ekulliman, does not only depend on species characteristics but also
2007. However, the distribution oPinus sylvestrisn the on the interspecific interaction$\alther, 2010. Our study
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strengthens this statement. Using the adjusted parameter saind (3) gaining insight into forest changes as a consequence
the biomass oPinus sylvestrisand Quercus roburwidely of climate change. We were able to show that GAPPARD
increased throughout the 21st century. In contrast, using théncorporates a computationally efficient method to analyze
standard set their biomass in general decreased. A likely redorest dynamics on large scales. Therefore, it represents a
son for this is a strong increase Hagus sylvaticdbiomass,  substantial advancement in forest modeling. The GAPPARD
favored by its unrealistically high drought tolerance, espe-method could potentially be applied to every gap model that
cially on sites initially populated b¥inus sylvestrigcom- uses patch replacing disturbances. Thereby simulation time
pare in Fig.8 F.syl, right, with Fig.5 P.syl). However, also  would decrease, and thus the potential simulation range can
with the adjusted parameter sinus sylvestridirst expe-  increase. Furthermore, it could be applied to other types of
rienced a decrease starting in the first half of the 20th cenmodels to include the effect of stand-replacing small-scale
tury (Fig. 3). It is not completely clear what triggered this disturbances.
decrease but it could be of complex origin. Most likely slight One big future task is to find a way to allow spatial
changes in the species composition play a role, since climatiinterconnectivity. In particular, it should be considered to
events alone can be excluded because other less drought- find a way to include migration functions to improve the
cold-resistant species were not affected. Nevertheless, in the APPARD method. Moreover, it could further advance the
second half of the 21st century a strong increaseiofis method if the effect of disturbances that are not stand-
sylvestrishiomass occurred, yielding a positive increment for replacing will be implemented. To solve these issues and test
the whole simulation period. Interestinglyinus sylvestris  the general applicability of GAPPARD, in the near future the
is also one of the few species that increases its biomass omethod could be applied to other gap models, for example
most stands even under a constant atmospheric 8@sed  ForMind (Kéhler and Huth1998. Furthermore, regional- to
on simulations with the LPJ-DGVM (same plant physiolog- large-scale intercomparisons with the forest landscape model
ical functions as in LPJ-GUESSEheaib et al(2012 re- TreeMig (Lischke et al.2006 are planned.
ported a different result. They found thainus sylvestrisn To further improve the applicability of LPJ-GUESS in
contrast to deciduous broadleaved trees benefits less from akipine landscapes, the newly found parameters and functions
increase in atmospheric GCHowever, our results show that must be applied to different regions. It is furthermore relevant
statements of a general model behavior are critical when pawhether the new parameters and functions can also be ap-
rameters are sensitive to small changes, and once more erplied on a larger scale and on regions with different climates.
phasize the importance of the species composition. Such studies could also go hand in hand with analyses of the
We most likely overestimated the increase in biomass forinfluence of different disturbance regimes on the modeling
species establishing in new regions, because their future disf forest dynamics, since the effect of different disturbance
tribution will depend on migration rates, which we did not intervals can easily be applied.
implement into the models used. This is in particular true for In this paper, we successfully applied the GAPPARD
Quercus pubescenwhich established on regions very dis- method to simulate climate change effects on forest dynam-
tant to its origin (Fig.3). ics over the whole of Switzerland. We are optimistic that it
can be used for any scale and any model that uses the gap
model approach and that does not include interactions be-
tween neighboring grid cells or patch-to-patch interactions.
The results of our simulations can be regarded as a sucgagsggiss d_cf)ff usTg C.;APPARDb.O ' ?10tli i appl_ﬁlrtl)g tLPJ'_
cess towards (1) applying the GAPPARD method on a large 0 ditierentregions, one big challenge witl be to pa

scale, (2) advancing the complex forest model LP.J-GUESSFMneterlze all relevant species.

5 Conclusions and outlook
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Appendix A: New plant physiological functions can establish. Their numberthen decreases according to an
and parameters s-shaped curve:
Based onScherstjanoi et al2013 we included the three " = {rge @ macmimm a5 - (A2)

new tree specied:arix decidua Pinus cembraand Pinus
mugao Existing functions of LPJ-GUESS were applied to
both Pinus species. However, first plausibility tests showed . . ) ~ .
that these functions were not sufficient floarix decidua sapling establls.hment 'S (TabllO), and "o b.elng the

. o o number of saplings that establish wham_minis below
mainly due to the tree species’ specific phenology. In LPJ-t max e
GUESS, the foliage of summer-green species is transferred™— — L .

. . ) . . A summary of all parameters used is given in Tali)&s
to the litter all at once on 1 simulation day (typically in fall)
. : . D10.
when the maximum number of equivalent days with full leaf
cover per growing season exceeds a certain value. For most
species, this approximation has no significant negative in-appendix B: Calculation of the root mean square error
fluence because photosynthetic efficiency in general is re-
duced more suddenly. However, especially for larches, leafThe differences in carbon mass of one species between the
senescence can be a process that lasts for months duringgo model outputs €m1, Cm2) are added up for each year
which photosynthetic intensity is reduced stepwise. Basedy) between 1901 and 2100. These, for each year calculated
on Migliavacca et al.(2008, Scherstjanoi et al2013 in- differences:
cluded this physiological trait by defining a new phenology
type for Larix decidua The tree species is modeled like a
summer-green species, but in autumn the phenological statendy = Cm1y —Cm2y, (B1)
of the larches will decrease with an s-shaped curve. Here, we ] o
improved this function to make it more applicable for more &€ scaled by the mean maximum carbon mass appearing in
varying climate conditions. For means of simplification, we the period defined by the time window:
decided to define a time point in a year when the process of
leaf senescence will be completed, independently of climaté ™ ~ max(Cm1.1901. Cm2 1901 Cm1.1002 Cm2.1902 -
conditions. This is also in accordance with the findings of Cm1.2100 Cm2,2100) - (B2)
Migliavacca et al(2008, who reported thatarix decidua ] ] .
trees of different stands complete leaf senescence roughly at Then its square is added up and divided by the number of
the same time, independently of the senescence curve. W&rs in which the species had a positive biomass in either
decided to use 1 December as that day. We then calculate®f Poth models feound; and the root of it is the root mean
the phenology of arix deciduadepending on the number of Square error.
days since the start of fall of leavgs and the length of the o >
period between the start of fall of leaves and 1 DeceriRer > (Ccm_nij)
Y=DYstart

Ycount ’ B3)

with tc_max_f being a newly introduced plant-specific shape
parameter that influences how intense the reduction of

phent:) = (A1) RMSE=

1
135 ’
(K t|576.75>

so that phento is close to 1 when the ratig qfs to ds is Appendix C: LPJ-GUESS input data
approaching 0, and close to 0 when the ratio is close to 1.
According toScherstjanoi et al2013, we defined_arix C1 Cloud coverage
deciduaas a shade-intolerant species with a high ratio of leaf
area to sapwood cross-sectional a@eef et al. 1995. The In LPJ-GUESS, either daily cloud coverage or total net radia-
parameters of the neRinusspecies are mainly based Bit tion is needed as an input to calculate the net primary carbon
nus sylvestriparameters. However, both n&®inusspecies  uptake. No data in the wanted resolution were available to us
are more cold resistant, have seeds that are less drought ren either of them. However, upscaled radiation data are often
sistant and their needles have a higher longevity. Moreovemot correlated to precipitation data, so that unrealistic input
Pinus mugavas defined as shade intolerant. is produced (e.g., precipitation without cloud coverage). One
In the establishment function, we changed the functional-possibility would have been to apply advanced geostatistical
ity of the LPJ-GUESS parameter of maximum 20-year cold-methods for the interpolation of the precipitation and net ra-
est month mean temperature for establishment (tc_max_e}iation between climate stations.
which prevents certain boreal species from growing in tem- For means of simplicity, we used the available climate
perate stands. Instead of this threshold function used so fadata from 59 Swiss weather stations (Tabl#) to be able
for lowest mean monthly temperatures for the last 20 yeargo predict cloud coverage for all kilometer grid cells using
(mt_minin Celsius degrees) above tc_max_e, saplings nowan empirical probability distribution density coded as a set of
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lookup tables. We discretized six cloud coverage classesto b€2 Soil data

predicted and applied three discretized explanatory variables:

precipitation in a day, season and altitude. For each combil he soil of simulated stands in LPJ-GUESS is described by
nation of explanatory variables (5 precipitation classé& @ code number (see Table A6.3Rrentice et a.1992. With
altitudinal classes 4 seasons) we calculated probabilities this soil code, the values of five different soil characteris-
of each of the six cloud coverage classes derived from thdics are identified (Tabl®7, columns “ep—t3”). We used the
weather station data frequency and thus created the lookupoil suitability map of SwitzerlandFfei, 1976 and general
tables (TablesD2-D6). During the simulation, one cloud knowledge to estimate the LPJ-GUESS soil code (Table
coverage class for a simulation day was picked dependingolumn un) based on Sect. 5.3.3Xfry et al.(199]). As a

on the three exp|anat0ry variables. If, for examp|e, no C|oudreSU|t a soil code number was attached to each simulated grld
cover for a certain day is predicted with a probability of 25%, cell (Fig. D1).

the lowest cloud coverage class will be taken if a random

number between 0 and 1 is smaller than 0.25. After the cloud

coverage class has been determined, the value is sampled ran-

domly between the border values of the class.
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Appendix D: Tables and figures

Table D1.Climate station data used to estimate cloud coverage. lat and long: latitude and longitude in meters, CH1903/Iv03 (Swiss) coordi-
nates; alt: altitude above sea level in meters; ys: first year of cloud coverage recording; ye: last year of cloud coverage recording. When cloud
coverage was recorded at a station, precipitation was also recorded.

lat long alt ys ye
Aadorf/Tanikon 710500 259820 536 1971 2007
Acquarossa/Comprovasco 714998 146440 575 1959 1976
Adelboden 609400 148975 1320 1966 2011
Aigle 560120 130630 381 1981 2011
Altdorf 690960 191700 449 1901 2011
Basel/Binningen 610850 265620 316 1901 2011
Bern/Zollikofen 601930 204410 553 1901 2011
Buchs/Aarau 648400 248380 387 1984 2011
Buffalora 816500 170250 1970 1964 1997
Chur 759471 193157 556 1931 2011
Col du Grand St Bernard 579200 79720 2472 1901 2011
Davos 783580 187480 1590 1901 2005
Disentis/Sedrun 708200 173800 1190 1961 2011
Engelberg 674150 186060 1035 1931 1996
Evoléne/Villa 605415 106740 1825 1986 2011
Fahy 562460 252650 596 1981 2007
Fey 586725 115180 737 1959 1979
Geneve-Cointrin 498580 122320 420 1958 2011
Glarus 723800 210600 515 1931 1996
Grimsel Hospiz 668580 158210 1980 1964 2011
Gutsch ob Andermatt 690140 167590 2287 1958 2003
Guttingen 738430 273950 440 1976 1997
Hinterrhein 733900 153980 1611 1968 1996
Interlaken 633070 169120 580 1931 1997
Jungfraujoch 641930 155275 3580 1933 2011
La Brévine 537000 203980 1050 1966 1996
La Chaux-de-Fonds 551290 215150 1018 1901 2011
La Dole 497050 142380 1670 1973 1993
Leibstadt 656350 272100 341 2004 2006
Locarno/Monti 704167 114313 383 1935 2011
Lugano 717880 95870 273 1901 2011
Luzern 665520 209860 456 1931 2007
Magadino/Cadenazzo 715475 113162 203 1958 2010
Montana 603600 129160 1508 1931 1996
Neuchatel 563150 205600 485 1901 2006
Nyon/Changins 507280 139170 430 1965 1977
Payerne 562150 184855 490 1964 2011
Pilatus 661910 203410 2106 1981 1998
Piotta 694930 152500 1007 1979 2011
Plaffeien 586850 177400 1042 1989 1995
Poschiavo/Robbia 801850 136180 1078 1961 2011
PSI Wurenlingen 659540 265600 334 2004 2005
Pully 540820 151500 461 1978 1995
Santis 744100 234900 2502 1901 2011
Samedan 787149 155701 1709 1980 2011
S. Bernardino 734120 147270 1639 1968 2010
Schaffhausen 688700 282800 437 1931 2011
Scuol 817130 186400 1298 1931 2005
Sion 592200 118625 482 1958 2011
Stabio 716040 77970 353 1981 1990
St. Gallen 747940 254600 779 1931 2011
Ulrichen 666740 150760 1345 1984 2011
Vaduz 757720 221720 460 1971 2011
Visp 631150 128020 640 1980 1995
Weissfluhjoch 780600 189630 2690 1959 2008
Wynau 626400 233860 422 1978 2009
Zermatt 624300 97575 1638 1960 2003
Zurich/Fluntern 685125 248090 556 1901 2011
Zurich/Kloten 682720 259340 436 1958 2011
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Table D2. Probabilities of cloud coverage classes for a 24 h precipitation sum of 0 cm depending on explanatory variables following selected
Swiss climate weather stations. A: altitude of the climate stations; S: season; wi: winter (before day 46 or after day 319 of a year); sp: spring
(between days 46 and 136 of a year); su: summer (between days 137 and 227 of a year); fa: fall (between days 228 and 318 of a year); I-IV:
cloud coverage classes; I: 0%; 1l: 0—20 %; 11I: 20—-40 %; IV: 40-60 %; V: 60—80 %,; VI: 80—100 % cloud coverage.

A S | Il 1] \% \% VI

<500m wi 0.0816 0.1248 0.1367 0.1434 0.1634 0.3501
sp 0.0676 0.1646 0.1870 0.2000 0.1977 0.1830
su 0.0393 0.2196 0.2653 0.2285 0.1672 0.0802
fa 0.0555 0.1591 0.2092 0.2139 0.1847 0.1775

500- wi 0.0782 0.1089 0.1413 0.1567 0.1864 0.3285
<1000m sp 0.0688 0.1568 0.1777 0.1979 0.2142 0.1846
su 0.0409 0.2194 0.2487 0.2288 0.1741 0.0880
fa 0.0587 0.1560 0.2055 0.2147 0.1979 0.1672

1000— wi 0.2423 0.1816 0.1872 0.1576 0.1222 0.1091
<1500m sp 0.1146 0.1630 0.1956 0.1949 0.1815 0.1503
su 0.0395 0.1821 0.2745 0.2423 0.1805 0.0812
fa 0.1107 0.1968 0.2325 0.2004 0.1594 0.1002

1500- wi 0.2494 0.2080 0.1897 0.1496 0.1237 0.0796

<2000km sp 0.1229 0.1717 0.1926 0.1904 0.1826 0.1397
su 0.0449 0.1816 0.2727 0.2489 0.1772 0.0747
fa 0.1270 0.1964 0.2271 0.2109 0.1559 0.0827

>=2000m wi 0.1958 0.2911 0.1946 0.1495 0.1030 0.0660
sp 0.1003 0.2178 0.1984 0.1849 0.1705 0.1280
su 0.0373 0.1874 0.2444 0.2435 0.1795 0.1079
fa 0.0888 0.2206 0.2300 0.2114 0.1591 0.0901

Table D3. Probabilities of cloud coverage classes for a 24 h precipitation sum0sf4 cm depending on explanatory variables following
selected Swiss climate stations. For further description see Dghle

A S | Il 1 v \Y Vi

<500m Wi 0.0012 0.0054 0.0281 0.0815 0.2068 0.6770
Sp 0.0003 0.0047 0.0305 0.1095 0.2653 0.5897
Su 0.0014 0.0141 0.0785 0.1946 0.3245 0.3869
Fa 0.0037 0.0126 0.0566 0.1473 0.2922 0.4875

500- Wi 0.0004 0.0032 0.0255 0.0876 0.2235 0.6598
<1000 m Sp 0.0002 0.0036 0.0246 0.1034 0.2696 0.5986
Su 0.0002 0.0114 0.0685 0.1859 0.3366 0.3974
Fa 0.0015 0.0104 0.0459 0.1421 0.3135 0.4866

1000- Wi 0.0061 0.0139 0.0527 0.1199 0.2406 0.5668
<1500 m Sp 0.0012 0.0062 0.0396 0.1157 0.2541 0.5832
Su 0.0016 0.0117 0.0697 0.1974 0.3214 0.3983
Fa 0.0027 0.0143 0.0629 0.1627 0.2812 0.4761

1500- Wi 0.0060 0.0165 0.0598 0.1420 0.2636 0.5121
<2000m Sp 0.0018 0.0109 0.0406 0.1168 0.2477 0.5821
Su 0.0006 0.0122 0.0749 0.2051 0.3207 0.3865
Fa 0.0019 0.0169 0.0602 0.1631 0.3015 0.4564

>=2000m Wi 0.0154 0.0406 0.0907 0.1598 0.2702 0.4234
Sp 0.0047 0.0126 0.0505 0.1211 0.2765 0.5345
Su 0.0025 0.0117 0.0472 0.1649 0.2961 0.4776
Fa 0.0038 0.0151 0.0582 0.1485 0.2901 0.4843
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Table D4. Probabilities of cloud coverage classes for a 24 h precipitation susdefl0 cm depending on explanatory variables following
selected Swiss climate stations. For further description see Déble

A S | Il 1] \Y \Y \
<500m Wi 0 0.0002 0.0070 0.0339 0.1409 0.8179
Sp 0 0.0006 0.0073 0.0440 0.1664 0.7817

Su 0.0002 0.0043 0.0378 0.1197 0.2644 0.5736
Fa 0.0005 0.0038 0.0204 0.0790 0.2161 0.6801

500- Wi 0 0 0.0041 0.0303 0.1657 0.7998
<1000m Sp 0 0.0004 0.0076 0.0396 0.1759 0.7765
Su 0 0.0045 0.0267 0.1095 0.2731 0.5862
Fa 0.0010 0.0015 0.0130 0.0713 0.2448 0.6685
1000—- Wi 0 0 0.0113 0.0388 0.1582 0.7916
<1500m Sp 0 0 0.0069 0.0365 0.1448 0.8118
Su 0.0004 0.0021 0.0367 0.1356 0.2512 0.5740
Fa 0 0.0024 0.0200 0.0871 0.2159 0.6747
1500- Wi 0.0007 0 0.0110 0.0542 0.1670 0.7670
<2000m Sp 0 0.0007 0.0078 0.0501 0.1482 0.7932

Su 0.0005 0.0046 0.0250 0.1287 0.2431 0.5981
Fa 0.0007 0.0026 0.0216 0.0778 0.2085 0.6889

>=2000m Wi 0.0025 0.0034 0.0211 0.0684 0.2466 0.6579
Sp 0 0.0021 0.0084 0.0505 0.1593 0.7796
Su 0 0.0006 0.0280 0.0784 0.2298 0.6632
Fa 0.0008 0.0008 0.0188 0.0776 0.1951 0.7069

Table D5. Probabilities of cloud coverage classes for a 24 h precipitation susml©®-20 cm depending on explanatory variables following
selected Swiss climate stations. For further description see Déble

A S | Il 1] \Y \ \
<500m Wi 0 0.0002 0.0070 0.0339 0.1409 0.8179
Sp 0 0.0006 0.0073 0.0440 0.1664 0.7817

Su 0.0002 0.0043 0.0378 0.1197 0.2644 0.5736
Fa 0.0005 0.0038 0.0204 0.0790 0.2161 0.6801

500— Wi 0 0 0.0041 0.0303 0.1657 0.7998
<1000 m Sp 0 0.0004 0.0076 0.0396 0.1759 0.7765
Su 0 0.0045 0.0267 0.1095 0.2731 0.5862
Fa 0.0010 0.0015 0.0130 0.0713 0.2448 0.6685
1000- Wi 0 0 0.0113 0.0388 0.1582 0.7916
<1500 m Sp 0 0 0.0069 0.0365 0.1448 0.8118
Su 0.0004 0.0021 0.0367 0.1356 0.2512 0.5740
Fa 0 0.0024 0.0200 0.0871 0.2159 0.6747
1500- Wi 0.0007 0 0.0110 0.0542 0.1670 0.7670
<2000m Sp 0 0.0007 0.0078 0.0501 0.1482 0.7932

Su 0.0005 0.0046 0.0250 0.1287 0.2431 0.5981
Fa 0.0007 0.0026 0.0216 0.0778 0.2085 0.6889

>=2000m Wi 0.0025 0.0034 0.0211 0.0684 0.2466 0.6579
Sp 0 0.0021 0.0084 0.0505 0.1593 0.7796
Su 0 0.0006 0.0280 0.0784 0.2298 0.6632
Fa 0.0008 0.0008 0.0188 0.0776 0.1951 0.7069
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Table D6. Probabilities of cloud coverage classes for a 24 h precipitation susm2ifcm depending on explanatory variables following
selected Swiss climate stations. For further description see Déble

A S I I Il \ \% Vi
<500m Wi 0 0 0 0.0019 0.0393 0.9588
Sp O 0 0.0008 0.0068 0.0462 0.9462
Su 0 0.0004 0.0198 0.0757 0.1713 0.7327
Fa O 0.0005 0.0097 0.0353 0.1078 0.8468
500- Wi 0 0 0 0.0024 0.0217 0.9759
<1000m Sp O 0 0.0045 0.0135 0.0655 0.9165
Su 0 0.0020 0.0153 0.0675 0.1554 0.7597
Fa O 0 0.0075 0.0313 0.1314 0.8298
1000—- Wi 0 0 0 0.0035 0.0318 0.9647
<1500 m Sp O 0 0 0.0069 0.0466 0.9465
Su 0 0 0.0181 0.0683 0.1215 0.7922
Fa O 0 0.0031 0.0251 0.0868 0.8849
1500- Wi 0 0 0 0.0014 0.0360 0.9626
<2000m Sp O 0 0 0.0061 0.0167 0.9772
Su O 0 0.0060 0.0518 0.0976 0.8446
Fa O 0 0.0011 0.0139 0.0622 0.9227
>=2000m Wi O 0 0.0018 0.0062 0.0677 0.9244
Sp O 0 0.0010 0.0089 0.0546 0.9355
Su O 0 0.0041 0.0386 0.1269 0.8305
Fa O 0 0.0057 0.0149 0.0744 0.9050

Table D7.Soil classification. sc: LPJ-GUESS soil code; ep: empirical parameter in percolation equation (i) sty volumetric water
holding capacity (WHC) at field capacity minus WHC at wilting point, as fraction of soil layer depth; t1-t3: thermal diffusivities (TD; in
mm?s~1); t1: TD at wilting point (0% WHC); t2: TD at 15% WHC; t3: TD at field capacity (100 % WHC). Thermal diffusivities follow
van Duin(1963 andJury et al.(1991 Fig. 5.11.); un: unit number in soil suitability map.

sC ep VW t1 t2 t3 un

1 50 0110 0.2 0.800 0.4 B3, E3 L1 P1 P4 P7, Q2 Q5 R2R5,81,S5,57,T1, T3, U1, U2, U3,
U5, U7,V1,V2,V3,V4,V5, V6, V7, V8, W1, W2, W3, W5, W7,
W8, Y2, Y5, Z2

40 0150 0.2 0.650 04 A7,A8 A9, B7,C3 C6,HL 02,01

30 0120 0.2 0500 0.4 A1 A3,B1C5C7,C8,D1,E2 E4,ES5 E7,F3

4 45 0130 0.2 0.725 04 F2,F4,G1,G2 H3,H7,J32, K3, L2, L3, L4, M1, M3, N1, N3, P8, R1,
R4, S2, S3, S4, S6, S8, T2, T4, U4, U6, U8, W4, W6, X2, Y1, Y4, Z3, Z4

40 0.115 0.2 0.650 04 B6,C2 E1, E6,E8

6 35 0135 0.2 0575 04 A4, A5, B2, B4,B5,B8,B9, C1, C4,D2, G3, G4, H2, H4, H5, H6, J1,
K1, K2, K4, M2, M4, N2, N4, O1, O3, 04, O5, P2, P3, P5, P6, Q4, R3
X1,Y3,71,75

40 0.127 0.2 0.650 04 A6,E9 F1

90 0300 01 0.100 01 Q3

9 02 0100 0.2 0500 04 A2

w N

(€]

o
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Table D8. Shade tolerance parameters. The affiliations to species are given inOlHbIst: shade tolerant; ns: nearly shade tolerant; ist:
intermediate shade tolerant; si: shade intolerant; SiBES: shade-intolerant boreal evergreen shrubs.

st ns ist si  sIBES
Minimum forest-floor PAR 1.25 1.625 2 2.5 15
for establishment (MJ m? day 1)
Growth efficiency threshold 0.04 0.06 0.08 0.1 0.04
(kgCm 2 year 1)
Maximum establishment rate 0.05 0.075 0.1 0.2 0.625
(saplings m2year 1)
Recruitment shape parameter 2 4 6 10 10
afterFulton(199))
Annual sapwood to heartwood 0.05 0.0575 0.065 0.08 0.0125

turnover rate (year?)

Table D9. Climatic range parameters. The affiliations to species are shown in Dable

Boreal Temperate

Optimal temperature range 10to 25 15t025
for photosynthesis°C)

Maximum temperature range —4t0 38 —21t0 38
for photosynthesis’C)
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Table D10. Specific tree parameters of | the standard and Il the adjusted parameter set. One entry per species and parameter means th
same parameters were used for both sets or that the species was not included in the standard parameter set (newly added species). * new
added species; ** direct comparison between | and Il not meaningful because different establishment functions were used; n.i.: parameter
not implemented. b: boreal; t: temperate; st: shade tolerant; ns: nearly shade tolerant; ist: intermediate shade tolerant; si: shade intolerant
e: evergreen; s: summer-green; d: summer-green with decelerated senescence; cl.range: climatic range; shade tol.: shade tolerance; ph.tyj
phenology type; phenramp: growing degree sum 6& Base required for full leaf cover; k_latosa: ratio of leaf area to sapwood cross-
sectional area; rootdist_u and rootdist_|: proportion of fine roots extending into upper and lower soil layers; leaflong: leaf longevity; chill_b:
changed chilling parameteBykes et al.1996; d_tol: drought tolerance, lower values show higher tolerance (minimum soil water content
needed for establishment, averaged over the growing season and expressed as a fraction of available water holding capacity, and wate
uptake efficiency); gdd5min: minimum growing degree day sum 88 base, tc_max_e and tc_min_e: maximum and minimum 20-year
coldest month mean temperature for establishment; tc_max_f: shape parameter for new tc_max_e function (seeAppendix_s:

maximum 20-year coldest month mean temperature for survival; k_allom2: steepness-influencing parameter in diameter to height relation;
BES: boreal evergreen shrubs; B.pBetula pubescens.dec:Larix decidua P.abi:Picea abiesP.cem:Pinus cembraP.mug:Pinus mugo

P.syl: Pinus sylvestrisA.alb: Abies alba B.pen:Betula pendulaC.bet:Carpinus betulusC.ave:Corylus avellanaF.syl: Fagus sylvatica
F.exc:Fraxinus excelsiarQ.pub:Quercus pubescen®.rob:Quercus robur T.cor: Tilia cordata

BES B.pub L.det P.abi P.ceh P.mug P.syl A.alb

shade tol. [ . . st . . .
si si si ist si ist st

1] ns
k_latosa 300 5000 5000 4000 2000 2000 2000 4000
d_tol | 0.43 0.35

" 0.25 0.5 0.3 0.38 0.3 0.3 0.25 033
gdd5min I 500 1450

I 200 350 300 600 300 400 600 900
tc_max_e** | 5 _ 5 -1.5 3 15 -1 5

Il -3 -
tc_max_f I n.. n.i. n.i. n.i. n.i. n.i. n.i. n.i.

i 9 - 4.5 45 4.5 4.5 4.5 6
phenramp I 200

- 150 100 a a a a B
longevity I 5 200 500 500 500 500 500 o0

I 450
k_allom2 5 40 40 40 22 30 40 40
tc_min_e - - -29 -29 -29 -29 -29 -3.5
tc_min_s - - -30 -30 -30 -30 -30 —-45
ph.type e S d e e e e e
rootdist_u 0.8 0.8 0.6 0.8 0.6 0.6 0.6 0.8
rootdist_| 0.2 0.2 0.4 0.2 0.4 0.4 0.4 0.2
leaflong 2 0.5 0.5 4 4 4 2 4
chill_b 100 400 100 100 100 100 100 100
cl.range b b b b b b b t
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Table D10.Continued.

1563

B.pen C.bet C.ave F.syl F.exc Q.pub  Q.rob  T.cor
shade tol. si ist si st ist ist ist ist
klatosa I 5000 5000 4000 5000 5000 4000 4990 5000

1l 4500
d_tol I 042 0.3 0.25

I 035 0.33 0.3 035 0.4 0.2 0.27 0.33
gddsmin 1260 1200 soo 290 1100 1900 1100 1000

1l 1300
tc_max_e - - - - - - - -
tc_max_f | n.i n.i. n.i. n.i. n.i. n.i. n.i n.i.

n - - - - - - - -
phenramp I 200 545, 509 200 200 200 200 200

I 150
longevity 200 350 300 500 350 500 500 350
k_allom2 40 40 40 40 40 40 40 40
tc_min_e —-29 -7 -10 -25 —-15 -5 -15 —-17
tc_min_s -30 -8 -11 -35 -16 -6 -16 -18
ph.type s s S s S S S S
phenramp 100 200 200 200 200 200 200 200
longevity 200 350 300 500 350 500 500 350
rootdist_u 0.8 0.7 0.7 0.8 0.8 0.6 0.6 0.8
rootdist_| 0.2 0.3 0.3 0.2 0.2 0.4 0.4 0.2
leaflong 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
chill_b 400 600 400 600 100 100 100 600
cl.range t t t t t t t t
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1 3 5 7 N 9
2 4 6 g 10

Figure D1. Soil code used in LPJ-GUESS simulatiohs- urban, rocky or water areas (no forest growgh};E: 5.0, V: 0.110, DO: 0.2, D15:
0.800, D100: 0.43 - E: 4.0, V: 0.115, DO: 0.2, D15: 0.650, D100: 044+ E: 4.0, V: 0.127, DO: 0.2, D15: 0.650, D100: 054 E: 4.5, V:

0.130, D0: 0.2, D15: 0.725, D100: 08+ E: 4.0, V: 0.150, D0: 0.2, D15: 0.650, D100: 074+ E: 3.5, V: 0.135, D0: 0.2, D15: 0.575, D100:
0.4;8—-E: 3.0, v: 0.120, DO: 0.2, D15: 0.500, D100: 09%:- E: 0.2, V: 0.100, DO: 0.2, D15: 0.500, D100: 019 — E: 9.0, V: 0.300, DO:

0.1, D15: 0.100, D100: 0.1. E: empirical parameter in percolation equation (k1) (mhHgay volumetric water holding capacity at field
capacity minus volumetric water holding capacity at wilting point, as fraction of soil layer depth; DO, D15 and D100: thermal diffusivity
(mm? s~1) at 0, 15 and 100 % water holding capacity.

EEE000ECEEN
0
IS
=

mm

<600
600-700
700-800
800-900
900-1000
1000-1100
1100-1200
1200-1500
1500-2000
2000-2500
>2500

EREO0BRO0CEENE

Figure D2. Development of temperature and precipitation over time under the SRES (Special Report on Emission Scenarios) A1B scenario
used.(@) Mean summer temperature (June-July-August) for the 1900-1930 pé@rjadean summer temperature for the 2070-2100 period;
(c) mean annual precipitation for the 1900-1930 per{djimean annual precipitation for the 2070-2100 period.
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Q.rob Q.pub

carbon mass in kg m™2
0 5

I 25 75
<5 >10

Aalb

B.pub

BES

urban/rock/lake

Figure D3. Carbon mass simulated with the adjusted parameter set for single species at 210ARealizlba B.pen:Betula pendulaB.
pub:Betula pubescens.syl: Fagus sylvatical .dec:Larix decidug P.abi:Picea abiesP.cem:Pinus cembraP.syl: Pinus sylvestrisQ.pub:
Quercus pubescen®.rob:Quercus robuy BES: boreal evergreen shrubs; OBS: other broadleaved species.

B.pen

Q.rob Qpub

>
3

L.dec P.cem

carbon mass in kg m™2
0 5

I 25 75
<5 >10

0BS 4

A.alb

B.pub

BES

not implemented
| urban/rock/lake

Figure D4. Carbon mass simulated with the standard parameter set for single species at 2100. B8édFigpecies abbreviations.
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adjusted parameter set

PETF v & <
y s

carbon mass in kg m™2
Cave P.mug v

>4

standard parameter set

F.exc

C.ave P.mug
not implemented

[ urban/rock/lake

Figure D5. Carbon mass simulated with the adjusted and standard parameter set for minor species at 20@arfifes: betulusC.ave:
Corylus avellanaF.exc:Fraxinus excelsiarP.mug:Pinus mugoT.cor: Tilia cordata Please note that a different color gradient was used
than in Fig.D3.
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ations. Please note that a different color gradient was used than iDFig.
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Figure D7. Carbon mass development along the analyzed transect of seven selected species using the stochastic (100 stochastic replicate
LPJ-GUESS approach (right) and the GAPPARD method (left), both with the standard parameter set. The timescale in each plot extends
from 1900 (left side) to 2100 (right side). See Hf for species abbreviations.
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Figure D8. Carbon mass development of the minor species along the analyzed transect using the stochastic (100 stochastic replicates) LPJ
GUESS approach (right) and the GAPPARD method (left), both with the adjusted parameter set. The timescale in each plot extends from
1900 (left side) to 2100 (right side). See H2B for species abbreviations. Please note that a different color gradient was used than in Fig.
D7.
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Figure D9. Carbon mass development of the minor species along the analyzed transect using the stochastic (100 stochastic replicates) LPJ
GUESS approach (right) and the GAPPARD method (left), both with the standard parameter set. The timescale in each plot extends from
1900 (left side) to 2100 (right side). See Hf for species abbreviations. Please note that a different color gradient was used thabin Fig.
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