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Abstract

Adaptation potential of forests to rapid climatic changes can be assessed from vegetation dynamics during past
climatic changes as preserved in fossil pollen data. However, pollen data reflect the integrated effects of climate and
biotic processes, such as establishment, survival, competition, and migration. To disentangle these processes, we
compared an annually laminated late Würm and Holocene pollen record from the Central Swiss Plateau with
simulations of a dynamic forest patch model. All input data used in the simulations were largely independent from
pollen data; i.e. the presented analysis is non-circular. Temperature and precipitation scenarios were based on
reconstructions from pollen-independent sources. The earliest arrival times of the species at the study site after the last
glacial were inferred from pollen maps. We ran a series of simulations under different combinations of climate and
immigration scenarios. In addition, the sensitivity of the simulated presence/absence of four major species to changes
in the climate scenario was examined. The pattern of the pollen record could partly be explained by the used climate
scenario, mostly by temperature. However, some features, in particular the absence of most species during the late
Würm could only be simulated if the winter temperature anomalies of the used scenario were decreased considerably.
Consequently, we had to assume in the simulations, that most species immigrated during or after the Younger Dryas
(12 000 years BP), Abies and Fagus even later. Given the timing of tree species immigration, the vegetation was in
equilibrium with climate during long periods, but responded with lags at the time-scale of centuries to millennia
caused by a secondary succession after rapid climatic changes such as at the end of Younger Dryas, or immigration
of dominant taxa. Climate influenced the tree taxa both directly and indirectly by changing inter-specific competition.
We concluded, that also during the present fast climatic change, species migration might be an important process,
particularly if geographic barriers, such as the Alps are in the migrational path. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

In the context of present and anticipated future
rapid climate changes, the question of whether
ecosystems are able to adapt fast enough to shifts
in the local site conditions is crucial (see e.g.
Kirschbaum, 1996). Focusing on boreal and tem-
perate forested areas, one approach to assess nat-
ural adaptation rates is to examine forest
responses to fast past climatic changes, e.g. the
rapid temperature increase after the Younger
Dryas. Such forest responses are preserved in
Holocene pollen records (Davis, 1986, 1989;
Huntley et al., 1989; Roberts, 1989). However, a
transfer of adaptation rates to the present climate
change estimated from pollen records is difficult,
since it is not clear whether forests will respond in
the same manner and with the same speed as in
the Holocene.

The present situation, even if we neglect the
human influence, differs strongly from that during
Younger Dryas, concerning both climate and spe-
cies distribution.

Furthermore, pollen records and isopoll maps
integrate numerous processes involved in forest
responses to changing environmental conditions:
immediate ecophysiological responses of individu-
als, slower competitive abilities governing struc-
tural changes, and even slower migrational
responses of individual species (Kirschbaum,
1996). All of these processes are influenced by
climate. At a specific location, climate has a direct
effect on the species-specific ability of individual
trees to establish, survive, reproduce, and grow,
and, thus, on their competitiveness. The outcome
of this intra- and interspecific competition, in
turn, shapes the successional patterns (e.g.
Shugart, 1984) and the resulting steady-state.

Also species’ migration into new suitable habi-
tats is influenced by both, climate and biotic
factors. Migration and its speed, such as docu-
mented in the maps of Huntley and Birks (1983),
Burga (1988), Lang (1994) or Gliemeroth (1995)
not only depend on the species’ ability to disperse,
but also on the climate-dependent local dynamics
along the migrational path. Dispersal rates de-
pend on species intrinsic, climate independent
properties, such as dispersal ability as influenced

by seed size or type and genetically determined
minimal generation time, and on climate depen-
dent features such as actual generation time and
seed production.

Thus, a major issue is to identify, understand,
and quantify the principle mechanisms underlying
past vegetation responses to a changing climate.
To assess the potential of the vegetation to adapt
to future climate changes, it is particularly impor-
tant to distinguish those processes which can be
assumed to operate in the same way in the future
from those factors and processes which depend on
the actual situation.

To analyze integrative data such as pollen
records, the most promising tools are dynamic
ecological models. They should depict the main
climate dependencies, processes, and interactions
between species and individuals with an appropri-
ate resolution. By testing different scenarios, e.g.
of species interactions, and comparing the ob-
tained results with pollen records, such models
can give insight into the processes involved in
vegetation responses and may be improved for
future climate change impact assessment (Huntley
et al., 1995).

The various types of ecological, particularly
forest models (see review in Lischke, 2001), usu-
ally fulfill only parts of the above mentioned
requirements. Ecophysiological ‘big-leaf-models’
(e.g. Bossel, 1996; Foley, 1994; Grote, 1998;
Lüdecke et al., 1994; Melillo et al., 1993; Potter et
al., 1993; Running and Gower, 1991) describe in
detail ecophysiological processes and partly also
climatic influences. However, they disregard the
interactions between individuals and populations,
which for example result in specific spatial struc-
tures. Individual based, position dependent mod-
els (e.g. SORTIE, Pacala and Deutschman, 1995;
Pacala et al., 1996), in contrast, focus on the
interactions between the individuals, with less em-
phasis on ecophysiology and climate. Besides,
they require long computing times because every
single tree of a stand is simulated in a Monte-
Carlo approach. A compromise between these
approaches are forest gap (or patch) models
(Botkin et al., 1972). They describe species-specific
establishment, growth, and death of individual
trees and interactions among them, resulting in
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typical succession patterns. By including explicit
climate dependencies, they can account for cli-
matic, immigration, and competitional influences
on an individualistic, species-specific level. There-
fore, they are suitable to test hypotheses on the
effects of climate, immigration, and competition.
Although the process functions and climate de-
pendence functions are empirical, they are at least
based on ecological considerations. Since only the
trees in small forest patches are simulated in a
Monte-Carlo approach, gap-models are fast
enough for simulations encompassing several mil-
lenia. Furthermore, usually they require only a
limited number of input variables, which is cru-
cial in paleoecological studies, where these input
data have to be reconstructed from various
sources.

Simulations with patch-models have already
been compared with vegetation patterns illus-
trated in Holocene pollen records in several stud-
ies: Solomon et al. (1981) compared the
vegetation composition simulated by the patch-
model FORET with a North American pollen
record. They tested several combinations of the
input assumptions: constant versus changing tem-
perature, immigration of species versus presence
of all species. From their simulations they con-
cluded that the vegetation dynamics in the pollen
source area was mainly controlled by direct cli-
matic influence. Solomon and Bartlein (1992)
tested simulations with FORET against three
North-American pollen records and Lotter and
Kienast (1992) and Fischlin et al. (1995b) used an
annually varved pollen record (Lotter, 1989) from
Central Switzerland to verify the successional pat-
tern produced by the models FORECE (Kienast,
1987) and FORCLIM, respectively, given a con-
stant climate and a sequential appearance of the
tree taxa in the catchment area. Lischke et al.
(1998a) repeated the latter two studies with the
model FORCLIM using a seasonal, transient cli-
mate scenario obtained from GCM-simulations.
In the four latter studies the simulations largely
reproduced the pollen record, at least for the
dominant taxa.

The conclusions, which can be drawn from
such studies depend strongly on the source of the
input data for climate or immigration dates. In

particular, the independence of input data is cru-
cial. In the earlier studies, climate input data or
dates of species appearance were inferred from
the pollen record to which the simulation results
were compared. Such a circularity (Huntley et al.,
1995) between cause (climate or immigration
dates reconstructed from pollen) and effects (veg-
etation responses assessed from pollen) limits the
insights, which can be gained about the factors,
which control vegetation response. A correspon-
dence between observed pollen and simulated
vegetation may merely indicate that the models
behaved consistently with those models which
have been used for reconstructing the climate or
the dates of appearance in the studied area.
Moreover, with such an approach it is not feasi-
ble to separate time-lags between climate and
species abundance which are due to succession
from those due to real late immigration (Delcourt
and Delcourt, 1991).

In the present study we tried to untangle the
ecological processes leading to the species pattern
in a Holocene pollen record with the help of the
forest patch FORCLIM (Bugmann, 1994, 1996;
Fischlin et al., 1995a). One goal was to break
through the above mentioned circularity: we used
(as far as available) climatic input scenarios and
immigration dates from independent data sources.

Our specific questions were ‘‘Which species’
absence during the Holocene may be due to ad-
verse climatic conditions, either acting directly or
by affecting competitors, or to succession? And,
for which species do we have to assume a later
arrival?’’

A straightforward approach would be to com-
pare the pollen data with one single simulation
based on the most probable scenarios of climate
anomalies and immigration. However, such an
approach at best validates (or better, does not
falsify) the model assumptions and the used sce-
narios. It still does not assess the importance of
the involved processes. Thus, we successively
combined the different scenarios of climate, com-
petition, and immigration to sort out which sce-
narios and assumptions were necessary to
reproduce the data. These factors probably repre-
sent the most important influences. In this way,
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we were able to investigate which taxa could not
establish saplings or survive due to adverse cli-
matic conditions, which ones were potentially
suppressed by stronger competitors, and which
ones we have to assume immigrated.

2. Data, model, and methods

2.1. Study site

Soppensee is located on the central Swiss
Plateau (8°05� E, 47°05�30� N, see Fig. 1) at an
elevation of 594 m a.s.l. The surrounding region is
low and hilly; its present temperate climate is
suitable for a majority of the Central and North
European tree species. It, therefore, represents a
good case study for temperate, Central European
situations. It is bordered by the Alps in the south.
The pollen source area was estimated (Lotter and
Kienast, 1992) to be a circle of about 300 km2.

2.2. The Soppensee pollen record

Pollen data from the annually laminated sedi-
ments of Soppensee (Lotter, 1989, 1999) was used
for the comparison with the model simulations.
To allow a comparison between the subfossil pol-
len record and the model outputs, sidereal (calen-
dar) years rather than radiocarbon years have
been used as the time unit. All dates derived from
the paleo-record have, therefore, been calibrated
(Stuiver and Reimer, 1993) and eventually ex-
pressed as calendar years before present (cal. BP).
The annual laminations of the Soppensee sedi-
ment allowed for a relatively precise chronological
assessment (Lotter, 1989).

In this study, we use the following terminology
for the periods: late Würm: before 12 000 cal. BP,
Younger Dryas: 12 000 cal. BP to 11 000 cal. BP,
Holocene: after 11 000 cal. BP.

The pollen record from Soppensee (Fig. 3a) is
typical for the central part of the Swiss Plateau. It

Fig. 1. Situation of study site (rectangle) at the north slope of the European Alps.
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Table 1
Species included in simulations

ISpecies R

Abies alba 18220
Larix decidua 8220 0.25
Picea abies 6530 1

412 600Pinus cembra
*Pinus montana 4

4Pinus sil�estris *
16830Taxus baccata

9980Acer campestre 0.25
Acer platanoides 9980 0.25

0.259980Acer pseudoplatanus
9170Alnus glutinosa 4

4Alnus incana 9170
49170Alnus �iridis

*Betula pendula 4
3Carpinus betulus 3190
0.252710Castanea sati�a

7100Fagus sil�atica 1
1Fraxinus excelsior 9930
0.2510 500Populus nigra

10 500Populus tremula 0.25
1Quercus petraea 10 880
110 880Quercus pubescens

10 880Quercus robur 1
4Salix alba 12 460
0.254920Sorbus aria

4920Sorbus aucuparia 0.25
Tilia cordata 10 010 0.25

0.2510 010Tilia platyphyllos
10 880Ulmus scabra 2

I: immigration dates (years cal. BP) of tree taxa assumed in
simulations; from Ammann et al. (1996). R: representation
factors to convert biomass into pollen percents (Andersen,
1970; Faegri and Iversen, 1975). Corylus was excluded from
the evaluation. *: taxon was present at the beginning of the
simulation.

ous trees such as Ulmus, Quercus, Acer, Tilia, and
Alnus started to appear on the Swiss Plateau
(Ammann et al., 1996). Shade-tolerant trees such
as Abies and Fagus appeared only around 7100
and 6700 cal. BP, respectively.

2.3. Immigration scenarios

For the Swiss Plateau there are many pollen
diagrams from other sites available that cover the
last 15 000 years (see, e.g. Ammann et al., 1996;
Burga and Perret, 1998; Lang, 1985). These stud-
ies yield a temporal sequence of maps of the
abundance of different tree taxa for the entire
region which fit consistently into pollen maps of
Switzerland (Burga and Perret, 1998) and Europe
(Huntley and Birks, 1983). They allow the estima-
tion of the earliest arrival dates of the tree species
in the region close to Soppensee. Estimations such
as these have been done by Ammann et al. (1996),
and it is from their analysis that we derived the
earliest arrival dates used in our simulations
(Table 1). As usually done, the time of arrival is
defined as the rational limit, i.e. the time of the
first steep increase in the pollen numbers (Birks,
1986; Lang, 1994).

2.4. Biomass to pollen con�ersion

Quantitative conversion of fossil pollen records
into past plant abundances has been a major issue
for palaeobotanists for a long time (see, e.g. Sug-
ita, 1994). To allow a comparison between model
output (biomass) and pollen data (pollen percent)
we converted the simulated biomasses into rela-
tive pollen percentages. We applied the conver-
sion factors Ri of Iversen (Faegri and Iversen,
1975) as used in Lotter and Kienast (Lotter and
Kienast, 1992) and those of Andersen (1970). For
eight species without listed conversion factors we
used the medium value 1. The factors Ri (cf. Table
1) are an estimate for the ratio between the repre-
sentation pi/P of a taxon i in the pollen record P
and its representation �i/V in the vegetation V:

Ri=
pi/P
�i/V

�
pi

P
=Ri ·

�i

V
, V=�

j

�j, P=�
j

pj

(1)

goes back to the end of the last glaciation and
covers the whole Holocene period to the present
day without hiatus (Lotter, 1999). The major tree
species pattern, as evidenced by the pollen record,
shows that the reforestation lead to a birch wood-
land that was then followed by a pine forest
around 12 800 cal. BP (Lotter, 1991). During the
climatic cooling of the Younger Dryas, this pine–
birch woodland opened up for a duration of
approximately 1150 years (Hajdas et al., 1993).
With the subsequent climatic warming the pine–
birch woodland became denser again, and decidu-
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We assumed that ‘vegetation representation’
(Faegri and Iversen, 1975) refers to the total basal
area bai of a taxon (such as in Davis, 1963). To
get an estimate for bai, we multiplied the simu-
lated mean biomass bi of each species with the
fraction of maximum biomass bmax,i relative to the
maximum basal area bamax,i as given by
FORCLIM.

�i�bai�bi ·
bamax,i

bmax,i

(2)

Pollen percents (100×pi/P) were then calculated
according to Eqs. (1) and (2).

2.5. Comparison of pollen data and simulation
results

Simulation results and pollen data were initially
compared visually, to judge the qualitative resem-
blance. For quantitative comparison, all model
output and pollen data were first smoothed by
filtering with a Gaussian Low-Pass-Filter (critical
period 500 years), since most short term fluctua-
tions are mainly due to the remaining intrinsic
variability of the simulated stochastic process
(Bugmann et al., 1996) or to sampling uncertain-
ties in the data. Then, a similarity index (similar-
ity) (Cormack, 1971; Wolda, 1981) was computed
for each simulation according to Eq. (3):

similarity=1−
�

nspecs

i=1

�
ntimes

j=1

�datai, j−simulationi, j �

�
nspecs

i=1

�
ntimes

j=1

datai, j+simulationi, j

(3)

2.6. Scenarios of climate anomalies

The climate data used for the scenario simula-
tions were derived from different sources. All
were calculated from past anomalies relative to
the present climate.

Present climate was estimated with data from
the station Huttwil (17.5 km north-west of Sop-
pensee, 639 m a.s.l.), which was assumed to be
representative for the Soppensee pollen source
area. Huttwil has an annual mean temperature of
8.12 °C, a mean yearly precipitation sum of 129

cm (SMA, 1901–1990) and a mean field capacity
of �35 cm.

The temperature anomaly scenario is based on
different reconstructions: (a) a combined recon-
struction of summer temperatures from aquatic
vegetation, insects and oxygen isotopes from vari-
ous lakes in the Swiss Central Plateau (Ammann
et al., 1994) for the late Würm, and from oxygen
isotopes from the sediment of lake Zuerich, about
50 km north-east of Soppensee (Lister, 1989) for
the Holocene and (b) cladocera-inferred summer
temperatures (Lotter et al., 2000) for the whole
period. Temperature anomalies were then calcu-
lated by comparing these data with the modern
mean July temperatures. Fig. 2 shows the result-
ing temperature scenario for the entire period of
investigation. In most simulations, we assumed
that the temperature anomalies are uniformly dis-
tributed over the annual cycle. However, tempera-
ture anomalies in the past were presumably not
distributed uniformly over the year; for example,
simulations with the global circulation model
‘CCM’ (Kutzbach and Guetter, 1988) in Huntley
and Prentice (1993) yielded higher July tempera-
tures than today and lower or similar January
temperatures than those of the present. To assess
the influence of such changes in the seasonality
with the same mean values, we increased the
yearly mean temperature anomalies by 1 °C for
the summer months (April–September) and de-
creased them by 1 °C during winter.

The precipitation scenario (Fig. 2) is based on a
combined pollen- and lake-level reconstruction by
Guiot et al. (1993) for gridpoint 8° E 47° N for
the time after 9000 radiocarbon years BP (i.e.
after ca. 10 000 cal. BP). We assumed average
values of the precipitation anomaly classes and
interpolated linearly between 10 000 (−45 cm/
year) and 5750 cal. BP (−20 cm/year). For the
time before 10 000 cal. BP no precipitation recon-
structions were available in the required resolu-
tion. Since global climate-model simulations
(COHMAP Members, 1988) indicate that also
before 9000 cal. BP the Central European climate
was dryer than at present, we assumed the precip-
itation anomaly to remain constant between
13 000 and 10 000 cal. BP.
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2.7. Forest model

All simulations were made with the dynamic
forest model FORCLIM (version 2.4.0.2) (Bug-
mann, 1994, 1996; Fischlin et al., 1995a), a
stochastic patch-model, which has been verified
along climatic gradients in the European Alps
(Bugmann, 1994) and North America (Bugmann
and Solomon, 1995), with empirical distributions
of European tree species in temperature–precipi-
tation space (Bugmann, 1996) and with data from
European pristine forests (Badeck et al., 2001).

The model simulates the fate of individual
trees, which are aggregated to cohorts, on 1/12 ha
patches; the dynamics of the entire forest are
obtained by averaging over 200 patches (Bug-
mann et al., 1996). The trees compete for light by
shading all smaller trees. Growth rates and estab-
lishment and survival probabilities are species-
specific and depend on the bioclimatic variables
yearly degree day sum, mean temperature of the
coldest month (‘minimum winter temperature’),
drought stress, and flooding stress. The depen-
dence functions are defined as a maximum rate
multiplied with a modifier function which ranges
from 0 to 1. Thus, the range where the functions
are zero defines where a species can not exist at
all. Additionally, the continuous non zero values
define the relative strength of a species, and thus
its competitiveness. To calculate the drought

stress a bucket model for soil water is used (Bug-
mann, 1996).

To describe the response to wet soils in the
study area, a sensitivity of trees to high soil water
contents and the associated poor soil aeration
was introduced to the model. From the percent
soil water content calculated by the bucket
model, the percent soil air was derived, assuming
an average pore volume of 55%. The percent
oxygen content Ox is then estimated by 20% of
the percent soil air. The growth then depends
with

�(Ox)=
Max(Ox−Oxcrit,s,0)

(Max(Ox−Oxcrit,s,0)+0.005)

on the oxygen content, with Oxcrit,s a species
specific critical oxygen content. The Oxcrit,s values
were compiled from indicator values of species
flooding tolerance (Ellenberg, 1986; Landolt,
1977; Lyr et al., 1992), which were transformed
to the range between 0% O2 (e.g. for Alnus in-
cana) and 3% O2 (e.g. for Tilia platyphyllos).

The bioclimatic variables are determined from
monthly mean temperatures and precipitation
sums, which are stochastically generated based on
long-term site specific means, standard deviations
(S.D.), and cross correlations. For the climate
change simulations, the means were changed.
Since the effects of CO2 on mature trees are not
yet fully understood, they are not included in the

Fig. 2. Climate anomaly scenarios used in simulations. Black squares, solid black line: yearly mean temperature anomaly as used
in simulations. Hatched line: temperature anomaly derived from aquatic vegetation and oxygen isotope data (Ammann et al., 1994;
Lister, 1989). Dotted line: temperature anomaly derived from cladoceran and chironomids (Lotter et al., 2000). White triangles, grey
line: anomaly of annual precipitation derived from (Guiot et al., 1993).
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model. The model assumes that all species pro-
duce the same, constant number of seeds per year.
Individuals compete for light; shading decreases
the probability of the establishment of a cohort
and affects growth rate as well as mortality. The
30 most important Central European tree species
listed in Table 1 were included in the simulations
and assigned to the taxa of the pollen record, i.e.
the genera. In the following, we usually use the
names of the genera, except when we have to
distinguish between the species of a genus.

Simulations were run on a SUN Sparc 5 work-
station with the batch version RASS (Thöny et al.,
1994) of the simulation software RAMSES (Fis-
chlin, 1991). Simulations were started at 13 060
cal. BP and run for 7000 years on an annual time
step, assuming that the pollen data stem from the
same period.

2.8. Simulation experiments

To study the different potential causes for the
species pattern (Table 2, column 1) simulations
were run with various combinations of input
scenarios.

The simulations were started approximately
13 000 cal. BP, i.e. when the Swiss Plateau became
reforested, mainly by birch (Ammann et al.,
1996). Consequently, we assumed in all simula-
tions that the study site was not forested at that
time, but that pedogenesis was in a stage which
would not impede tree growth and that a seed
bank consisting at least of the pioneer taxa Betula
and Pinus was present or that these seeds could be
transported easily to the site from already
forested, adjacent regions.

Table 2 gives an overview over the different
scenarios used in the simulations and their combi-
nations: climate anomalies either changed in time
according to Fig. 2 (transient climate, ‘tra’), to
study the impact of climate change, or were kept
constant over the entire period (‘co’, ‘coS’) to
study the influence of succession. Constant
anomalies were either average values (−1.5 °C
and −39 cm/year), or selected (�T–�P) combi-
nations (‘coS’). These combinations are shown in
Fig. 2 as triangles and squares. The transient
scenarios were combined with each other or with

the constant average value of the other climate
variable (�T= −1.5 °C, �P= −39 cm/year). In
one simulation an increased seasonality was
assumed.

To investigate the influence of immigration,
seeds were assumed to be present at different
times: either from the beginning of the simula-
tions (13 060 cal. BP), the beginning of Younger
Dryas (ca. 12 000 cal. BP) or from the taxon’s
earliest appearance date derived from independent
pollen records (Table 1).

A soil field capacity of 35 cm was assumed in
most simulations. Yet, geomorphologic maps in-
dicate that the pollen source area around Sop-
pensee is heterogeneous, particularly with respect
to the field capacity. Since field capacity influences
drought stress and thereby tree growth, we as-
sumed in one simulation the pollen source area to
consist of soils with field capacities varying be-
tween 35, 50 and 55 cm. Their relative propor-
tions were estimated to be 40:40:20%.

To study how much climate or immigration
affects the species pattern indirectly through inter-
specific competition, in one simulation experi-
ment, interspecific competition was excluded. This
was achieved by a simple model modification
which ignores the effect of shade on a tree caused
by trees belonging to other species.

To assess whether the species pattern reflects
transient changes of the system or could also be
explained by equilibrium results, a series of 15
simulations with constant climate input and spe-
cies set was run into equilibrium, each corre-
sponding to one discrete time point (squares in
Fig. 2). For each simulation, the climate anomaly
at this specific time and the species set at this time
as given in Table 2, row 3g was used. For exam-
ple, one simulation was run corresponding to the
conditions at 9900 BP, i.e. with �T= −1 °C,
�P= −46 cm/year and all species except Abies
and Fagus. Equilibrium values were determined
by averaging the simulation results over the last
300 years. The resulting equilibrium values were
then linearly interpolated.

2.9. Sensiti�ity to climate scenario

The baseline climate anomaly scenario we used
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has to be considered as a ‘best estimate’; the real
climate might have departed from this scenario.
Therefore, we tested which changes in the climate
scenarios are required to explain the presence/ab-
sence pattern of the four major species Abies, Picea,
Quercus, and Fagus by the climate dependences of
the model.

To assess this sensitivity to deviations in the
climate scenario, we determined for various combi-
nations of winter and summer temperature anoma-
lies, whether climate prevented the species to exist.
Winter (December–February) temperature
anomalies (dTw) were varied systematically from
−10 to 3.5 °C, summer (June–August) tempera-
ture anomalies (dTs) from −8 to 16 °C in steps
of 0.5 °C. For spring and fall temperature anoma-
lies, the average between summer and winter tem-
perature anomaly was taken. Each pair of dTw and
dTs was combined with the present climate
(monthly means and S.D. of temperature means
and precipitation sums) at Huttwil. For the precip-
itation anomaly the values −25, −30, −40, −45
and −65 cm/year were used. These correspond to
the precipitation anomalies of the baseline scenario
(Fig. 2) at 6500, 7500, 9000 and 12 500 BP. The
value −65 cm/year was obtained by extrapolating
the precipitation anomaly between 9000 and 13 000
BP.

With each of these climata, 200 stochastic
weather realizations and the resulting bioclimatic
variables drought stress, day degree sum and min-
imum winter temperature (= temperature mean of
the coldest month) were calculated with the sub-
model FORCLIM-E. For each realization, we deter-
mined whether the bioclimatic variables were
within the range of the model’s species specific
climate dependences for establishment and growth
(which determines mortality) (see Eq. (4)).

where s: species, i : realization; � : establishment (1:
possible, 0: not possible), � : growth (1: possible, 0:
not possible), � : mortality, dd: day degree sum,
ddmin, ddmax: minimum and maximum dd for
growth and establishment, wiT: mean temperature
of the coldest month, wiTmin: minimum wiT for
establishment, drstr: drought stress index, drstrmax:
maximum drstr for growth.

The mere consideration of these bioclimatic
limits, however, does not take into account that
occasional death of all individuals affects popula-
tion dynamics much more drastically than occa-
sional lack of offspring. Therefore, we used the
simple model in Eq. (5) for the presence or absence
of a species in realization i. A species was consid-
ered to be generally present if it was present in more
than 80% of the realizations. Such a high threshold
was chosen because lower ones, corresponding to
shorter periods of existence, do not allow the trees
to reach maturity, i.e. to produce pollen.

presences,i=min(1,(1−�s,i)(presences,i−1+�s,i))

presences=

�
�
�
�
�

yes for
1

200
�
200

i=1

presences,i�0.8

no else

(5)

In the resulting species distribution areas in the
dTw/dTs-space, the dT-values of the baseline sce-
nario at specific times (12 500, 9000, 7500, and 6500
BP) were marked. From these points the shortest
distances were determined which leave the distribu-
tion areas of the species not present in the pollen
data set, but remain in the distribution area of
species present in the pollen.

�s,i=
�1 for ddi�ddmin,s�ddi�ddmax,s�wiTi�wiTmin,s

0 else

�s,i=
�1 for ddi�ddmin,s�ddi�ddmax,s�drstri�drstrmax,s

0 else

�s,i=
�1 for �s,i+�s,i−1=0

0 else
(4)
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Fig. 3.
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3. Results

The various combinations of scenarios for
climate, immigration, and spatial heterogeneity
(Table 2) gave us the ability to test whether climatic
change, successional dynamics, or immigration
controlled the appearance of taxa in the pollen
record. And, they permitted to investigate the
importance of interspecific competition and
transient forest responses. The results are shown in
Fig. 3b– j and in Table 2, the pollen data in Fig.
3a.

3.1. Effects of succession

Fig. 3b shows the typical result of a simulation
where seeds of all species were present and tem-
perature and precipitation anomalies were kept
constant at their means during the entire simula-
tion period. After a transient phase, Abies, Fagus,
Quercus, and Ulmus dominated the forest. Other
simulations (not shown) were run under several
combinations of constant precipitation and tem-
perature anomalies occurring along the climate
scenario. None of these simulations resembled the
pollen record (Fig. 3a). Moreover, in all these
simulations, successional changes in the species
composition ceased after about 1000 years (cf.
Fig. 3b). This contrasts sharply with the lively
dynamics in the pollen record during the entire
observation period of 7000 years. This difference
is also reflected by the low similarity index be-
tween the simulation with average climate and the
pollen data (Table 2). Succession alone does not
appear to be able to explain the species changes
found in the pollen record.

3.2. Effects of climatic change

To assess the effect of a changing climate, in
the following simulations (Fig. 3c–e) we drove the
forest dynamics with transient climate scenarios
(Fig. 2). Again, seeds of all species were assumed
to be present already in the beginning of the
simulations.

Fig. 3c shows the results from applying a tran-
sient precipitation and a constant temperature
scenario. A few characteristics of the pollen
record could be reproduced, namely the increas-
ing fraction of Fagus and Abies accompanied by a
decrease in Pinus and Quercus. In turn, the simu-
lation with transient temperature and constant
precipitation (Fig. 3d) was able to mimick one
major characteristic of the pollen record: the
abrupt change at the end of the Younger Dryas
(ca. 11 000 cal. BP) from a pine dominated forest
to a mixed deciduous forest. This change was
reflected by an increase of the similarity index
from 0.35 to 0.45 (Table 2).

However, for the late Würm (before 12 000 cal.
BP) a mixed deciduous forest with Quercus and
Abies was simulated, in contrast to the pine dom-
inated forest in the pollen data. In the Holocene
Fagus and Abies appear much too early, and
Fraxinus and Alnus are underrepresented. Thus,
neither the transient temperature nor the transient
precipitation scenario alone can explain the pollen
record. A simulation with transient precipitation
and temperature scenarios (Fig. 3e) resulted in an
increase of the similarity index up to 0.48 (Table
2) which is mostly due to a slower increasing
portion of Fagus in the Holocene. However, in the
late Würm still Quercus, Abies and Ulmus are

Fig. 3. Comparison of pollen record with forest model simulations under various input scenarios (Table 2, Fig. 2). (a) Holocene
annually laminated pollen record from Soppensee. (b– j) Simulations with dynamic forest patch model FORCLIM. Simulated pollen
percentages are determined from basal area of species, corrected by R-values. (Table 1). (b) All modern species present, constant
climate, average temperature and precipitation. (c) All modern species present, transient precipitation, constant temperature. (d) All
modern species present, constant precipitation, transient temperature anomaly. (e) All modern species present, transient precipitation
and temperature. (f) Immigration of all species except Betula, Pinus, Salix and Populus at 12 000 cal. BP, transient temperature and
precipitation. (g) Immigration of Abies, and Fagus at years given in Table 1, of all other species except Betula, Pinus, Salix and
Populus at 12 000 cal. BP, transient temperature and precipitation. (h) Same as in g, simulated area heterogeneous with respect to
field capacity: 40% 35 cm, 40% 50 cm, 20% 55 cm. (i) Same as in g, no interspecific competition. (j) Equilibrium values of simulations
for constant climates and species sets according to g, at 10 discrete time points (triangles and squares in Fig. 2). The equilibrium
values were interpolated.
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Fig. 4. Sensitivity of species’ climate dependencies to climate anomaly scenario. The shaded areas show the combinations of summer
and winter temperature anomalies (dTs, dTw) in °C where the taxa can exist according to their climate dependencies in the model
FORCLIM. The different shadings indicate the taxa’s presence at different precipitation anomalies according to the climate scenario
(see Fig. 2) at selected times. White: taxon not present, light grey: taxon present at �P=30 cm/year (7500 BP), medium grey: taxon
present at �P=40 cm/year (9000 BP), dark grey: taxon present at �P=45 cm/year 12 500 BP),very dark grey: taxon present at
�P=65 cm/year (12 500 BP, precipitation anomaly extrapolated). The three black points indicate the temperature anomalies at
12 500, 9000, and 7500 BP, from bottom to top.

present, in the Holocene Abies and Fagus appear
too early, and Alnus and Fraxinus are still under-
represented. Hence, it appears that climate
changes had a considerable influence on the vege-
tation pattern, but this effect was not strong

enough to explain all major changes observed in
the pollen record, particularly not the absence of
mixed deciduous species during the late Würm.

Simulations with seasonal variations (�1 °C)
in the transient scenarios (not shown) differed
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only slightly from those of the yearly mean
anomaly (Table 2). Hence, seasonal anomalies in
this order of magnitude seem to have only a minor
effect. They were, therefore, left out in all subse-
quent simulation experiments.

The sensitivity tests (Fig. 4) show that the pres-
ence/absence of Abies, Quercus, Fagus and also
Picea could only be explained by climate alone, if
the winter temperature anomaly (dTw) was de-
creased by −5, −7, and −4.7 °C at 12 500, 9000
and 7500 BP, respectively, combined with small
decreases in the summer temperature anomaly
(Table 3). At 12 500 BP also dTs had to be
decreased by 1.5 °C. This means that a mere
increase in seasonality does not suffice. The tests
further revealed that the species’ distribution areas
in the dTs/dTw-space are shaped differently, be-
cause the species react differently to winter and
summer temperatures and to precipitation. Abies
and Fagus are limited mainly by low winter temper-
atures, Picea by high summer temperatures and low
precipitation affecting drought, and Quercus by low
summer temperatures affecting day degree sum.
Furthermore, the species’ distance to their distribu-
tion border differs. For example, Fagus is close to
it at all times, which means that it can be excluded
only by a small temperature decrease.

3.3. Effects of immigration

Fig. 3f shows the simulations where all species
except those present in the late Würm (Pinus,
Betula, Populus, Salix) were excluded until the
beginning of the Younger Dryas, which is much
earlier than their appearance in the pollen record.

The major difference between the simulation and
the pollen record remains in the still too early
appearances of Abies and Fagus.

In the following simulation (Fig. 3g) the domi-
nating species Abies and Fagus were assumed to
immigrate at the times indicated in Table 1. Now,
for the first time the simulation depicts the major
characteristics of the pollen data, except for the too
low abundances of Fraxinus and Alnus. When we
assumed that all species immigrated according to
Table 1 (simulation not shown) the qualitative
pattern changed only to a minor extent, although
the similarity index increased further (Table 2).
Mainly, the small shares of Castanea and Carpinus
were replaced by Tilia. Compared with the pollen
record, Fraxinus and Alnus were still underrepre-
sented during the Holocene.

3.4. Effects of a spatially �arying field capacity

Under the assumptions of a spatially heteroge-
neous field capacity (Fig. 3h) the flood tolerant taxa
Fraxinus and Alnus reached higher simulated abun-
dances during the Holocene, similar to Betula
during the earliest part of the simulation period.
Qualitatively, this simulation agrees best with the
data.

The last two simulations were not compared with
the pollen data, but to other simulations to analyze
the model behavior. The spatial heterogeneity de-
picted by the average of three simulations would
have only complicated these evaluations. There-
fore, for simplicity we used in the following analy-
ses the simulation without heterogeneity (Fig. 3g)
as a reference.

Table 3
Minimum change in temperature anomalies required to explain species presence/absence in the pollen data

Taxa present in pollenYears (BP) Winter temperatureSummer temperature

Quercus Abies Picea Fagus dTs �dTs dTw �dTw

12 500 −5−7.5−1.5−4−−−−
0−0.5−− −7.5−+9000 −7

7500 + + + − −0.3 0 −5 −4.7
0+ + + + 0 0 06500

dT : temperature anomaly (°C), �dT : difference to temperature anomaly scenario (there �Ts=−�Tw) in Fig. 2 (°C).
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3.5. Effects of interspecific competition

To distinguish between the direct effect of a
changing climate on the tree taxa and the indirect
effect of climate influenced competition (i.e. the
effect of climate on the fundamental vs. the real-
ized niche), we ran a simulation where the
boundary conditions were the same as in Fig. 3g,
but interspecific competition was excluded (Fig.
3i). The comparison to the simulations with inter-
specific competition (Fig. 3g) suggests that compe-
tition had only a small influence during late
Würm and Younger Dryas. Later, the species
composition is strongly affected by competition:
Fagus and Abies reach much higher fractions un-
der competition than in the non-competitive situa-
tion. Obviously, these taxa, which are themselves
directly climate controlled, are capable of out-
competing or at least dominating species from
other taxa.

3.6. Effects of equilibrium responses

Fig. 3j shows the sequence of equilibrium val-
ues according to the scenario of Fig. 3g, ordered
along the time axis. This sequence is similar to the
transient simulation in Fig. 3g during long peri-
ods. Differences appear in the beginning and par-
ticularly after the steep temperature increase
around 11 000 cal. BP and after the immigration
of Abies and Fagus. At these times, the transient
simulation required several centuries to reach the
equilibrium values.

4. Discussion

Using a plausible combination of input scenar-
ios, which were based on proxy data independent
of pollen, it was possible to simulate a long term
forest development which resembled to a large
extent that found in the annually laminated pollen
record from Soppensee.

The results have to be considered in the light of
the numerous uncertainties inherent in such stud-
ies of past vegetation dynamics (Lischke et al.,
1998a). These include the climatic forcing (Pren-
tice et al., 1991), the interpretation of the com-

parison data, the not clearly defined boundary
conditions, such as the earliest arrival dates, and
uncertainties of the model itself.

Climatic input had to be generated by
combining reconstructions from several proxy
data sources. This involves many uncertainties
(Bradley, 1991). The used reconstructions had to
be taken from other locations than Soppensee.
Temperature reconstructions were from other
lakes in the Swiss Central Plateau, and precipita-
tion reconstructions were from a grid-point of a
continental scale map. However, since the climate
of the Swiss Central Plateau can be regarded as
rather homogenous (Livingstone and Lotter,
1998), we assume that they are representative for
the Soppensee area. Furthermore, the sensitivity
tests reveal, that the presence/absence of the spe-
cies as defined by the forest models’ climate de-
pendences is robust to small deviations in the
climate scenarios. Rather strong changes, in par-
ticular strong decreases in winter temperature are
necessary to explain the species pattern by tem-
perature alone. The difference of the used sce-
nario to the two underlying ones (�1 °C) is not
sufficient. Temperature reconstructions based on
beetle remains (Atkinson et al., 1987) yielded such
low temperatures in the late Würm. However, it is
not clear, whether these findings can be trans-
ferred to Central Europe. In addition, beetles are
to a certain degree able to choose suitable habitats
and therefore reflect rather the local microclimate
than a regional climate as implicitly assumed in
these reconstructions.

Another drawback is that it is difficult to recon-
struct climate extremes, such as late frost,
wildfires, and wind, that may be of importance for
trees and their competitive abilities.

In addition, relating tree biomass simulations to
data from pollen records is not problem-free.
Each simulation represents the forest dynamics at
one single location, whereas the pollen in the
Soppensee sediment stems from the entire catch-
ment of the lake and neighboring areas with
potentially heterogeneous site conditions, and
thus forest compositions. Yet, the pollen source
area of Soppensee is small, about 300 km2 (Lotter
and Kienast, 1992), and has a maximum altitudi-
nal range of about �100 m, so that it can be
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regarded as nearly homogenous with respect to
altitude. The heterogeneity of soil properties was
taken into account by averaging several simula-
tions with differing field capacity values, which
yielded a considerable improvement of the simula-
tion results. Also the dating of the pollen record
can introduce a bias. This bias could be kept
small, since the used sediment is annually lami-
nated. In previous studies (Fischlin et al., 1995b;
Lischke et al., 1998a; Solomon and Bartlein, 1992;
Solomon et al., 1981), 14C-dated pollen records
were used. However, the 14C time scale is not 1:1
linear with the sidereal time scale (calendar years),
thus it can not be directly compared with the
simulations which are based on calendar years.
Here, all data are based on a sidereal time scale,
which was only possible because we used an annu-
ally laminated pollen record.

Pollen data are typically represented as frac-
tions which makes them very sensitive even to
small biases in the observations or in the conver-
sion factors. Furthermore, the conversion factors
relate pollen fractions to the ‘representation in the
vegetation’ (Faegri and Iversen, 1975), which is
not a clear measure of species abundance, such as
e.g. tree numbers or biomass. The drawbacks of
these representation factors have often been dis-
cussed (Birks and Gordon, 1985). However, in
this study they were the only way to obtain at
least a rough estimate for the relation between
pollen and some variable characterizing species
abundance. Today only few forests remain in the
Soppensee area, so that not sufficient surface pol-
len data are available to calibrate sophisticated
pollen dispersal models, e.g. those of Sugita
(1994) or Prentice (1988), which probably would
yield more reliable abundance estimates.

Finally, also the forest model itself, i.e. its
process functions and parameter values contain
uncertainties. Due to the empirical derivation, the
species’ parameters in gap models rather reflect a
mixture of the realized and the fundamental niche
and not the fundamental niche alone, as implicitly
assumed in the model structure. Maybe as a con-
sequence of this, gap models tend to perform well
in regions where their parameter values have been
derived, but less well in other regions (Badeck et
al., 2001). However, as long as no models are

available, which at the same time describe detailed
ecophysiology and tree interactions, still requiring
a manageable amount of input and computing
time, we consider the gap model approach as the
most suitable one for this study.

In our study we could break through the circu-
larity between the causes and effects of vegetation
dynamics (Huntley et al., 1995), since we had
available input data which was sampled largely
independently from the comparison data. The
precipitation scenario was partly derived from
other pollen records, but corrected with physical
data (Guiot et al., 1993). The temperature sce-
nario, reconstructed from aquatics, cladocera and
oxygen isotopes in lake sediments is completely
independent from pollen data. Compared, e.g.
with GCM derived Holocene climate scenarios,
the used scenarios offered the advantage of a
higher spatial and, in the case of temperature, also
higher temporal resolution. In contrast to other
studies (Fischlin et al., 1995b; Lischke et al.,
1998a; Lotter and Kienast, 1992; Solomon et al.,
1981), the immigration dates were not inferred
from the comparison pollen record itself, but
from a sequence of pollen maps. Of course, such
maps only indicate that a species appears at a
specific area at a certain time.

Our approach to add successively different in-
put scenarios for the simulations not only allowed
us to discover a combination of plausible input
scenarios that reproduced the data rather well,
but also to disentangle the processes leading to
the pattern of the pollen record, which would not
have been possible with either paleo data or simu-
lations alone.

Even with the uncertainties inherent in the in-
put scenarios and the model, we can assess how
vegetation at Soppensee might have developed,
namely by a combination of climate effects, local
biotic processes, and immigration.

During the late Würm many of the absent taxa
were not impeded by climate as defined by the
baseline scenario. The sensitivity tests indicated
that winter temperatures would have had to be
considerably lower to exclude in particular Quer-
cus and Abies. These species’ absence can be due
to late immigration as indicated by pollen maps
or to a not completed pedogenesis (Pennington,
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1995). Pinus and Betula, the taxa found in that
period in the pollen record, are pioneering species
with respect to soil quality (Mayer, 1984).

During Younger Dryas and Holocene, a major
part of the vegetation pattern at the study site
appeared to be determined by climate. Note, that
some taxa, e.g. Picea were excluded by drought
during the entire period. Temperature was partic-
ularly important: the biggest increase in agree-
ment between pollen data and simulation (Table
2) occurred when the temperature scenario was
introduced. This agrees well with the results of
Solomon et al. (1981) and Prentice et al. (1991)
for Eastern North America. In a similar simula-
tion study at the Lago di Annone in Northern
Italy (Keller et al., 2002), climate had a only a
minor direct influence. Although only about 200
km away, this site has mean yearly temperatures,
which are about 4 °C higher, and thus would
have allowed also during the cooler periods for
the existence of many species.

The relationship between climate and the occur-
rence of a species depends on the biotic environ-
ment, since climate affects a species not only
directly through climate dependent processes,
such as establishment, growth, and death, but also
indirectly through changing competition. The sim-
ulations with and without competition suggest
that the development of the Holocene vegetation
was, to a large extent, determined by the outcome
of interspecific competition as corroborated by
Bennett and Lamb (1988) and only to a smaller
extent by the direct effects of climatic changes.

Vegetation was in equilibrium with climate dur-
ing most of the studied period (Fig. 3g and j).
However, rapid changes of climate (such as at the
end of Younger Dryas) or of the set of dominant
species (such as at the arrival of Abies and Fagus)
triggered a secondary succession, which required
several centuries before equilibrium was reached
again (Prentice, 1986).

Migration played a dominant role, as also
found for North America (Davis, 1981; Davis et
al., 1986) and in the study at the Lago di Annone
(Keller et al., 2002). In particular, Abies and
Fagus arrived later at the study site than the
climatic conditions would have allowed. Similar
to climatic change, immigration had a strong

influence on competition (Bennett and Lamb,
1988); after the appearance of Abies and Fagus in
the pollen data as well as in the simulation results
(Fig. 3a and g), the relative abundances of less
dominant taxa, such as Pinus, Ulmus, and Quer-
cus declined strongly.

Although the obtained results can explain the
vegetation dynamics only at the study site, the
simulations allow some conjectures about what
happened also along the migrational paths and
thereby about what controls migration.

It is unlikely that migration of the delayed taxa
Abies, Fagus, and Quercus was slowed down by
unfavorable climate conditions, if the landscape
between refugia and study area was homogenous
and flat. In this case, temperature would have
increased between the study area and the glacial
refuge. This implies, that if temperature was high
enough for a species at the study area (such as for
Abies from 11 000 cal. BP on), it was also high
enough on the way between the glacial refuge and
the study area. This was probably the case for
subpopulations migrating around the Alps. Their
speed was limited by the species’ intrinsic maxi-
mum migration rate. Competition probably
played a minor role, at least for the dominant
taxa Abies and Fagus.

In a complex topography such as Southern and
Central Europe, however, temperature gradients
were not monotonous; mountain ranges such as
the Alps were not only topographic barriers for
the transport of seeds, but represented also an
additional steep temperature gradient which
forced the tree species either to wait until the
temperatures were favorable enough to pass the
mountains, or to migrate along the longer way
around them.

This is demonstrated by a comparison with the
study at the Lago di Annone (Keller et al., 2002)
which is situated in Northern Italy, at the south-
ern slope of the Alps. It shows that Abies alba and
Fagus sil�atica had appeared there about 1800
(400) years earlier than at Soppensee. The glacial
refuges of both species were in the mountains of
Southern Italy and the Southern Balkan. The
pollen maps of (Lang, 1994) suggest, that the
Soppensee population of Abies came from its
refuge in Southern Italy, passed by Northern Italy
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and from there either traversed the Alps or
dodged them west, which explains the rather long
time difference. The Soppensee population of Fa-
gus probably stemmed from the Balkan refuge,
whereas the Lago di Annone population either
stemmed from Southern Italy or from a side
branch of the Balkan population. This parallel
migration explains why the two lakes were
reached rather short after another.

5. Conclusions

Our non-circular simulation analysis of the late
Würm/Holocene Soppensee pollen data supported
findings of other studies of past vegetation
adaptation.

Vegetation, as represented by tree species, re-
sponded in an individualistic manner (Davis,
1981). The temporal pattern of vegetation devel-
opment at this particular site was shaped not by
one general cause such as the changing climate,
but by several, including biotic causes. During
late Würm, delayed immigration or incomplete
soil formation were most important. Later, cli-
mate controlled the general pattern of vegetation
by changing directly the living conditions and by
moderating the competition among the species.

Hence, adaptation of the vegetation around
Soppensee to climatic change consisted of a
combination
� of successional changes at the time scale of

several centuries after rapid changes in the
boundary conditions, such as the climate
change at the end of Younger Dryas, or the
immigration of dominant species,

� of equilibrium shifts with slowly changing
climate,

� and of tree species immigration.
Our results thus corroborate the conclusions of

Huntley (1990), Huntley and Webb (1989) that
climatic change is the major factor driving the
compositional change of vegetation on the time-
scale of millennia, whereas during faster changes
such as the one at the end of the last glaciation,
succession and migration can also play an impor-
tant role.

An analogous situation could occur during the

comparably fast present and expected future cli-
matic change. Particularly migration might be
important, if species which are better adapted to
the new conditions are blocked behind geographi-
cal barriers or otherwise impeded by adverse con-
ditions along the migrational path. In the Alps,
e.g. it might be that some drought adapted spe-
cies, which are already present in the insubrian
zone (Kloetzli et al., 1996), could not cross the
Central Alps in time. Unless assisted by man, this
could lead to intermediary forest decline, espe-
cially due to drought stress at some presently
already warm and dry sites. For example, in the
valley of the river Rhône (Valais), as demon-
strated by several simulation studies on the sensi-
tivity of the forests to various climatic change
scenarios (Brzeziecki et al., 1995; Fischlin and
Gyalistras, 1997; Lischke et al., 1998a).

For a better understanding and projection, also
migration as reflected by sequences of pollen
maps, should be reduced to constant and time-de-
pendent processes. To this aim, forest dynamics
coupled with seed production and transport
should be simulated in entire regions or along
potential migrational paths and compared with
several pollen records. First simple migration
models have been developed (Chave, 1999;
Collingham et al., 1996; Easterling et al., 2001).
However, these models are either confined to a
few species (Collingham et al., 1996; Jesse, 1999)
or to relatively small regions (Chave, 1999; East-
erling et al., 2001) or their description of the
dispersal is rather rule-based than mechanistic
(He et al., 1999). The presented local study shows
the potential of patch models such as FORCLIM

or its much faster distribution-based version DISC-

FORM (Lischke et al., 1998b) for more realistic
migration studies, given reliable independent cli-
mate input data.
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