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ABSTRACT

Aim During recent and future climate change, shifts in large-scale species ranges

are expected due to the hypothesized major role of climatic factors in regulating

species distributions. The stress-gradient hypothesis suggests that biotic

interactions may act as major constraints on species distributions under more

favourable growing conditions, while climatic constraints may dominate under

unfavourable conditions. We tested this hypothesis for one focal tree species

having three major competitors using broad-scale environmental data. We

evaluated the variation of species co-occurrence patterns in climate space and

estimated the influence of these patterns on the distribution of the focal species

for current and projected future climates.

Location Europe.

Methods We used ICP Forest Level 1 data as well as climatic, topographic and

edaphic variables. First, correlations between the relative abundance of European

beech (Fagus sylvatica) and three major competitor species (Picea abies, Pinus

sylvestris and Quercus robur) were analysed in environmental space, and then

projected to geographic space. Second, a sensitivity analysis was performed using

generalized additive models (GAM) to evaluate where and how much the

predicted F. sylvatica distribution varied under current and future climates if

potential competitor species were included or excluded. We evaluated if these

areas coincide with current species co-occurrence patterns.

Results Correlation analyses supported the stress-gradient hypothesis: towards

favourable growing conditions of F. sylvatica, its abundance was strongly linked

to the abundance of its competitors, while this link weakened towards

unfavourable growing conditions, with stronger correlations in the south and

at low elevations than in the north and at high elevations. The sensitivity analysis

showed a potential spatial segregation of species with changing climate and a

pronounced shift of zones where co-occurrence patterns may play a major role.

Main conclusions Our results demonstrate the importance of species

co-occurrence patterns for calibrating improved species distribution models for

use in projections of climate effects. The correlation approach is able to localize

European areas where inclusion of biotic predictors is effective. The climate-

induced spatial segregation of the major tree species could have ecological and

economic consequences.
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INTRODUCTION

Species responses along macro-climatic gradients have often

been interpreted to represent the realized ecological niche

sensu Hutchinson (Austin et al., 1990; Araújo & Guisan, 2006).

This means that large-scale species patterns are not only

influenced by macro-climatic and other abiotic environmental

predictors, but also by species (i.e. biotic) interactions. The

importance of biotic interactions may vary according to scale

and position along environmental gradients. For instance,

biotic interactions are recognized as important local filters of

species distributions (Lortie et al., 2004; Meier et al., 2010).

This local filtering is inherent in the stress-gradient hypothesis

(e.g. Bertness & Callaway, 1994; Callaway & Walker, 1997),

which predicts negative interspecific biotic interactions (i.e.

competition) mainly towards favourable growing conditions,

and positive interspecific biotic interactions (i.e. facilitation)

and physiological stress towards unfavourable growing condi-

tions. The stress-gradient hypothesis has been widely sup-

ported in the theoretical literature (Bertness & Callaway, 1994)

and by a broad range of small-scale studies based on

experiments and surveys of population dynamics (e.g. Call-

away et al., 2002; Saccone et al., 2009). Still largely missing,

however, is empirical quantification of the strength of

interspecific competition along large-scale climate gradients

(but see Normand et al., 2009).

Species distribution models (SDMs) are powerful tools for

relating species occurrences to environmental variables (Gui-

san & Zimmermann, 2000; Guisan & Thuiller, 2005). Abiotic

factors play a prominent role in SDMs, whereas biotic

interactions are frequently subsumed in the abiotic predictors.

This may lead to an under- or overestimation of biotic

interactions and to bias in the predicted distribution of species.

Altered temperature and moisture regimes under projected

climate change may even aggravate these biases. Thus, efforts

are needed to improve SDMs by incorporating, for example,

biotic interactions (Leathwick & Austin, 2001; Araújo & Luoto,

2007; Heikkinen et al., 2007). Knowledge of climatic condi-

tions where biotic interactions may act as relevant constraints

on large-scale species distributions would help ecologists and

conservationists understand how species might shift their

ranges in the future (Davis et al., 1998; Williams & Jackson,

2007). In forest management, for example, altered climate

regimes may affect silvicultural planting decisions, requiring

consideration of tree species adapted to both current and

projected future climate. According to some current predic-

tions, treelines may shift upwards if future temperatures rise

(Dullinger et al., 2004), while in forests tree species may

experience drought stress and die back, or may experience

changes in composition as a result of species-specific migration

rates.

However, if the relative importance of species interactions

along macro-climatic gradients is included in climate effects

models, these predictions may be different. In silvicuture, for

instance, partial failure of commercial tree plantings can occur

not only because trees have been planted outside the range of

their physiological tolerance (e.g. too cold or dry), but also

because trees were planted in areas where interspecific

competition was high (Kimmins, 2004). Thus, the distribution

of a species may change not only because of altered climatic

conditions, but also because of altered competitive interactions

that themselves change as potential competitors move in

response to climate change.

Competition between species for light, soil nutrients, soil

moisture or space may result in a reduction of the above- and

below-ground growth or abundance of species in co-existence,

or it may even act as a filter for determining whether a species

may or may not become established in a given community

(Grime, 1979; Begon et al., 2006). Therefore, competitive

effects may be measured by reduced biomass or abundance of a

focal species if competitors are present, and by a strong link

between the biomass or abundance of the focal species and the

competitors. Competitive abilities of species may vary in space

either because of variation in the biotic and abiotic environ-

ment (e.g. Smith et al., 1971) or because of intraspecific

genetic variation (e.g. Bradshaw & Snaydon, 1959).

In this paper: (1) we evaluate how correlation patterns of the

relative abundance of European beech (Fagus sylvatica L.) with

three species, each of which act as major competitors under

specific environmental conditions [Norway spruce, Picea abies

(L.) H. Karsten; Scots pine, Pinus sylvestris L.; and pedunculate

oak, Quercus robur L.], change along two main macro-climatic

gradients (temperature and moisture); (2) we project these

patterns into geographic space; (3) we evaluate where and how

much predictions of F. sylvatica distributions for current and

future climate differ when comparing models that are based

solely on climate, soil and topography against models that

additionally include the predicted relative abundance of the

three competitor species; and (4) we assess if these areas

coincide with the correlation patterns in geographic space. The

selected tree species are common and commercially important

in Europe, and are expected to compete at different strengths

under different macro-climatic conditions (Woodward, 1987;

Ellenberg, 1996; Bolte et al., 2007). We expect from the stress-

gradient hypothesis that the link between species co-occur-

rences may be strong towards favourable growing conditions

of F. sylvatica and weak towards unfavourable growing con-

ditions. In geographic space, this would lead to a large variance

in co-occurrence patterns along a north–south gradient, and

along an elevational gradient. Because of altered climatic

conditions in the future, followed by range changes and a

potential spatial segregation of the competitor species, we

expect that the effects from the co-occurrence patterns in

geographic space on F. sylvatica distribution may change in the

future.

MATERIALS AND METHODS

Study area

The study area encompassed all of Europe (34–72� N,

11� W–32� E; c. 5.7 · 106 km2; Fig. 1). Around 80–90% of
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Europe was once covered by forest, but due to deforestation

more than two-thirds of the natural forest areas have

disappeared, although many trees have been planted. In

recent years, many monoculture plantations of conifers

have been replaced by more natural mixed forest, resulting

in semi-natural forests of broadleaf and coniferous species.

The most important species in Central and Western

Europe are F. sylvatica and Quercus spp., whereas Picea

spp., Pinus spp. and Betula spp. dominate the taiga in the

north.

Species data

Our focal tree species was European beech (Fagus sylvatica,

nplots = 831; see Appendix S1 in the Supporting Information).

We selected as potential competitor species Norway spruce

(Picea abies, nplots = 2118), Scots pine (Pinus sylvestris,

nplots = 2570) and pedunculate oak (Quercus robur,

nplots = 548; see Appendix S1). The selected tree species are

abundant and commercially important in Europe, and are

expected to compete under different climatic conditions at

varying strengths (Fig. 2) (Woodward, 1987; Ellenberg, 1996).

Fagus sylvatica is expected to dominate under moderately

warm and wet conditions. Relative to F. sylvatica, P. abies

dominates under colder conditions, P. sylvestris under colder

Figure 1 Distribution of the ICP Forest

Level 1 plots. The plots are distributed

nationally on a systematic grid of c.

16 · 16 km using national projections,

covering c. 6000 forest plots.

Quercus robur

Pinus sylvestris Picea abies

Fagus sylvatica

moisture

te
m

pe
ra

tu
re

Figure 2 Expected competitive abilities of Fagus sylvatica and its

potential competitors in relation to the climatic condition (dark:

high competitive ability, bright: low competitive ability).
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and drier conditions, and Q. robur under warmer and drier

conditions.

Species data were extracted from the large-scale transna-

tional survey of forest condition in Europe under the

International Co-operative Programme on Assessment and

Monitoring of Air Pollution Effects on Forests (ICP Forests

Level 1; Lorenz, 1995). The database contains information on

individual trees of every species occurring in predefined plots.

The plots are distributed on systematic national grids of

c. 16 · 16 km throughout Europe, covering c. 6000 plots

(Fig. 1). Relevant data for this study, the number of individ-

uals per species, were recorded in four sub-plots at a distance

of 25 m from the centre grid point (Eichhorn et al., 2006). On

each subplot a minimum of six trees (with a minimum height

of 60 cm) nearest to the subplot centre were recorded,

resulting in > 24 trees per plot. Data used for the analyses

were collected in 2005 and 2006.

Competition between species may be expressed as a

reduction of the relative above- and below-ground biomass

or abundance of species in co-existence. Because relative

basal area (a surrogate of biomass) has been shown to be

highly correlated with relative abundance (Meier et al.,

2010), we estimated effects from species co-occurrence

patterns along climatic gradients by variation in the relative

abundance of species. Relative abundance is defined as the

proportion of the stem number of a focal species relative to

the total number of stems of every species recorded in a plot.

Correlations among the relative abundance values of the

three selected potential competitor species of F. sylvatica in

the European forest inventory were all < |0.5| (see Appendix

S2), avoiding multicollinearity problems when adding the

species as biotic predictors in regression models.

Environmental data

We selected environmental data from a comprehensive set of

climatic, edaphic and topographic variables on the basis of

their relevance to plant physiology and for explaining large-

scale spatial patterns. The selected variables all had correlations

< |0.5| (see Appendix S2), which reduced potential problems

regarding multicollinearity. Environmental data were gener-

ated at a 750-m spatial resolution for all of Europe.

Climate data were based on monthly averages of temper-

ature and precipitation maps of WorldClim (30 arc s

resolution c. 750 m resolution over Europe) for current

climate (1950–2000, http://www.worldclim.org; Hijmans et al.,

2005) and the years 2040, 2070 and 2100 for two climate

scenarios originating from the Hadley Centre Coupled Model,

version 3 (HadCM3). Future climates are calculated using

SRES scenarios as specified by the Intergovernmental Panel on

Climate Change. We used the A1fi scenario, which represents a

global economic and fossil fuel-intensive world with a global

average surface warming of c. 4 �C until 2100 relative to 1980–

99; and the B2 scenario, which represents a regional environ-

mental world with a global average surface warming of

c. 2.4 �C. Following Zimmermann & Kienast (1999), we

derived degree-days with a 5.56 �C threshold (DDEG556,

�C*days) and summer precipitation (PRSU, average of April–

September, mm).

Soil data used included texture (TEXT, percentage of clay

and sand) and cation-exchange capacity of the topsoil

(CEC_TOP, cmol kg)1). Variables were derived from polygon

maps of the European Soil Bureau Network and the European

Commission (2004).

Topography data included slope (SLOPE, degrees) derived

from a global digital elevation model (GTopo30, 30 arc s

resolution); and topographic position (TOPOS, range)

expressed as the difference between the average elevation in a

circular moving window applied to the global digital elevation

model and the centre cell of the window (Zimmermann et al.,

2007).

Statistical analyses

Correlation analysis of species pairs

To examine the co-occurrence patterns of species pairs in

climatic space (DDEG, PRSU), we analysed the correlation

between the relative abundance of each species pair in moving

windows. The values of the grid cells of the two climate

variables were split according to the range of the values into 40

equally sized bins (climate cells, hereafter). The size of the

analysis window was 5 · 5 climate cells. The window was

moved from cell to cell through climate space. If at least 15

abundance values > 0 of both species were present in an

analysis window, a correlation value was written to the centre

climate cell of the moving window. Finally, we projected

correlations between species pairs from climate space into

geographic space using look-up tables. We used Spearman’s

rank correlation coefficient (rs) because of the proportional

data (i.e. relative abundance per species and plot) and because

of the partly small sample sizes.

We tested if the variation in correlations was an artefact of

‘spurious correlations’ (Köhler et al., 2007) rather than an

effect from variation in species co-occurrence patterns. Spu-

rious correlations may occur if the two species are highly

abundant, and their relative abundance in a forest plot sums to

almost 100%. We therefore assessed whether correlations

increased with increasing sums of relative abundance of the

two species. However, we found no such patterns, therefore we

concluded that spurious correlations were marginal and

unimportant in successive analyses.

Predictions of species distributions

To map the degree of the effect of co-occurrence patterns

relative to the climatic condition on current and future relative

F. sylvatica abundance, we constructed generalized additive

models (GAM) with and without the relative abundance of the

three potential competitor species as biotic predictors. We

used climatic, topographic and edaphic variables as abiotic

predictors. Our response variable was the proportion of
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individual beech trees in a forest plot. In order to exclude

possible effects originating from differing numbers of individ-

uals, we used weighted GAMs where the total number of

individuals of all tree species in a plot was used as weight. All

GAMs were built using the R package mgcv, where the degree

of smoothing is selected by internal cross-validation maximiz-

ing model predictive accuracy (Wood, 2008).

Models were predicted to all of Europe for current and

future climates. For models with biotic predictors, we first

mapped the potential distribution of the relative abundance

of the competitor species using GAMs with climatic, topo-

graphic and edaphic predictors for current and future

climates. We next used these competitor maps for the

predictions of F. sylvatica. In order to keep the models

parsimonious, we used only abiotic envelopes for the

potential competitor species. Adding biotic drivers for the

competitor species would require us to consider additional

competitors of oak, spruce and pine. Furthermore, we have

good ecological reasons (see Discussion) to assume that

F. sylvatica is the strongest of the four competitors and

consequently experiencing the least negative influence from

the presence of the other species.

Model fit was evaluated by the adj. D2; model errors and

quality were assessed by a 10-fold cross-validation, where we

calculated the mean absolute error (MAE), root mean square

error (RMSE) and the coefficient of determination (R2). All

data were analysed and prepared using R (R Development

Core Team, 2008) and ArcGIS 9.2 (ESRI, 2006).

RESULTS

Correlation analysis of species pairs

Correlation patterns in climate space differ between each of the

potential competitor species and F. sylvatica (Kruskal–Wallis

chi-square test, P < 0.001; see Appendix S3). However, they all

reveal stronger correlations towards warm and/or wet condi-

tions, and weaker correlations towards colder and drier

conditions, except for Q. robur, which is only weakly corre-

lated with F. sylvatica under cold and wet conditions (Fig. 3).

This pattern becomes stronger once all three correlation maps

are averaged (Fig. 3d). This mean correlation among species

reveals strong geographic patterns. We found significant

correlations with latitude (rs = )0.60, P < 0.001) and elevation

(rs = 0.25, P < 0.001) over the scale of Europe, with stronger

correlations at more southern latitudes and lower elevations

and with lower correlations at more northern latitudes and

higher elevations (Fig. 4).

Predictions of species distributions

The distribution model for F. sylvatica calibrated without

biotic predictors has lower adj. D2 and R2 fits, and higher MAE

and RMSE errors than the model that included biotic

predictors (Table 1). Adj. D2 of individual predictors is given

in Appendix S4.

Under current climatic conditions, the inclusion of the

biotic predictors reduces the predicted F. sylvatica range more

in lower elevations and southward than in higher elevations

and northward (Fig. 5a). This is demonstrated by significant

correlations between changes in the predicted F. sylvatica

abundance when adding biotic predictors on the one hand,

and latitude (rs = 0.39, P < 0.001) or elevation (rs = 0.29,

P < 0.001) on the other hand. These areas coincide with the

geographic regions where strong correlations between F. sylv-

atica and its three potential competitors were found. Under

future climate scenario conditions (years 2040, 2070 and 2100

for A1fi and B2 SRES scenarios), the use of biotic predictors

generates less prominent effects, that is, the differences in

predicted distribution patterns with or without including

biotic predictors are smaller and the geographic patterns

generally change (Fig. 5b,c).

The most prominent changes are as follows: in the A1fi

scenario (Fig. 5b) for the year 2040, areas at low elevations

emerge where biotic predictors enhance the predicted abun-

dance. For the year 2070, areas where biotic predictors reduce

predicted high abundance in F. sylvatica are restricted to mid

and high elevations, and areas where biotic predictors enhance

the predicted abundance are occurring at mid elevation. For

the year 2100, areas where biotic predictors reduce the

predicted patterns are restricted to high elevations, and areas

where biotic predictors enhance the predicted abundance have

almost disappeared. The same effects, although less strong, can

also be seen for the B2 scenario (Fig. 5c). Averaged over the

entire continent, the inclusion of biotic predictors leads to a

consistent decrease of the predicted relative abundance of

F. sylvatica over Europe (Fig. 6). The effect decreases over

time, with the 2100 predictions showing the lowest effect.

DISCUSSION

Predictions from SDMs based only on abiotic factors have

been criticized as incomplete representations of natural

patterns because they ignore important aspects such as

competition, human activities and other local processes

(Rouget et al., 2001; Araújo & Luoto, 2007). Despite this

shortcoming, SDMs still remain the best available tool for

rapid species-specific assessments of potential ranges under

current or potentially changed conditions (Pearson & Daw-

son, 2003). Our results highlight the climatic conditions

under which omitting biotic predictors subsuming local

biotic and abiotic processes may be especially critical for

generating reliable prediction maps, and may thus help to

interpret maps generated by SDMs. To ensure a correct

interpretation of our results, we mention several critical

discussion points below.

First, our analysis was restricted to four species. We

examined correlation patterns among European beech (F. sylv-

atica) and three of its key competitor species, and estimated

the potential influence of the abundance of these competitors

on the distribution of F. sylvatica under current and projected

future climate. Further species may be tested for similar effects.

Influence of co-occurrence patterns on Fagus sylvatica
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Second, we used an observational approach. Competition

for limited resources such as light, soil moisture, nutrients

and space between and among species may result in a

reduction of fitness (e.g. Tilman, 1994; Rouget et al., 2001),

while the individual strength of competition depends on the

carrying capacity of the environment (Grime, 1979). Based

on this definition, observational studies often assume that the

relative abundance of species is reduced if competitor species

are present (e.g. Rouget et al., 2001; Latimer et al., 2009).

However, variation in correlations may also be associated

with interspecific facilitation, local habitat heterogeneity,

evolutionary history or stochastic processes (Bell, 2003;

Veech, 2006). Thus, we cannot directly demonstrate compe-

tition with our analysis even though we used small-scale

species data.

Third, cause and effect of co-occurrence patterns are hard to

separate (Huston, 1997), particularly with observational

approaches. Experimental studies where species are grown in

manipulated mixtures (e.g. Perkins et al., 2007; Rewald &

Leuschner, 2009) clearly provide greater inference. However,

we would have had the disadvantage of studying only a few

climatic conditions with relatively few replicates, and therefore

it would still have been difficult to demonstrate the variability

of competition or other forms of biotic interaction along

multiple environmental gradients and over large spatial scales

with several interacting species.
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Figure 3 Spearman’s rank correlation patterns of Fagus sylvatica and three competitor species along temperature (DDEG: degree-days

using a 5.56 �C threshold) and moisture (PRSU: summer precipitation sum) gradients. Panels show correlation pattern of Fagus sylvatica

with (a) Quercus robur, (b) Pinus sylvestris and (c) Picea abies in the climate space where each of the species occurs (polygons), while the

mean among the tree correlations is mapped in (d). Numbers in brackets represent numbers of forest plots. Mean Spearman’s rank

correlation coefficient (mean rs) indicates the overall correlation between each species pair across the whole climate space.
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Fourth, it is unclear from co-occurrence patterns alone

which species is influencing the distribution of the others. We

selected species that are expected to compete under different

climatic conditions at varying strengths. Our focal species,

F. sylvatica, is the strongest competitor under moderately

warm and wet conditions because of a medium frost and heat

tolerance, and a high potential to access topsoil moisture and

nutrients due to its fine-root structure (Bolte & Villanueva,

2006). It has the highest shade tolerance compared with the

other species selected for this study (Ellenberg, 1996), and may

also have an advantage in the competition for soil moisture

and nutrients (Kobe et al., 1995; Welander & Ottosson, 1998).

Picea abies is more competitive under colder conditions

because of its higher frost tolerance but lower heat tolerance.

Under optimal conditions, P. abies is co-dominant with

F. sylvatica; despite having a slightly lower shade tolerance, it

grows quickly and can reach the highest size among the forest

trees in Europe (Bugmann, 1994), thus gaining direct access to

light. Pinus sylvestris is more dominant under colder and drier

conditions because of its higher frost tolerance but lower heat

tolerance, and its higher drought tolerance due to tap-roots

whereby it can access deep water-bearing strata (Burns &

Honkala, 1990). Quercus robur dominates under warmer and

(a) (b) 

(c) (d) 

rs = -1 
rs =  0 

Figure 4 Spearman’s rank correlations along temperature and moisture gradients (see Fig. 3 for details) between Fagus sylvatica (•) and the

selected competitor species (+) projected to the geographic space: (a) Quercus robur, (b) Pinus sylvestris, (c) Picea abies. The mean among the

three maps (d) was derived by averaging the three species-specific correlations.

Table 1 Model fit (adj. D2), model errors (MAE, mean absolute

error; RMSE, root mean square error) and model quality (R2) of

the generalized additive models for current Fagus sylvatica distri-

bution calibrated with and without biotic predictors, assessed by a

10-fold cross-validation.

adj. D2 MAE RMSE R2

Without biotic predictors 0.38 0.11 0.71 17.36

With biotic predictors 0.60 0.08 0.60 35.33
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drier conditions because of its lower frost tolerance but higher

heat tolerance, and its higher drought tolerance due to a

fibrous root system allowing it access to both deep water-

bearing strata and upper strata, containing more nutrients
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C
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Figure 5 Predictions of the relative abundance of Fagus sylvatica in Europe (a) for current climate; (b,c) for 2040, 2070 and 2100 according

to (b) the A1fi scenario and (c) the B2 SRES scenario from models calibrated with climatic, edaphic and topographic predictors and from
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(van Hees, 1997). However, Q. robur may be the weakest

competitor among the four species included in this study

(Björkman & Bradshaw, 1996).

Fifth, the modelled partial segregation of the ranges of

F. sylvatica and its three competitor species under future

climatic conditions may be biased, given that not all compet-

itor species may be able to colonize potentially suitable habitats

due to limited migration. Although we did not address this

issue in our analyses, we acknowledge that predicted distribu-

tions of competitor species may be different under future

climates. Nevertheless, the general patterns we found in the

climatic space should not be affected by this shortcoming.

Sixth, biotic predictors in models can include not only biotic

interactions, but also a broad range of local processes such as

dispersal, disturbance or human influences (Meier et al.,

2010). For example, forest composition across Europe is

influenced by country-specific forestry practices that have

resulted in large differences in forests between Western and

Eastern European countries, despite similarities in regional

climates. Forest composition and cover in Eastern European

countries is still largely influenced by the socialist period

(Kissling-Naf & Bisang, 2001; Kuemmerle et al., 2006), where

there were large differences in broad-scale socioeconomic and

political factors relative to Western Europe, and F. sylvatica

was often replaced through clear-cuts by coniferous forest

(mainly P. abies). These large contrasts are readily observed

when comparing adjacent forest areas in countries that were or

were not former Soviet Union countries, for example in the

comparison between Sweden and Finland and the former

Soviet Union countries (Lazdinis & Angelstam, 2005) or

Poland, Slovakia and Ukraine (Kuemmerle et al., 2006). Given

these differences in current and historical forest management,

our results may be biased. However, because of the large

number of forest plots used in the study and the small number

of plots located in former Soviet countries, the effects on the

modelled distribution are likely to be marginal.
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Figure 5 Continued
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Despite these critical points, our results provide two major

insights. First, correlation patterns between the three potential

competitor species and F. sylvatica in environmental space

showed a general trend towards low correlations under cold

and dry conditions, and high correlations under warm and wet

conditions, except for Q. robur, where the correlations were

lowest under cold and wet conditions. When averaging all

three partial correlations, this leads to a general latitudinal and

an elevational gradient correlation trend over Europe: corre-

lations generally increase towards the south and towards low

elevations. This is in agreement with the stress-gradient

hypothesis, which expects a context-sensitive rather than a

global competition. Therefore, under less favourable environ-

mental conditions (i.e. increased frost or drought events),

competition appears to decrease (Bertness & Callaway, 1994;

Normand et al., 2009). With decreasing competition, positive

interactions between other species (e.g. mutualism) may

become more important (Bertness & Callaway, 1994). In our

study, we did not detect strong positive correlations that we

could interpret as facilitation. Facilitation may still occur

among the four species, but we were unlikely to be able to

detect it at the given analysis scale.

Second, under current climate, the inclusion of biotic

predictors reduces the predicted relative abundance of F. sylv-

atica in some parts of Europe, specifically at more southerly

and lower-elevation sites, which coincides with the observed

co-occurrence patterns. Under future climate scenarios, dif-

ferences in predicted distribution patterns become smaller and

patterns change generally. Areas emerge, for example, where

biotic predictors do not reduce but rather enhance the

abundance of F. sylvatica. By 2100, areas where biotic predic-

tors reduce the predicted abundance of F. sylvatica are

restricted to high elevations, and areas where biotic predictors

enhance the predicted abundance almost disappear under the

A1fi scenario. However, these areas are still available under the

B2 scenario. This is probably the result of the predicted climate

change inducing general but individually differing range shifts

of F. sylvatica and the three potential competitor species to

higher elevations and more northern latitudes. Due to this

predicted spatial segregation between the ranges of F. sylvatica

and its current competitor species, the difference between the

predicted relative abundance of F. sylvatica from models with

and without biotic predictors becomes smaller for future

climate. It remains unclear, however, if new competitor species

will replace the former species in the future. It has been shown,

for instance, that growth rates of immigrant species from

currently warmer and more arid regions were comparable with

those of the local species because the soil moisture require-

ments of the potential immigrants were similar to those of the

local species (Ibáñez et al., 2009).

Our study has a number of consequences for using SDMs to

assess the effects of climate change on species distributions. We

have demonstrated that including biotic predictors together

with environmental variables in models has an effect on the

predicted range patterns of species. However, the magnitude of

this effect changed under projections of future climate,

probably due to a predicted spatial segregation of species’

future ranges. Because it remains partly unclear how quickly

individual species will migrate, and thus equally unclear

whether and which competitors will invade the habitats of

existing trees, we have to evaluate carefully large-scale projec-

tions for future climates (Baselga & Araújo, 2009). Conse-

quently, future research should focus on a mechanistic

implementation of expected competitive relations and imple-

mentation of migration rates. This can be achieved, for

instance, through a set of experimental evaluations of species

pairs along large-scale environmental gradients, or by process

models, which in turn may be linked to statistical models.
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