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Abstract

Recent efforts to incorporate migration processes into species distribution models (SDMs) are allowing assessments
of whether species are likely to be able to track their future climate optimum and the possible causes of failing to do
so. Here, we projected the range shift of European beech over the 21st century using a process-based SDM coupled to
a phenomenological migration model accounting for population dynamics, according to two climate change scenarios
and one land use change scenario. Our model predicts that the climatically suitable habitat for European beech will
shift north-eastward and upward mainly because (i) higher temperature and precipitation, at the northern range mar-
gins, will increase survival and fruit maturation success, while (ii) lower precipitations and higher winter tempera-
ture, at the southern range margins, will increase drought mortality and prevent bud dormancy breaking. Beech
colonization rate of newly climatically suitable habitats in 2100 is projected to be very low (1-2% of the newly suitable
habitats colonised). Unexpectedly, the projected realized contraction rate was higher than the projected potential con-
traction rate. As a result, the realized distribution of beech is projected to strongly contract by 2100 (by 36-61%)
mainly due to a substantial increase in climate variability after 2050, which generates local extinctions, even at the
core of the distribution, the frequency of which prevents beech recolonization during more favourable years.
Although European beech will be able to persist in some parts of the trailing edge of its distribution, the combined
effects of climate and land use changes, limited migration ability, and a slow life-history are likely to increase its
threat status in the near future.
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Although environmental conditions, and primarily

Introduction . . . o
climate, determine the region where a species is able

Many species are already shifting their range and/or
changing their phenology in response to human
induced environmental changes (Walther et al., 2002;
Cleland ef al., 2012) and these effects are projected to
increase in the near future (Thomas et al., 2004; Morin
et al., 2008, 2009). However, understanding which fac-
tors constrain species distributions and restrict their
shifts remains a strong challenge (Beale & Lennon,
2012), partly because most models focus on a long-term
climate-driven habitat suitability (Schurr et al., 2012;
Fordham et al., 2013a) and fail to account for important
demographic and evolutionary mechanisms that caus-
ing a disequilibrium between vegetation and climate,
and potentially increasing extinction risks (Barve et al.,
2011; Fordham et al., 2013c).
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to establish populations in the absence of competi-
tors and other negatively interacting species (Holt
et al., 1997; Pulliam, 2000), two other major factors
control species’ range shifts (Peterson et al., 2011).
First, species” dispersal rate determines its ability to
track climatically suitable areas through time, and
accessible geographic regions within a given time
span. Limited migration rate can cause disequilib-
rium between the potential (climatically suitable)
and the realized (climatically suitable and accessible)
distribution of the species (Normand et al., 2011;
Saltré et al., 2013). Second, biotic interactions and
perturbations (mostly land use at regional scale)
determine the geographic regions where populations
of the species can establish and survive (Sala et al.,
2000, Thomas et al., 2004; Thuiller et al., 2005). The
interplay of climate suitability, migration ability, and
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biotic interactions defines the regions that are both
accessible and suitable for a given species (Peterson
et al., 2011).

The migration rate of many species is much lower
than current and future (projected) climate velocity
(Pounds et al., 1999; Kremer et al., 2012). In addition, in
many modern landscapes, human-driven habitat frag-
mentation has generated new artificial barriers to spe-
cies migration that dramatically reduce realized
migration rates (Malanson & Armstrong, 1996; Colling-
ham & Huntley, 2000). Climate change, in conjunction
with habitat destruction and fragmentation, is thus
expected to strongly affect species distributions and
extinction risk (Pereira et al., 2010; Fordham et al.,
2012). Therefore, accounting for the interplay between
climate, migration processes and habitat fragmentation
on projections of species distribution is crucial for
understanding the circumstances limiting species range
shifts.

Species distribution models (SDMs) have often been
used to assess factors limiting species distribution. Sev-
eral types of species distribution models exist
(Dormann et al., 2012), spanning from purely correla-
tive models (Guisan & Zimmermann, 2000) to process-
based models (Chuine & Beaubien, 2001; Kearney &
Porter, 2009). SDMs have been coupled to process-
based models of metapopulation dynamics and dis-
persal processes to more closely approximate species’
realized niche and simulate its spatial dynamics (Meier
et al., 2012; Fordham et al., 2013a,c). Such coupled mod-
els have shown that dispersal, biotic and others factors
such as life history or forest fragmentation, might limit
many mid- to late- successional species in tracking their
climate optimum (Meier et al., 2012). Recently, more
complex dynamic models have been developed, incor-
porating demographic and biotic responses to environ-
mental changes (Dullinger ef al., 2012; Pagel & Schurr,
2012; Fordham et al., 2013b; Snell et al., 2014). Although
these new methods showed a strong potential to
address new questions related to range dynamics
(Dullinger et al., 2012), the respective impacts of cli-
mate, migration abilities and human-driven landscape
fragmentation on species range shift at a regional scale
remain far from certain (but see Meier et al., 2011).

Here, we address this general challenge for European
beech (Fagus sylvatica L.), a widespread forest tree. We
coupled a process-based SDM (Chuine & Beaubien,
2001) to a simple demographic model and a phenome-
nological (i.e. not mechanistic) migration model based
on Gibbs point processes that takes into account both
dispersal and intra-specific competition processes
(Saltré et al., 2009). This model combination has
previously shown to accurately predict European beech
post-glacial migration routes and spread rate during

the last 12 000 years (Saltré et al., 2013). More specifi-
cally, we simulated the future distribution of European
beech using two climate change scenarios and one land
use change scenario for the 21st century, to answer the
following questions: Which abiotic factors and ecologi-
cal processes limit the future habitat suitability of Euro-
pean beech? How do population dynamics, migration,
and human-driven landscape changes interplay in
determining beech range shifts and migration rate?

Material and methods

We used the process-based SDM PHENOHT to simulate habitat
suitability of European beech (Fagus sylvatica L.) under two cli-
mate scenarios A1Fi and B2, one of them (A1Fi) coupled (or
not) with the land use scenario GRAS, considering either
unlimited migration or realistic migration simulated by the
Gibbs migration model for the period 1981-2100. This resulted
in 6 different simulations (see Table S2 in Section S6). We then
overlaid demography and migration (annually simulated
using the Gibbs-based migration model, Saltré et al., 2009)
over habitat suitability dynamically at a spatial resolution of
5km x 5 km, to estimate beech realized distribution by
2081-2100 (20-years mean).

Modelling habitat suitability with PHENOFIT

Model overview. The SDM Puenorit (Chuine & Beaubien,
2001) is a forward process-based model that estimates the two
major components of fitness of temperate tree species, i.e.
annual survival and annual reproductive success, as a func-
tion of abiotic conditions. The fitness estimated can be used as
a proxy of the probability of presence of the species. PHENOFIT
has been validated for 25 North American and European tree
species (Morin ef al., 2007; Gritti et al., 2013). The model esti-
mates the annual reproductive success (probability to produce
viable seeds by the end of the annual cycle as function of cli-
mate conditions, see details in Chuine & Beaubien, 2001) and
the probability of survival, based on the precise phenology
(dates of leaf unfolding, flowering, fruit maturation, leaf
senescence) in response to local climatic conditions and on its
resistance to abiotic stresses such as frost and drought. Com-
pared to the version used by Gritti et al. (2013), we estimate
leaf senescence date using the approach used by Delpierre
et al. (2009). The estimate of the annual fitness is defined as
the product of the annual survival probability and the annual
reproductive success.

The assumptions of the version of the model used for this
study are that (i) phenology is a very important driver of
reproductive output (Chuine, 2010); (ii) phenology is primar-
ily driven by climatic constraints (Cleland et al., 2007); (iii) tree
survival depends upon its ability to resist to climatic stresses
such as drought, frost, and repeated failure to photosynthesize
enough. The model assumes no demography since it simulates
one average adult individual. The model can, however, incor-
porate local adaptation, by considering different phenological
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response curves to climate fitted on phenological data from
different provenances.

PHENOFIT requires as inputs the daily minimum, mean and
maximum temperatures, monthly or daily precipitation, and
soil water holding capacity, and outputs yearly estimates for
phenology, leaf area index, reproductive success, survival,
and fitness, at the same spatial resolution as the inputs.

Environmental data. We simulated beech habitat suitability
under (i) current European climate conditions, observed
between 1981 and 2000; (ii) projected climatic conditions
under two scenarios of greenhouse gas emission, for the per-
iod 2001-2100 (A1Fi and B2).

Climate data (minimum, mean and maximum monthly
temperatures, monthly precipitations) were obtained at a
10" resolution. Current climate data are combined data of
CRU TS2.1 data and CRU CL2.2 data (Mitchell & Jones,
2005). Climate projections for scenarios A1Fi and B2 (closest
to RCP8.5 and RCP6 scenarios respectively, Rogelj et al.,
2012) under the general circulation model HadCM3 (Hadley
Centre, Oxford, United Kingdom, Gordon et al., 2000) were
obtained from the ATEAM project (Mitchell et al., 2004).
These data are monthly mean values corrected by their
anomalies on the benchmark period (1961-1990, 30-years
mean climate data). Because daily climate data are needed
to run PueENoORT and derive habitat suitability, we used a
stochastic climate generator to create daily temperature
(Nicks et al., 1995; Morin & Chuine, 2005).

The ALARM scenario GRAS, downscaled by Meier et al.
(2012), provided the land use scenario (indicating the presence
or absence of forests in each 10" pixel) for 2020, 2050 and 2080.
These data are intermediate land use maps between 2020,
2050 and 2080 every 10 years by randomly removing and add-
ing a fraction of disappearing and appearing forested pixels.
Soil water holding capacity data were taken from Webb ef al.
(2000).

Model parameterization. The parameters of the sub-models
of PHENORIT describing resistance to frost, drought, and the
timing of the different phenological events were obtained
from empirical data. The frost and drought resistance sub-
models of PHENORT were parameterized using data from the
literature; either issued from expert assessment or from exper-
iments (see Supporting Information, SI). The phenological
sub-models determining the dates of budburst, flowering,
fruit maturation and leaf senescence were calibrated using
time-series of phenological observations recorded in natural
populations across the range, together with daily temperature
records of the closest meteorological station (see SI Section S1
for details).

Local adaptation. To account for local adaptation of the reac-
tion norms of phenological events to temperature and photo-
period, we parameterized models for nine different
provenance regions found in climatically distinct regions
across Europe (Figure S1 in Section S1). PHENOFIT was then run
for each of the nine parameters sets (one for each provenance
region). The nine simulations were then aggregated as follows:
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for each pixel, (i) we averaged PHENORT's yearly outputs for
the three closest calibration regions after weighting them by
the inverse of their geographic distance to the pixel; and (ii)
averaged these aggregated yearly outputs over 20 years
(1981-2000 or 2081-2100) to obtain the mean projected fitness
for each pixel, reflecting its suitability for beech survival and
reproduction. The assumption behind this is that the nine
responses shown by the nine geographic provenances differ
and, like many quantitative traits, phenological response
curves to climate variables probably vary continuously across
space (SI Section S1 and Figure S1). Note that, since there is
currently no demography in the model PHENOFT, we were
unable to assess phenotypic changes due to varying selective
pressures. How microevolution affects our results is not
assessed here.

Habitat suitability. From the fitness map, we determined a
fitness threshold, below which beech was considered as
‘absent’. This threshold method is commonly used to trans-
form continuous probabilities of presence to presence/absence
data in species distribution models (see for review Nenzen &
Araujo, 2011). This threshold was calculated by maximizing
the sum of sensitivity (proportion of correctly identified actual
positives) and specificity (proportion of correctly identified
negatives; Jiménez-Valverde & Lobo, 2007), with respect to a
consensual map of beech observed presence in Europe, and
amounted to 0.167 (SI Section S1). Assuming this fitness
threshold constant under future climate, we used it in the
demographic model to trigger tree mortality due to adverse
climatic conditions.

Modelling migration and demography (Figure S2 in
Section S2)

Model overview. The Gibbs-based migration model assumes
that each species has an inherent spatial pattern, resulting
from dispersal and post-dispersal processes such as intra or
inter-specific interactions (competition) (Saltré et al., 2009).
The position of each tree and thereby the resulting spatial pat-
tern is determined by the ‘interaction potential function’ (IPF),
which describes local interactions between trees as a function
of their pairwise geographic distance. This function therefore
summarizes all dispersal and post-dispersal processes respon-
sible for the spatial pattern of the forest. The IPF defines the
probability that a tree be at a certain distance from another
one. Positive IPF defines repulsion areas while negative IPF
defines attraction areas. The IPF is parameterized using posi-
tions of tree in forest stand. The IPF can be defined for individ-
ual trees or for cohorts, here defined as groups of individuals
of the same age in interaction with each other and experienc-
ing the same local environmental conditions in a landscape.
The principle of the model is that the inherent spatial pattern
of the species is reproduced when the sum of all interactions
(as defined by the IPF) is minimized using an iterative
approach (SI Section S3). To couple the migration model with
the habitat suitability model, we downscaled PHENOFIT's out-
puts from 10’ (i.e. the original climate resolution) to a 5 km
resolution by a nearest neighbour interpolation method. Note
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that the Gibbs-based migration model may be coupled with
any type of SDM.

Demography. We assume that fitness, as calculated by
PHENOFIT, is an accurate proxy for the carrying capacity
(maximum number of cohorts). For each grid cell, a carrying
capacity is calculated using a linear relationship to the grid-
cell fitness. The maximum carrying capacity is fixed at five
cohorts for computational constraints (for the maximum fit-
ness index of 1). Cohorts older than 45 years are considered
sexually mature (Ellenberg, 1988) throughout Europe what-
ever the climatic conditions. Different generation times do
exist for beech (e.g. 60 years, Lischke & Loffler, 2006), espe-
cially towards range margins, but this is not taken into
account here. The initial set of cohorts used for the starting of
simulations is randomly aged between the age at maturation
and the maximal age for beech (i.e. 45-300 years old). Pixels
harbouring mature individuals periodically (every 3 years,
periodicity based on beech massive seed production data from
the French National Forests Office, ONF) produce a number of
new offspring cohorts.

The number of offspring cohorts depends on the local suit-
ability of climate for beech, i.e. it is proportional to the annual
fitness predicted by PHENOFIT, so that no offspring are gener-
ated if fitness < fitness threshold and five new offsprings are
generated if fitness = 1.

The model simulates both mortality linked to the age of
each cohort and mortality driven by climatic constraints.
Cohorts reaching 300 years or located in climatically unsuit-
able habitat (as inferred by PHENOFIT) are suppressed, to
respectively reproduce age mortality and climatic constraints.
If climate becomes unsuitable in a grid cell, cohorts are sup-
pressed starting by the youngest cohort (randomly chosen in
case of even-aged cohorts) until satisfying the grid cell’s carry-
ing capacity condition. Note that mortality driven by non-
environmental factors mainly affects the initial set of cohorts
randomly aged between 45 and 300 years old, because new
offspring cannot reach the mortality age within the simula-
tion’s time range. This means the maximal lifetime is mainly
driven by environmental conditions in the simulations.

Migration. The Gibbs-based migration model works in a con-
tinuous space (see details about simulation conditions in the
SI Section S2). Offspring cohorts are first randomly placed
within a radius of o =9000 m (chosen a priori and set up
longer than the diagonal of a grid cell, 7071 m, so that an off-
spring cohort can fall into a surrounded grid cell whatever its
parent location and the dispersal trajectory), which is one of
the IPF parameters, from a randomly chosen mature parent
cohort. They are then spatially arranged using a ‘depletion-
replacement’ optimization process as a function of topograph-
ical constraints (see details in Saltré et al., 2009 and SI Section
52), i.e. they are repositioned over the entire landscape until
the sum of interactions calculated between every pair of
cohorts is minimal, thus reproducing the empirical spatial pat-
tern of the species. Minimization of the sum of interactions
between cohorts, as described by the IPF, ensures that at the
end of the process, their position in the landscape follows the

spatial pattern characteristic of the species. Offspring cohorts
can establish if both the fitness of the final recipient grid cell
and slope (derived from a digit elevation model) allow it,
otherwise they are suppressed (see Demography section).
Each grid cell presents a value of slope expressed as a proba-
bility of establishment for each cohort such as increasing slope
decreased the probability of establishment (see detail SI Sec-
tion S2). At each time step, the Gibbs-based migration model
provides the position of tree cohorts in a continuous space,
while the fitness simulated by PHENOFIT provides the maximal
number of cohorts that can coexist in a grid cell of
5 km x 5 km (i.e. its carrying capacity). Because of computa-
tional constraints, a maximum of 5 cohorts were allowed to
coexist on any given grid-cell.

Model calibration. The IPF was parameterized using the posi-
tion of each tree of a beech forest stand in the Italian Alps (Fig-
ure S3a in Section S3). The calibration site is an unmanaged
even-aged pure beech stand of 0.4 km?, located in the north-
eastern Italian pre-Alps (46°02'N, 12°25'E) on the Cansiglio’s
Karst Plateau. However, this individual-based parameteriza-
tion could not be used straightaway because (i) computational
constraints limit the maximal number of tree simulated
throughout Europe over the 21st century and (ii) tree interac-
tions are captured until 200 m, which is a too short distance to
account for some long-distance migration events. Therefore,
the IPF function was parameterized on a simulated forest
stand of 25 km”. This simulated forest stand was obtained
using a homogeneous Gibbs process (see Saltré et al., 2013 for
details) that successfully reproduces the spatial pattern of the
smaller stand (Figure S4 in Section S3), i.e. using the individ-
ual-based IPF and assuming that local interactions (when con-
sidering individual trees) drive species spatial patterns at
broader spatial scale (Pommerening & Stoyan, 2008). Such a
simulated dataset allowed us to (i) define cohorts of high den-
sity of tree (>0.81 tree per m?) which reduces the number of
‘entities” to simulate by the model and (ii) parameterize a
cohort-based IPF (Figure S3b in Section S3) able to capture
cohort’s interactions over 5 km, a sufficient distance to capture
most of long-distance migration events (~1 km™', Clark,
1998). The cohort’s spatial scale corresponds to the highest
spatial resolution we can use to simulate yearly individual-
based migration throughout Europe because of computational
constraint. This function was previously validated by simulat-
ing beech post-glacial colonization of Europe over the last
12 000 years (Saltré et al., 2013).

The IPF parameters were fitted to the spatial pattern of the
forest stand, as described by the pair correlation function g (r)
(Pommerening, 2002). Optimization was carried using a simu-
lated annealing method (Kirkpatrick et al., 1983) following an
algorithm of Metropolis et al. (1953), with fit quality assessed
using a least square criterion (see details in SI Section S3).
Note that we assume null interactions between cohorts
beyond 5000 m (i.e. size of a grid cell, see SI Section S3), but
this does not exclude dispersal beyond this limit because spa-
tial optimization promotes the establishment of cohorts hav-
ing null or negative interactions (i.e. attraction effect
compared to cohort having positive interactions (i.e. repulsion

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910
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(a) (b)

(c)

Fig. 1 Change in the distribution of Fagus sylvatica, when accounting for demography and migration, between 1981-2000 (20-years
mean) and 20812100 (20-years mean) according to two greenhouse gas emission scenarios: alFi (a and b) and b2 (c), and the land use
scenario GRAS (b). Grey: absence of the species; red: species range contraction due to climate unsuitability; orange: species present in
1981-2000 but extinct in 2081-2100 due to demographic collapse; yellow: population density decrease; green: population density
increase; black: colonized suitable habitat; blue: uncolonized suitable habitat.

effect). Because the initial dataset was from a single, even-
aged, pure stand, no data is available to assess (i) spatial or
temporal variability in the IPF; (ii) age variability in the IPF,
nor (iii) how interspecific competition affects the IPF. Thus,
we assumed a unique IPF (see details on the IPF function used
in SI Section S3 and Figure S3). For a detailed description of
model-based parameter sensitivity, see Saltré et al. (2009).

Statistical analysis

Using a partial regression, we estimated the relative effect of
four variables: (i) winter temperatures (more coupled with
beech occurrence than summer temperatures, Fang &
Lechowicz, 2006); (ii) annual precipitations; (iii) demography/
migration (accounting for both migration and demography
processes) and (iv) land use. The adjusted R? significance was
tested with F-statistic using a permutation of the residuals due
to their non-normality (Legendre & Legendre, 1998). To
account for spatial autocorrelation, we also compared the like-
lihoods of all 32 Generalized Least Squares models corre-
sponding to all combinations of all explanatory variables

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910

affecting the rates of expansion or contraction, assuming a
Gaussian spatial autocorrelation structure. We evaluated the
AIC of each model, and for each of the five tested variables,
computed the Akaike weights of all models assuming this var-
iable affected the rate of expansion or contraction. From these
weights, we derived the evidence ratios supporting (or not)
the contribution of each variable to explaining variation in
these rates (Massol et al., 2007).

Results

European beech range shifts under future climate
scenarios

Results show expansion of beech’s climatically suitable
habitats by 2100 towards north-eastern Europe and
upward in altitude, especially in the Alps and the Pyre-
nees (blue and black pixels in Fig. 1a), and a strong
decrease in suitable areas in Western Europe, especially
under scenario AlFi (red and orange in Fig. 1a). The
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Fig. 2 Forecast new unsuitable areas throughout the 21st century. The graph shows the amount of new climatically unsuitable 5 km?
grid-cells through time (as compared with 1981-2000, 20-years mean). The black line displays results under A1Fi, the dotted line results

under A1Fi-GRAS and the dashed line under B2 scenario.

area of climatically unsuitable habitats increases over
time whatever the climate scenario; however, much less
under scenario B2, with strong increases under scenario
ATFi around years 2005, 2040, 2055, 2075 and 2090,
indicating particularly climatically unsuitable years for
beech (Fig. 2).

Future climate conditions are projected as suitable
for beech in a wider region in north-eastern Europe
under both scenarios: the future beech potential range
size represents 125% and 141% of its current potential
range size under AlFi and B2 respectively, i.e. a gain of
0.9 million km? and 1.5 million km? respectively
(Tables 1 and 2; Fig. 1 black and blue regions). How-
ever, only a small proportion of the newly suitable area
(1% under scenario A1Fi and 2% under scenario B2) is

effectively colonized when migration and demography
are accounted for (Tables 1 and 2), and the main differ-
ences between the two scenarios take place in the Alps
and in northern Europe (black areas on Fig. 1).

Conversely, taking demography and migration into
account unexpectedly increases the contraction area (by
163% under scenario AlFi and by 370% under B2,
Tables 1 and 2). Areas where beech populations are
going extinct due to demographic collapse (i.e. simu-
lated fitness drops below the critical threshold of 0.167
at a frequency that does not allow offspring cohorts to
reproduce) rather than unsuitable climate conditions
(i.e. the simulated fitness is constantly below the critical
threshold of 0.167) are mainly located in France and in
Eastern Europe (orange areas in Fig 1a and c).

Table 1 Size of simulated potential and realized areas (x10> km?) under current (1981-2000) and future conditions (2081-2100,
AT1Fi, A1Fi-Gras, and B2). Colonized and lost areas respectively represent newly suitable and newly unsuitable habitats in 2081

2100 (respectively blue/black and red /orange areas in Fig. 1)

Total area (x10° km?)

Colonized area (x10° km?)

Lost area (x10° km?)

Potential Realised Potential Realised Potential Realised
Current 3623 3541
AlFi 4530 1392 2245 31 1337 2180
A1Fi-Gras 1342 324 886 68 373 565
B2 5100 2260 1821 34 360 1332

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910
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Table 2 Filling rate of the potential distribution and range size change between 1981-2000 and 2081-2100. Realised /Potential: ratio
of the realized distribution area to that of the potential distribution in 2081-2100 (20-years mean) calculated for (i) the entire distri-
bution; (ii) only for colonized areas and (iii) only for the contracted areas. Range size change is calculated assuming unlimited
migration (potential distribution) and realistic migration (realized distribution), as the difference between the beech range size in
2081-2100 (20-years mean) and its range size in 1981-2000 (20-years mean)

Range size change (%)

Realised /Potential (%)

Potential Realised Total area Colonized area Lost area
AlFi (compared to 1981-2000 125 39 31 1 163
A1Fi-Gras (compared to A1Fi) 30 23 24 8 151
B2 (compared to 1981-2000) 141 64 44 2 370

Land use drastically reduces beech range size by 30%
in 2100 (i.e. a loss of 3.2 x 10° km?® Tables 1 and 2). Land
use change increases the proportion of suitable habitats
effectively colonized (8% of the suitable areas vs. 1%,
which represents a net gain of about 37 x 10> km?); and
it decreases the proportion of effectively contracted areas
(151% vs. 163%, which represents a net gain of about
1615 x 10° km?) (Tables 1 and 2).

Climate variables and ecological processes affecting beech
distribution

New suitable habitats in 2081-2100 tend to be wetter
than in 1981-2000 (+5 mm yrf1 and +2.5 mm yrf1 in

annual precipitations under scenarios AlFi and B2
respectively, white boxes in Fig. 3b), while new unsuit-
able habitats tend to be significantly drier (9 mm yr'
and —4 mm yr ' in annual precipitations under scenar-
ios AlFi and B2 respectively, grey boxes in Fig. 3b).
Both suitable and unsuitable new areas are forecast to
be significantly warmer than observed in 1981-2000
(Fig. 3a), including during winter (+6.1 °C vs. +5.2 °C
and +3.2 °C vs. +3.1 °C in coldest month temperature
under AlFi and B2 respectively, Fig. 3c), which
increases drought stress.

PHENOFIT outputs indicate that fitness is limited by
drought both under current (32% of 1980-2000 unsuitable
habitat, Fig. 4) and future scenarios (34% of unsuitable
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Fig. 3 Boxplots of anomalies of mean annual temperature (a), mean annual precipitation (b) and mean temperature of the coldest
month (c) under two climate scenarios (A1Fi and B2) in 20812100 with respect to 1981-2000 (20-years mean). White boxplots corre-
spond to newly suitable areas (blue and black areas in Fig. 1) and grey boxplots correspond to newly unsuitable areas (red and orange
areas in Fig. 1). For each boxplot, the central mark is the median, the edges of the box are the 25th and 75th percentiles, and the whis-

kers extend to the extreme data points not considered as outliers.
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Fig. 4 Biological processes limiting fitness. The plot shows the fraction of climatically unsuitable 10’ pixels in which beech fitness is pri-
marily limited by drought, killing frost, failure of bud dormancy break, frozen leaves, frozen flowers (grey scale from black to white)
and low fruit maturation success (diagonal hatching), in 1981-2000 and 2081-2100 under A1Fi and B2 scenarios.

habitat under both A1Fi and B2). However, future
climatically unsuitable areas are mainly characterized by
limitations due to chilling requirement to break bud dor-
mancy under AlFi (34% of unsuitable habitat) and leaf
frost resistance (29% of unsuitable habitat) under scenario
B2. Failure of dormancy break is projected to occur
mainly in western and central Europe under A1Fi, lethal
drought is projected to occur in many areas of southern
Europe under both scenarios (Figure S6 in Section S7).

Beech migration rates under future scenarios

The variation partitioning analysis of beech expansion
and contraction rates shows that the temperature of the
coldest month and land use change explained the great-
est amount of variation in expansion rate (respectively
8.9% and 4.1%, with P < 0.05 for each of them, SI Table
S1 in Section S5), whereas annual precipitation and the
migration/demography variable explained the greatest
amount of variation in range contraction (respectively
8.6%, and 5.3% with P < 0.05 for each of them). These
are supported by the evidence ratios (Massol et al.,
2007) of all variables (>5.6) indicating that all variables
contribute significantly to explaining variation in both
rates, even when the number of degrees of freedom is
deflated due to non-independence among pixels.

The expansion rate of beech realized distribution is
much slower than that of its potential distribution (med-

ian rate of 44 m yr ' vs. 207 m yr ' and 22 m yr ' vs.
152 m yrfl under A1Fi and B2 respectively, Fig. 5a;
Table S2 in Section S6). Conversely and unexpectedly,
the contraction rate of beech realized distribution is
much faster than that of its potential distribution (med-
ian rate of 333 m yr ' vs. 284 m yr ' and 154 m yr '
vs. 109 m yr ' under A1Fi and B2 respectively Fig. 5a;
Table S2 in Section 56). Accounting for land use slows
down both the expansion and contraction rates of the
potential distribution (median rates: 138 m yr~' vs.
207 myr ' and 127 myr ' vs. 284 m yr ' respec-
tively). However, while accounting for land use
decreased the expansion of the realized distribution
22 m yrf1 vs. 44 m yrfl), it had only a minor influence
on the contraction rate (328 m yr ' vs.333 m yr ).

Mean expansion rates of the potential and the realized
distributions both decrease throughout the 21st century
with a sharp decline from 2000 to 2040 (Fig. 5b). Beyond
2050, the two climate scenarios A1Fi and B2 diverge:
expansion and contraction rates decrease under B2
while they slightly increase under A1Fi (green vs. red
curves on Fig. 5b).

Discussion

Predicting species distribution change at a continen-
tal scale while accounting for demographic and
migration processes has been a challenge for the

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910
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Fig. 5 (a) Boxplots of beech expansion and contraction rate (in m yr~') between 1981-2000 and 2081-2100 (20-years mean) assuming
unlimited (white) and realistic (dashed) migration under A1Fi and B2 climate scenarios and GRAS land use scenario. For each boxplot,
the central mark is the median, the edges of the box are the 25th and 75th percentiles, and the whiskers extend to the extreme data
points not considered as outliers. Extreme events are given by both minimal and maximal values (shading). Spread rates are calculated
from Euclidean distance between future and current beech distribution limits. Note the logarithmic scale for expansion/contraction
rates. (b) Mean (bold curves) and standard deviation (envelopes and thin curves) of beech spread rate (m yr~', 5-years running mean)
at the leading edge (upper panels) and at the trailing edge (lower panels) assuming unlimited migration (left panels) and realistic
migration (right panels). Spread rate is calculated with Euclidean distance between future (every 5 years) and current beech distribu-
tion limits under A1Fi (red line and envelope) and B2 (green line and envelope) future climate scenarios and GRAS (blue line and enve-

lope) future land use scenario.

ecological modelling community for many years.
Here, we predict the potential and realized distribu-
tion changes of European beech throughout the 21st
century, using a process-based SDM that accounts
for important demographic and migration dynamics.
The model was previously shown to have good pre-
diction skill based on hindcasts over millennia

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910

(Saltré et al., 2013). Our simulations highlight that
even if new climatically suitable areas become avail-
able in the future, the interplay between future cli-
mate variability, land use change, limited migration
ability, and slow life-history traits will likely prevent
European beech from tracking its future optimal cli-
mate.
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Ecological limits to beech potential distribution

PHENOFIT incorporates the well-known sensitivity of
beech to drought (Gefler et al., 2007, Matyas et al.,
2010) and frost (Dittmar & Elling, 2006; Kreyling et al.,
2012) as well as its chilling requirement in winter to
achieve bud dormancy release (Heide, 1993).

The model predicts a shift of beech climatically suit-
able habitats towards north-eastern Europe and up
mountains such as the Alps, Pyrenees and Carpathians
(Fig. 1). These results are in agreement with previous
modelling studies (Sykes & Prentice, 1996; Koca et al.,
2006; Rickebusch et al., 2008; Kramer et al., 2010; Meier
et al., 2012). Newly suitable habitats are the result of
forecasted warmer and wetter conditions by the end of
the 21st century, while newly unsuitable habitats are
the result of warmer and drier forecasted conditions
(Fig. 3).

At the leading edge (North-eastern Europe), both
cold temperatures and drought currently limit beech
distribution (Bolte et al., 2007; Packham et al., 2012).
However, both of these limiting factors are projected to
decrease in the future in North-Eastern Europe, with
winters maintaining cold enough temperatures for bud
dormancy to be broken (Figure S6 in Section S7). War-
mer temperatures, especially in spring and summer,
increase the probability of fruit maturation success, also
enhanced by reduced frost damages to leaves (Fig. 4a,
and Figure S6 in Section S7).

At the trailing edge of the distribution, projected
beech range contraction is caused both by warmer win-
ters, preventing bud dormancy break (especially under
scenario A1Fi, Fig. 4a, Figure S6 in Section S7) and sub-
sequent leaf unfolding and flowering, and by increases
in drought (Figure S6 in Section S7). These results are
well supported by recent observations suggesting that
temperature rises and associated decreases in precipita-
tion (mainly the effect of lower amount of annual pre-
cipitation on the precipitation seasonality) has
increased drought stress for beech and is responsible
for population decline at the trailing edge of its distri-
bution (Jump et al., 2006; Allen et al., 2010; Matyds
et al., 2010).

Climate variability, slow life-history, and migration
dramatically reduce the velocity of beech range shift

Although climate has long been emphasized as the
main control of species distributions at global scales
(Pearson & Dawson, 2003), recent studies suggest that
the role of migration has probably been underesti-
mated (Svenning & Skov, 2004, 2007; Fang & Lech-
owicz, 2006; Svenning ef al., 2008). Under rapidly
changing climates, migration limitation is expected to

have an even greater impact on species range shifts
(Zhu et al., 2012). This is particularly true of late-suc-
cessional species such as beech, whose dispersal abili-
ties are lower than those of pioneer species such as
birch (Meier et al., 2011).

Our simulations show that migration limitation will
strongly affect the future range dynamics of beech,
preventing the species from colonizing newly suitable
habitats (Fig. 1), so that in 2100 beech distribution is
projected to be strongly in disequilibrium with cli-
mate. Migration limitation leads to a drastic contrac-
tion of beech distribution by 2100 (the modelled
future beech realized range size represents 39% or
64% of its modelled current realized range size under
ATFi and B2 respectively, Table 2), although suitable
habitats are substantially enlarged (the future beech
potential range size represents 125% in scenario A1Fi
and 141% in scenario B2 of its current potential range
size).

Although the forecasted velocity of change in suit-
able habitats at the end of the 21st century (median
velocity 1500 m yr ', Fig. 5b) is twice that of the maxi-
mal velocity achieved in simulations over the past
12 000 years (median velocity of suitable habitats
700 m yrfl; Fig. 4a in Saltré et al., 2013), the expansion
rates of the realized distribution at the end of the 21st
century are much lower than that simulated over the
past 12,000 years (median expansion rate of 20 m yr~'
for the 21st century, Fig. 5a, vs. 280 m yrf1 over the
Holocene, Saltré et al., 2013). Although these lower
mean expansion rates might be partly due to higher
competition in the future than during the Holocene
(Feurdean ef al., 2013), we argue that demographic col-
lapses after 2050, due to a higher climate variability in
both A1Fi and B2 scenarios than during the Holocene
climate (Figure S7 in Section S8; Salinger, 2005) with
especially more intense drought like conditions (Ras-
ztovits et al., 2014; Thiel et al., 2014), caused sudden
extensive mortality. The fast switching (a few years)
between unsuitable and sub-optimal climate conditions
prevents neighbouring populations from recolonizing
these areas (orange pixels in Fig. 1). Accounting for
demography/migration in our simulations slowed
down expansion rates of the northern beech popula-
tion, while at the same time unexpectedly accelerating
contraction rates of southern beech populations (Table
52 in Section S6). As a result of these demographic pro-
cesses, future migration rates are characterized by a lar-
ger variation in migration rates than during the
Holocene, with both shorter and longer distance events
(G.e. <40 m yrfl and >2500 m yrf1 under A1Fi, Fig. 5a)
than under the last millennia (Fig. 4b in Saltré et al.,
2013). This result emphasizes the importance of taking
both dispersal and demographical processes into

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910
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account in a climate change context to better under-
stand range dynamics (Dullinger et al., 2012; Pagel &
Schurr, 2012; Schurr et al., 2012; Fordham et al., 2013b).

Land use impacts on beech range shift

Our simulations suggest that European beech will not
be able to track its future optimal climate because its
expansion and contraction rates are strongly con-
strained by the projected climate variability, limited
migration, and landscape fragmentation. A similar con-
clusion was made for Australian plants (Fordham et al.,
2012). Land use and rising temperatures are expected
to affect the expansion rate of beech at the leading edge.
Towards its trailing edge, drought stress and elevated
winter temperatures, together with the slow demogra-
phy of beech and its limited migration ability (prevent-
ing recolonization in unstable climate conditions —
orange pixels in Fig. 1) are expected to affect its
contraction rate (Table S1 in Section S5).

In agreement with Meier et al. (2012), we found that
human-driven land use strongly affected both the
shape and the size of the projected distribution of
beech. Accounting for land use in our simulations
reduces the size of the potential distribution of beech
by 70% under the A1Fi scenario (Table 2), slightly
increasing the proportion of suitable habitats that could
be colonized (8% vs. 1% without taking land use into
account, Table 2), and slightly decreasing the ratio of
effectively to potentially lost area (151% vs. 163% with-
out accounting for land use). The GRAS land use sce-
nario projects land abandonment and forest planting in
Eastern Europe, within the core of the distribution of
European beech (Figure S8 in Section S9). This land
abandonment generates many accessible suitable
patches, where local colonization/extinction dynamics
ensure a high local expansion rate (Fig. 5b). On the con-
trary, towards the leading edge, habitat fragmentation
slows down the simulated expansion of beech (Pitelka
et al., 1997; Meier et al., 2011, Feurdean ef al., 2013;
Fig. 5a and b), and rare long-distance events are the
main way to reach patches of suitable habitats (Table S2
in Section S6; Clark, 1998; Nathan et al., 2008).

Limits to our study and directions for future research

Accounting for migration and demography yields
much more pessimistic projections of beech distribu-
tion than suggested by changes in climatically suitable
areas (Table 1, Fig. 1). This is because the interplay of
demographic and migration processes reduces the
range expansion rate while increasing the contraction
rate. Nevertheless, adaptive responses of migration or
phenology could increase the expansion rate of beech

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 897-910

at the leading edge of its distribution, and/or
decrease its contraction rate at the trailing edge (Kra-
mer et al., 2010). Rapid evolution of such traits under
strong selective pressures induced by climate warm-
ing has been documented in a large number of organ-
isms in the last decade (e.g. Thomas et al., 2001;
Berteaux et al., 2004; Kovach et al., 2012). Indeed, phe-
nological traits show intra- and interpopulation varia-
tion that can fuel micro-evolution even in long
generation time organisms such as trees (Mimura &
Aitken, 2010).

Although the Gibbs-based migration model takes
intra-specific competition into account, interspecific
interactions (such as competition) were neglected. The
main competitors of beech, i.e. Picea abies, Abies alba and
Quercus sp., were not considered in this study and they
could be an important determinant of its distribution
preventing its establishment (Bjorkman & Bradshaw,
1996), modifying its migration pathways (Watson,
1996) and decreasing its migration rate (Meier ef al.,
2011). Nevertheless, we argue that inter-specific compe-
tition can be neglected, as a first approximation, when
we look at demography during expansion for two main
reasons. First, at the northern range margins, projected
rising temperatures would lead to more mesic climatic
conditions, making beech a stronger competitor,
decreasing the effect of biotic interactions (Pelachs
et al., 2009). Second, results of Meier et al. (2011), which
have taken interspecific competition into account in
their simulations using different kinds of models, sup-
port our simulation outputs, and therefore suggest that
interspecific competition has not a strong effect on
beech future migration rate. Note, however, that the
Gibbs-based migration model can be parameterized to
handle mixed forests, accounting for interspecific com-
petition using marked Gibbs point processes (Stoyan &
Stoyan, 1998).

Other limitations to our study are that we calibrated
the migration model using data from a single beech
stand, thus assuming (i) that the information from one
forest stand can be used to interpret spatial processes at
the scale of Europe; (ii) and that landscape fragmenta-
tion did not influence the behaviour of the dispersal
agent (Nathan ef al., 2002). We also neglected human-
assisted migration, a potential source of long-distance
dispersal event (Feurdean et al., 2013). Finally, we
assumed a constant fitness threshold in the future (to
transform fitness into species presence and absence)
that might impact the projected distribution and there-
fore the projected colonization and extinction rates
(Nenzen & Aratjo, 2011).

Nevertheless, we argue that these shortcomings
should have minor impact on our projections because
(i) IPF successfully reproduces a spatial pattern



908 F.SALTRE etal.

observed in others beech forest throughout Europe
(Figure 54 in Section S3); (ii) the migration model simu-
lates realistic age distribution across the range (Figure
S5 in Section S4); and (iii) the migration model repro-
duced beech post-glacial colonization rates and routes
successfully over 12 000 years (Saltré et al., 2013).
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