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ABSTRACT

Aim Species ranges have adapted during the Holocene to altering climate condi-
tions, but it remains unclear if species will be able to keep pace with recent and
future climate change. The goal of our study is to assess the influence of changing
macroclimate, competition and habitat connectivity on the migration rates of 14
tree species. We also compare the projections of range shifts from species distribu-
tion models (SDMs) that incorporate realistic migration rates with classical models
that assume no or unlimited migration.

Location Europe.

Methods We calibrated SDMs with species abundance data from 5768 forest
plots from ICP Forest Level 1 in relation to climate, topography, soil and land-use
data to predict current and future tree distributions. To predict future species
ranges from these models, we applied three migration scenarios: no migration,
unlimited migration and realistic migration. The migration rates for the SDMs
incorporating realistic migration were estimated according to macroclimate, inter-
specific competition and habitat connectivity from simulation experiments with a
spatially explicit process model (TreeMig). From these relationships, we then devel-
oped a migration cost surface to constrain the predicted distributions of the SDMs.

Results The distributions of early-successional species during the 21st century
predicted by SDMs that incorporate realistic migration matched quite well with the
unlimited migration assumption (mean migration rate over Europe for A1fi/GRAS
climate and land-use change scenario 156.7 � 79.1 m year-1 and for B1/SEDG 164.3
� 84.2 m year-1). The predicted distributions of mid- to late-successional species
matched better with the no migration assumption (A1fi/GRAS, 15.2 � 24.5 m
year-1 and B1/SEDG, 16.0 � 25.6 m year-1). Inter-specific competition, which is
higher under favourable growing conditions, reduced range shift velocity more
than did adverse macroclimatic conditions (i.e. very cold or dry climate). Habitat
fragmentation also led to considerable time lags in range shifts.

Main conclusions Migration rates depend on species traits, competition, spatial
habitat configuration and climatic conditions. As a result, re-adjustments of species
ranges to climate and land-use change are complex and very individualistic, yet still
quite predictable. Early-successional species track climate change almost instanta-
neously while mid- to late- successional species were predicted to migrate very
slowly.
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INTRODUCTION

Macroclimate plays a key role in shaping large-scale species dis-

tributions (Woodward, 1987). Changes in annual climate means

and extremes are thus expected to lead to geographical shifts in

the habitats suitable for many species (Parmesan & Yohe, 2003;

Zimmermann et al., 2009). This expectation is consistent with

data on Holocene climate change, where species ranges shifted

in response to changing climate conditions (Davis & Shaw,

2001). It remains unclear, however, whether all species will be

able to keep pace with ongoing climate change (Iverson et al.,

2004). Several factors are likely to influence the ability to antici-

pate future range adjustments. First, global warming is predicted

to occur at a faster pace than past climate changes, and thus

implausibly higher migration rates would be necessary to match

climate shifts in the future (Davis & Shaw, 2001). Second, new

dispersal limitations have developed, such as anthropogenic

landscape fragmentation, which may leave newly emerging

habitats insufficiently connected. Third, the potential effect of

biotic interactions (e.g. inter-specific competition, facilitation)

has so far largely been ignored in analyses of species ranges. The

migration rates of species are likely to be limited and to depend

on inter-linked effects of climate, inter-specific competition and

landscape fragmentation (Scheller & Mladenoff, 2008), which

means that the patterns of potentially suitable and potentially

colonizable habitats may vary greatly.

Migration limitation has to date been one of the most promi-

nent uncertainties in predicting future species distributions

(Neilson et al., 2005). Even if only climate is considered, the

migration rates of non-vagile species may not be sufficient to

reach the predicted potential distributions within reasonable

time (Davis & Shaw, 2001). Moreover, according to the ‘stress-

gradient hypothesis’, abiotic factors such as climate, topography

and soil will directly constrain species distributions probably

only where conditions for plant growth are adverse. Where

abiotic conditions are more favourable, biotic interactions will

be increased and competition may constrain species ranges

(Bertness & Callaway, 1994). This constraining effect of inter-

linked abiotic and biotic processes may be important not only

for predicting current species distributions (Meier et al., 2011)

but also perhaps even more important for relating species range

shifts to changing environmental conditions. Range shifts are

mainly determined by the rate of plant establishment, growth

and survival at new locations and by their dispersal abilities

(Higgins et al., 2003), and thus are strongly linked to both

abiotic and biotic conditions. Furthermore, landscapes today are

strongly shaped by different land uses. Because of the high frag-

mentation of most modern landscapes, they contain fewer indi-

viduals that produce propagules, as well as fewer and more

distant sites for propagules to colonize. This may further slow

down migration rates (Iverson et al., 2004). On the other hand,

due to land abandonment many forest patches have recently

emerged where inter-specific interactions in the initial phase are

low, and hence conditions for species migration are favourable.

Thus, it is essential to include the inter-linked effects of macro-

climate, inter-specific competition and habitat fragmentation

on migration rates when predicting of the rate of readjustments

of species to global change.

It is difficult to study demographic responses to large-

scale spatiotemporal environmental variation (Ibáñez et al.,

2007). Dynamic vegetation models (Cramer et al., 2001), on the

one hand, often include small-scale processes, such as species

interactions and dispersal, but they have not been applied on

any large scales at a fine spatial resolution (e.g. 1 km2) due to

their high computational cost (Neilson et al., 2005). Niche-

based species distribution models (SDMs), on the other hand,

have been widely used to forecast the potential effects of global

change on large-scale species distributions as they are cap-

able of mapping suitable habitats under current and altered

climate conditions based on certain assumptions (Guisan &

Zimmermann, 2000; Guisan & Thuiller, 2005), but they hardly

include small-scale processes. In most SDMs, macroclimatic

predictors play a key – if not a unique – role, and therefore

models predict northwards expansion of biomes of up to

100 km per century under climate change (Prentice et al., 1992).

What SDMs usually do not incorporate are species interactions

(but see Meier et al., 2010, 2011), land-use effects (but see

Thuiller et al., 2004) and species migration (but see, e.g., Dull-

inger et al., 2004; Iverson et al., 2004; Engler et al., 2009). Despite

the knowledge gained from these various studies, we still lack a

broader understanding of these important range-shaping pro-

cesses and how they interact on large spatial scales.

This paper focuses on the migration rates of European tree

species under projected future climates and land uses on a con-

tinental scale. We developed a method that implements migra-

tion rates into SDMs, taking into account competition, climate

and habitat connectivity derived from a dynamic vegetation

model. We address the following questions: (1) How do abiotic

(i.e. climate, soil and topography), biotic (i.e. inter-specific com-

petition) and contextual (i.e. varying gap distances due to forest

fragmentation) conditions affect migration rates? (2) What geo-

graphical patterns in migration rates emerge from these depen-

dences? (3) How do range predictions differ if they assume no

migration (i.e. the future distribution of a species is the overlap

between current and future suitable distributions), unlimited

migration (i.e. species fill the entire area projected to become

suitable by SDMs), and realistic migration (i.e. implementation

of migration rates into SDMs)?

We tackle these questions by deriving the dependence of

migration rates on different biotic, abiotic and contextual con-

ditions from simulation experiments based on the dynamic,

spatially linked, forest-landscape model TreeMig (Lischke et al.,

2006). The migration rates derived from these experiments are

then translated into a migration cost surface to constrain species

distributional responses to global change modelled with SDMs

(Fig. 1 and see Appendix S1 in Supporting Information). These

predictions could then be compared with SDMs assuming no

and unlimited migration. The dependences of large-scale migra-

tion and distributions of 14 focal tree species in Europe during

the 21st century were evaluated for each species individually as

well as for species groups according to their successional status

(early- versus mid- to late-successional species).

Future migration and ranges of European trees
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DATA AND METHODS

Study area

The study area encompasses Europe. Mixed forests primarily

constitute the natural vegetation cover (c. 44%). About 87%

of the forest area is classified as semi-natural, 8% as planta-

tions and 5% as undisturbed. The forest area has increased

during recent decades, mainly due to agricultural land being

abandoned (MCPFE, 2007).

Species occurrence data

We used tree abundance data from the trans-national survey of

forest conditions in Europe under the international cooperative

programme on assessment and monitoring of air pollution

effects on forests (ICP Forest Level 1; Lorenz, 1995). The data-

base consists of 5768 plots allocated on systematic national

grids, c. 16 ¥ 16 km each. In four subplots at a distance of 25 m

from the centre point of each plot, a minimum of six trees (with

a minimum height of 60 cm) nearest to the subplot centre were

sampled, resulting in a minimum of 24 sample trees per plot.

The data used in our analyses was collected in 2005 and 2006.

The species selected for our analyses are abundant in Europe

(> 100 occurrences in the IPC Forest database) and parameter-

ized in the dynamic model TreeMig. We selected 14 focal species:

four coniferous trees (Abies alba Mill., Larix decidua Mill., Picea

abies (L.) H. Karst., Pinus sylvestris L.) and 10 deciduous trees

(Acer pseudoplatanus L., Alnus glutinosa (L.) Gaertn., Betula

pendula Roth, Carpinus betulus L., Fagus sylvatica L., Fraxinus

excelsior L., Populus tremula L., Quercus petraea (Mattuschka)

Liebl., Quercus pubescens Willd., Quercus robur L.). For simula-

tions with the dynamic model, we also used 16 common species

parameterized in TreeMig to simulate the forest matrix (see

Appendix S2). All focal species were classified as ‘early succes-

sional’ or ‘mid- to late successional’ by clustering their dispersal

abilities in climatic space (moisture and temperature). The

early-successional species, B. pendula and P. tremula, L. decidua

and P. sylvestris, are generally fast dispersers. All other trees were

considered mid- to late-successional species, i.e. generally slow

dispersers. This largely conforms to other classifications of the

successional status of trees (e.g. Brzeziecki & Kienast, 1994).

Environmental data

All environmental data described below were prepared at a

spatial resolution of 1 km.

Land-use maps

We derived the forest areas from current land-use maps

(CLC2000; EEA, 2000) and from downscaled ALARM land-use

scenarios for 2020, 2050 and 2080 (GRAS and SEDG scenario;

http://www.alarmproject.net.ufz.de; Dendoncker et al., 2006).

We generated 10-year time steps by randomly removing and

adding proportional fractions of disappearing and appearing

forest areas. From these current and projected forest areas we

calculated: (1) the Euclidean distance between colonized and

potentially colonizable disconnected forest patches, and (2) the

age of forest patches, distinguishing between newly emerged

forest patches where competition between tree species may

be low, and those established more than a decade ago where

competition may be high.

Soil and topo-climatic maps

We used water-holding capacity [WHC (cm m-1); Batjes, 2006],

soil texture [TEXT (%), percentage of clay and sand; ESBN,

2004] and cation-exchange capacity [CEC (cmol kg-1); ESBN,

2004]. Slope (SLP, °), aspect (ASP, °) and topographic posi-

tion [TOPOS (�100); Zimmermann et al., 2007] were derived

from the GTOPO30 digital elevation model. Minimum winter

temperature (MiWiT, °C), degree-days with a 5.5°C threshold

(DDEG, °C days) and summer precipitation [PRSU (mm),

April–September] were derived from monthly temperature

and precipitation maps for the current climate (1950–2000;

http://www.worldclim.org) and future climates [2000–2100

for A1fi and B1 climate change scenarios outlined by the

Forest area 
        Current 
        Future 

Species distribution 
        Current 
        Future assuming 

 no migration scenario
            realistic migration scenario
            unlimited migration scenario

        Maximal possible gap distance

Figure 1 Migration scenarios. Assuming
no migration, species are in future
restricted only to areas of current
distribution still suitable under future
conditions. Assuming unlimited
migration, species are restricted to any
areas suitable under future conditions.
The realistic migration scenario
incorporates species- and site-specific
migration rates and maximal possible
gap distances that a species can overcome
(from the current distribution to not yet
colonized forest patches).
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Intergovernmental Panel on Climate Change (IPCC); maps

from CRU based on HadCM3 (Mitchell et al., 2004) downscaled

to 1 km2 resolution]. Drought stress index (DrSt) was calculated

according to ForClim-E (Bugmann & Cramer, 1998) by using

monthly temperature, WHC, SLP and ASP. From the yearly

maps of DDEG, MiWiT and DrStr, we estimated for each decade

the mean and standard deviation (noted as ‘av.’ and ‘sd.’) and the

proportion of years with no drought stress (P0DrStr, %) for

current and future climate.

Modelling of species distributions assuming
no or unlimited migration

The distribution of each species in geographical space was

mapped in potential forest areas under current and future cli-

mates using generalized linear models (GLMs). As the depen-

dent variable we used the proportion of individuals of each focal

tree species per ICPF forest plot. A binomial error distribution

was assumed in the GLMs. The total number of individuals of all

tree species in each plot was taken to weight the observed species

frequencies used in training the models to give more weight to

observations with less associated error. The explanatory vari-

ables included climatic (av.PRSU, av.MiWiT, av.DDEG and

sd.DrStr), edaphic (TEXT) and topographic variables (SLP and

TOPOS). Except for av.MiWiT and av.DDEG, all correlations

were < |0.5|, reducing multicollinearity problems. A variance

inflation test gave a factor close to one for all predictors, indi-

cating low effects of multicollinearity even for the latter two

variables. We included the explanatory variables as linear and

quadratic terms and applied stepwise variable selection from a

full model. Model fit was evaluated for current distributions

by the adjusted D2 (Weisberg, 1980), a measure that adjusts the

deviance explained (D2) by the number of fitted regression

parameters and the number of observations. Model errors and

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

calculated the mean absolute error (MAE; Voltz & Webster,

1990), the root mean square error (RMSE; Voltz & Webster,

1990) and the coefficient of determination (R2; Menard,

2002).

To generate maps that most accurately represent the current

range of our focal tree species, we further constricted the pre-

dictions of current species distributions to species occurrences

within the 50 ¥ 50 km2 quadrats from the Atlas Flora Europaeae

(Jalas & Suominen, 1972–1996). Acer pseudoplatanus and F.

excelsior are not reported in the atlas, so data from EUFORGEN

(2009) was used. The distributions of Fagus sylvatica, Abies alba

and L. decidua are in strong disequilibrium with today’s climate

because their dispersal is very limited (Svenning & Skov, 2004;

Bolte et al., 2007), so that they cannot be modelled accurately

with SDMs. To maximize the concordance between predicted

current distributions and the observed atlas distribution

data, we adjusted the predicted distributions of these three

species to areas where their predicted abundance was > 2.5%.

The respective threshold for all other species was set to

> 0.1%.

When applying climate change scenarios, the potential future

species ranges represent the full migration assumption, as no

delay in range filling is expected. For the no-migration sce-

narios, ranges are constricted to the overlap between current

and future suitable distributions.

Dependences of migration rates on abiotic,
biotic and contextual conditions

The dynamic forest landscape model TreeMig (Lischke et al.,

2006) was used to estimate migration rates under combinations

of different environmental, forest compositional and habitat

connectivity conditions. In TreeMig, stand structure is adjusted

yearly by computing species-specific local population dyna-

mics driven by competition for light, by the growth constraints

of moisture availability and temperature, and by mortality

and regeneration processes. Migration speed is determined by

combining local population dynamics with seed dispersal and

seed bank dynamics. For our migration rate simulations, we

ran TreeMig for 6756 different climate conditions (climate bins),

defined by the mean and standard deviation of DDEG, MiWiT,

DrStr and P0DrStr, and high versus low inter-specific competi-

tion (COMP; see Appendix S3). According to Elton’s diversity

invasion hypothesis (Elton, 1958; Naeem et al., 2000), we used as

proxy for the degree of competition the number of competing

species per simulation cell (DIV). The effect of habitat connec-

tivity was measured by calculating migration time lags with

different gap sizes. See Appendix S3 for a detailed description of

the derivation of migration rates, and Lischke et al. (2006) for

details about TreeMig.

The combinations of simulations described above resulted in

1 229 592 simulations of migration rates per focal species. These

migration rates were regressed using GLMs against DIV, COMP,

av.DDEG, sd.DDEG, sd.MiWiT, sd.DrStr and P0DrSt (Poisson

error structure, predictors as linear and quadratic terms; corre-

lations between predictors < |0.5|). We then fitted these expe-

rimentally derived migration rates to the two most important

predictors (DIV and av.DDEG) using GLMs, and graphically

represented this dependence in three-dimensional plots. We

next calibrated GLMs with all predictors (except DIV, see below)

to predict migration rates at each location in Europe. The

climate and contextual layers could be directly linked to

geographical space. Inter-specific competition (COMP) was

accounted for through a binary variable with values of 1 (high

competition) associated with forest patches colonized for more

than 10 years and values of 0 associated with forested patches

colonized for less than 10 years. As we had no spatial informa-

tion for DIV, we omitted DIV when generating migration rate

maps, although it is the variable that explains migration rates

most. We further estimated the migrational lag effects of

increasingly larger gaps introduced between colonizable cells

for each set of conditions tested with TreeMig, which we then

spatially mapped with the same GLM settings as for mapping

migration rates.

Future migration and ranges of European trees
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Species distributions assuming realistic migration

To map range shifts assuming realistic migration for each

focal species, we conducted the following four steps. First, we

predicted migration rates in suitable forest patches at time step

ti + 1 and inverted them to obtain the time used to cross a cell.

Second, we calculated, with a cost-path analysis, the time used to

reach each newly suitable cell at time step ti + 1 from colonized

cells at time step ti. The cost-path analysis calculates the accu-

mulated travel cost from each cell to the nearest cell in the set of

source cells (ESRI, 2006). Third, we added the predicted time

lags for overcoming gaps between the colonized forest patches at

time step ti and the edges of suitable forest patches at time step

ti + 1. Fourth, we constrained the suitable habitats at time step

ti + 1 to cells reachable within 10 years. These four steps were

repeated for each decade until 2100 for the A1fi/GRAS and

B1/SEDG climate and land-use scenarios, while we updated

the migration surface and species distribution matrix after each

decade.

All statistical analyses were carried out in R (R Development

Core Team, 2008).

RESULTS

Current species distributions

Current species distributions were best explained by degree-days

(av.DDEG), minimum winter temperature (av.MiWiT) and

slope (SLP; Table 1). Among all species, models explained on

average 27% of the variation of current species distributions and

had a sound model quality estimated by 10-fold cross validation

(Table 1, mean MAE = 0.06, mean RMSE = 0.26).

Key factors influencing migration rates

The migration rates of focal tree species were largely explained

by the biotic and abiotic predictors tested (Table 2). GLMs with

individual predictors indicate that DIV, COMP, av.DDEG and

P0DrStr are very important (Table 2). Generally, within estab-

lished forests species migrated at about half the rate compared

with low-competition conditions (COMP; Mann–Whitney

U-test, all P < 0.001), and migration rates were decreased with

increasing numbers of competing species (DIV; Kruskal–Wallis

test, all P < 0.001). The directions of climatic responses to migra-

tion rates varied more between species. Focusing on the inter-

linked effects of the two best predictors among all focal species

(DIV and av.DDEG), we found the lowest migration rates for

most species at medium av.DDEG combined with high DIV

(Fig. 2). The time lags needed to cross gaps are large under

abiotic and biotic conditions where migration is already slow.

With increasing gap size, the time lag increases (Kruskal–Wallis

test, all P < 0.001). The largest gap size overcome within the

tested time frame was 4 km. This may be an artefact of the

dynamic model as it underestimates long-distance dispersal,

which tree migration rates are known to be sensitive to (e.g.

Clark et al., 2003). Quercus robur is not listed in Table 2 or Fig. 2

because it did not migrate far enough within the tested time

frame.

For all tested conditions of climate and competition, early-

successional species had a significantly higher migration rate

(mean = 108.2 � 69.3 m year-1) than mid- to late-successional

species (mean = 11.7 � 8.6 m year-1, Kruskal–Wallis test: P =
0.007). Their migration lags within the 1000 years measured to

overcome gaps up to 4 km were significantly smaller (mean =
669.5 � 61.1 year) than for mid- to late-successional species

Table 1 Predictions of current species distributions. Model fit (adj. D2) of individual predictors and of the ‘full model’ (dependent
variable: relative species abundance; the best explanatory predictors are in bold), and model errors [mean absolute error (MAE), root mean
squared error (RMSE) and R2] of the ‘full model’ estimated with a 10-fold cross validation.

Species av.DDEG av.MiWiT av.PRSU sd.DrStr SLP TOPOS TEXT CEC Full model MAE RMSE R2

Abies alba 0.11 0.08 0.08 0.00 0.08 0.01 0.02 0.00 0.26 0.02 0.09 6.79

Larix decidua 0.08 0.13 0.12 0.01 0.21 0.07 0.02 0.02 0.34 0.02 0.03 7.95

Picea abies 0.29 0.17 0.17 0.04 0.00 0.00 0.01 0.00 0.36 0.20 0.25 25.99

Pinus sylvestris 0.15 0.16 0.06 0.00 0.15 0.03 0.06 0.00 0.31 0.25 1.46 29.19

Acer pseudoplatanus 0.07 0.07 0.05 0.00 0.03 0.02 0.04 0.00 0.18 0.01 0.01 2.17

Alnus glutinosa 0.08 0.05 0.04 0.00 0.08 0.04 0.02 0.01 0.20 0.02 0.06 3.26

Betula pendula 0.13 0.11 0.08 0.01 0.11 0.02 0.01 0.00 0.23 0.05 0.10 8.89

Carpinus betulus 0.19 0.09 0.04 0.10 0.04 0.02 0.04 0.00 0.36 0.02 0.05 13.04

Fagus sylvatica 0.11 0.10 0.02 0.00 0.09 0.01 0.06 0.00 0.25 0.11 0.92 15.22

Fraxinus excelsior 0.11 0.07 0.03 0.01 0.00 0.01 0.03 0.01 0.18 0.01 0.02 2.50

Populus tremula 0.07 0.08 0.06 0.03 0.08 0.01 0.00 0.00 0.17 0.02 0.00 4.35

Quercus petraea 0.22 0.15 0.00 0.07 0.01 0.00 0.04 0.00 0.28 0.04 0.01 10.76

Q. pubescens 0.28 0.24 0.06 0.03 0.06 0.00 0.04 0.01 0.42 0.02 0.19 9.02

Q. robur 0.14 0.09 0.04 0.02 0.04 0.02 0.01 0.00 0.26 0.06 0.42 10.82

Mean over all species 0.15 0.11 0.06 0.02 0.07 0.02 0.03 0.00 0.27 0.06 0.26 10.71

av.DDEG, averaged degree-days; av.MiWiT, averaged minimal winter temperatures; av.PRSU, averaged summer precipitation; sd.DrStr, standard
deviation of drought stress; SLP, slope; TOPOS, topographic position; TEXT, soil texture; CEC, soil cation exchange capacity.
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(mean = 906.3 � 36.3 year; Kruskal–Wallis test, P = 0.001,

Fig. 3).

Patterns of migration rates within Europe

We found that migration rates differed substantially in geo-

graphical space. Migration rates were, for all species except L.

decidua and P. sylvestris, especially high in the Alps and par-

ticularly low in northern and southern Europe (Fig. 4 and

Appendix S4). Differences between the migration rates of early-

successional species (mean for Europe in the 21st century for

A1fi/GRAS 153.1 � 90.0 m year-1 and B1/SEDG 158.0 � 98.3 m

year-1) and mid- to late-successional species (A1fi/GRAS 15.2 �

24.5 m year-1 and B1/SEDG 15.9 � 25.6 m yr-1) were also con-

siderable. During the 21st century, mean migration rates have

declined overall, but less for early-successional species than for

mid- to late-successional species, and less for B1/SEDG climate

and land-use scenarios than for A1fi/GRAS (Fig. 5).

Differences between migration scenarios

Tree distributions estimated from the niche-based modell-

ing approach incorporating migration matched for early-

successional species better with SDM projections assuming

unlimited migration than with projections assuming no migra-

tion (Fig. 6 and Appendix S5). With mid- to late-successional

the relationship was reversed (Fig. 6 and Appendix S5). There-

fore, differences in the projected range sizes between the models

with the three different migration-limitation assumptions were

especially large for mid- to late-successional species. These dif-

ferences did not change in the 21st century for A1fi/GRAS and

B1/SEDG climate and land-use change scenarios (Fig. 7).

DISCUSSION

Dispersal limitation is one of the main sources of uncertainty

when predicting species distributions under changing climate

(Araújo & Guisan, 2006). Implementing migration rates that

depend on climate, competition and habitat connectivity into

niche-based models has thus a great potential to substantially

reduce uncertainty in future projections under changing cli-

mates. Our analyses showed clearly that early-successional

species were considerably less limited in range re-adjustments

than mid- to late-successional species. Further, inter-specific

competition, which is especially high under favourable macro-

climatic conditions, reduced range shift velocity more than

adverse macroclimatic conditions. Landscape fragmentation led

to considerable time lags in range shifts, especially for mid- to

late-successional species. To ensure a correct interpretation of

our results, we first discuss three main critical points below.

First, more complex models inherently contain more uncer-

tainty (Midgley et al., 2006; Thuiller et al., 2008). In our dis-

tribution model with estimated realistic migration rates,

uncertainty is inherent in: (1) SDM calibration of potential

current and future habitats; (2) the processes of the dynamic

model (TreeMig); and (3) the reduction in the variability of the

migration rate estimates from the dynamic model to mean

trends when predicting migration rates in geographical space.

For example, omitting DIV reduced the proportion of explained

variance (adj. D2) from 0.75 to 0.42. Findings from such

Table 2 Predictions of migration rates. Model fit (adj. D2) of individual predictors and model fit and model errors [mean absolute error
(MAE), root mean squared error (RMSE) and R2] of the ‘full model’* estimated with a 10-fold cross validation. The best explanatory
individual predictors are in bold.

Species DIV* COMP av.DDEG sd.DDEG sd.MiWiT sd.DrStr P0DrSt Full model MAE RMSE R2

Abies alba 0.99 0.01 0.15 0.01 0.00 0.01 0.21 0.42 3.16 ¥ 10-3 2.03 ¥ 10-4 43.03

Larix decidua 0.13 0.09 0.09 0.02 0.00 0.05 0.01 0.25 3.57 ¥ 10-2 1.65 ¥ 10-4 23.86

Picea abies 0.8 0.01 0.07 0.00 0.00 0.03 0.07 0.17 7.56 ¥ 10-3 5.41 ¥ 10-5 18.50

Pinus sylvestris 0.09 0.07 0.04 0.01 0.01 0.06 0.08 0.27 2.62 ¥ 10-2 1.39 ¥ 10-4 26.18

Acer pseudoplatanus 0.33 0.03 0.34 0.03 0.00 0.01 0.05 0.47 3.39 ¥ 10-2 8.14 ¥ 10-4 46.27

Alnus glutinosa 0.76 0.02 0.16 0.03 0.00 0.01 0.23 0.53 9.65 ¥ 10-3 1.20 ¥ 10-4 59.62

Betula pendula 0.01 0.13 0.35 0.05 0.01 0.01 0.01 0.54 9.23 ¥ 10-2 3.20 ¥ 10-4 53.92

Carpinus betulus 0.88 0.01 0.42 0.04 0.01 0.03 0.07 0.60 5.59 ¥ 10-3 1.22 ¥ 10-4 54.00

Fagus sylvatica 1.00 0.12 0.12 0.01 0.02 0.01 0.09 0.39 1.64 ¥ 10-3 1.09 ¥ 10-4 29.95

Fraxinus excelsior 0.86 0.01 0.29 0.02 0.01 0.02 0.04 0.39 1.20 ¥ 10-2 3.14 ¥ 10-4 39.81

Populus tremula 0.16 0.09 0.36 0.03 0.00 0.01 0.03 0.52 7.34 ¥ 10-2 1.29 ¥ 10-3 50.75

Quercus petraea 1.00 0.25 0.10 0.01 0.01 0.00 0.14 0.54 1.12 ¥ 10-3 3.13 ¥ 10-5 40.44

Q. pubescens 0.85 0.02 0.22 0.01 0.00 0.02 0.15 0.39 6.88 ¥ 10-3 1.02 ¥ 10-4 28.52

All species 0.6 0.07 0.21 0.02 0.01 0.02 0.09 0.42 2.38 ¥ 10-2 2.91 ¥ 10-4 39.60

*We excluded DIV when calibrating the ‘full model’ because we do not have a map of tree species diversity (current or future) across Europe for model
predictions.
DIV, number of species present; COMP, distinguishing ‘low competition’ in newly emerged forest patches and ‘high competition’ in forest patches
established more than a decade ago; av.DDEG, averaged degree-days; sd.DDEG, standard deviation of degree-days; sd.MiWiT, standard deviation of
minimal winter temperature; P0DrStr, proportion of years with zero drought stress.
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complex models as ours may still be useful for conservation

planners and forest managers (Midgley & Thuiller, 2005)

because they are among the best approaches to assessing migra-

tion limitations on the large-scale distributions of species

during climate change.

Second, our estimates of migration rates may be biased

because: (1) the dynamic model may not be properly param-

eterized for individuals near their range limits or for rapid

climate change; (2) we treated the different land-use types as

equally strong barriers to dispersal; and (3) we used only single

gaps to estimate time lags from landscape fragmentation. Indi-

viduals at their range edges tend to have higher dispersal abilities

than individuals at their range centres (e.g. Darling et al., 2008),

possibly due to genetic selection or an interference of pre-

emptive intra- or inter-specific competition. If expanding edges

contain individuals with higher dispersal ability, then this may

          A. alba A. pseudoplatanus          A. glutinosa          B. pendula

         C. betulus F. sylvatica F. excelsior L. decidua

          P. abies P. sylvestris P. tremula Q. petraea

        Q. pubescens

M
ig

ra
tio

n 
ra

te
 

av.DDEG

Figure 2 Migration rates (m year-1) estimated by the dynamic model depending on the two best explanatory predictor variables among all
focal species (see Table 2), i.e. the number of species present in the migratory matrix (DIV) and averaged degree-days (av.DDEG).
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result in a spatial sorting of dispersal ability and it will affect the

shape of the dispersal kernel (Phillips et al., 2008). Dispersal

kernels in TreeMig, however, were fixed for individuals of the

same species. Regarding the impact of land use on migration

rates, it is known that parks in cities and abandoned agricultural

areas can act as stepping-stones for tree migration (Jim, 2004).

Moreover, the behaviour of dispersal agents is strongly influ-

enced by landscape structures (Nathan et al., 2002). In our

study, we only considered abandoned land as potentially colo-

nizable sites outside forests, and only used a dispersal kernel

calibrated under forest conditions because TreeMig is not

parameterized to take into account land-use types having dif-

ferent dispersal agents. The third potential source of bias may

arise from measuring the time lag for overcoming only single

gaps of differing size in order to implement the resulting migra-

tion rates in SDMs. Addressing the time lags associated with just

one gap at a time may differ from overcoming a second gap, even

though the conditions and the gap size may remain the same.

Multiple small barriers may slow down migration more than a

single large barrier (e.g. Malanson & Cairns, 1997; Collingham

& Huntley, 2000).

The third critical point is that the equilibrium assumption,

which is a basic assumption of SDMs, may already be violated

under current conditions. Current species distributions may be

influenced by migration limitations during Holocene climate

change and by past and current country-specific forest practices.

In our study, for instance, L. decidua, A. alba and F. sylvatica were

predicted to occur too far north under current conditions, pos-

sibly due to persisting migration limitations of these species

(Svenning & Skov, 2004). On the other hand, P. abies distribu-

tion was predicted too far south under current conditions, prob-

ably because plantations at low elevations are present in the

database (Meier et al., 2011).

Despite these three potential shortcomings, modelling

transient dynamics across large spatial scales still provides valu-

able insights into the magnitude and the time-scale over which

range shifts may occur, especially as little is known about the

range restrictions of most species (Gaston, 2009), although

some progress has been made (e.g. Normand et al., 2009;

Zimmermann et al., 2009). One major reason may be that we do

not know enough about the effects of local population dynamics

and habitat fragmentation on large-scale migration rates (e.g.

Schwartz, 1993). Our results showed strong effects of inter-

specific interactions on migration rates and large differences

between the migration rates of early- and mid- to late-

successional species. The discrepancy between the estimated

migration rates from palaeoecological data, which assumes

migration rates of the order of 102 and 103 m year-1 (e.g. Huntley

& Birks, 1983; Birks, 1989), and the migration rates in our

study varied with species. Generally, migration rates from early-

successional species were in the range of those obtained from

palaeoecological data, while mid- to late-successional species

migrated more slowly than expected. This may be because

species in our model had to cope with the specific conditions

found today, i.e. they had to spread through a landscape whose

spatial structure and potential for plant establishment has been

modified considerably (Pitelka et al., 1997). However, it may also

result from TreeMig not accounting for long-distance dispersal

sufficiently well, which may play a crucial role for some species

(e.g. Clark et al., 2003).

Inter-specific competition, which is important for tree

establishment, reduced migration rates in our simulations con-

siderably. Because competition may not affect species linearly

(Malanson & Cairns, 1997), we further investigated the effect of

different degrees of competition. According to Elton’s diversity

invasion hypothesis (Elton, 1958; Naeem et al., 2000), diversity

may be used as a proxy for the degree of competition from

resident species to immigrating species. Our analysis showed

that, where only a few species had become established, migra-

tion rates remained high. Where species were advancing into

areas already colonized by a high diversity of species, migration

slowed down greatly, probably because newcomers are more

likely to encounter a dominant competitor if more species are

present (Wardle & Peltzer, 2003). Local disturbance events, such

Figure 3 Mean time lags in migration to
overcome uninhabitable gaps of early-
and mid- to late-successional species over
all tested conditions estimated by the
dynamic model. The central lines are the
mean, the boxes are the inter-quartiles,
the lower whiskers are the datapoints
within 1.5 inter-quartile range (IRQ) of
the lower quartile (analogous for the
upper whiskers), and the points are
the outliers (i.e. datapoints outside of
1.5 IQR).
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as fires or storms, may reduce this competitive inhibition

(Björkman & Bradshaw, 1996), but we did not specifically test

this in our study. From studies in Sweden we know that P. abies

was able to invade the existing forest within one generation,

while the establishment of F. sylvatica was delayed for almost

1000 years until ground fires created suitable seed bed condi-

tions (Björkman & Bradshaw, 1996). Thus, predictions of trail-

ing edge responses are also more uncertain. If, under future

climate change, resident species die back prior to the immigra-

tion of newcomers (e.g. Solomon, 1986), competitive restric-

tions on migration rates may be less important than if resident

species exhibit inertia (e.g. Hansen et al., 2001).

The effect of inter-specific competition on migration rates

was linked to climate. Migration rates were lowest at medium

B.pendula, A1fi/GRAS 2000-2100 B.pendula, B1/SEDG 2000-2100

F.sylvatica, A1fi/GRAS 2000-2100 F.sylvatica, B1/SEDG 2000-2100 

Migration rate [m yr–1]

Migration rate [m yr–1] Migration rate [m yr–1]

Migration rate [m yr–1]

Figure 4 Mean migration rate (including time lags due to forest fragmentation) since 2000 across potentially suitable habitats of an
exemplary early-successional broadleaf species (Betula pendula) and an exemplary late-successional broadleaf species (Fagus sylvatica) for
the A1fi/GRAS and B1/SEDG climate and land-use scenarios. ‘Striped’ countries indicate additional areas for model calibration.
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temperatures where species diversity was high. This relationship

is in line with the stress gradient hypothesis (Maestre et al.,

2009) and the findings of Bonan & Sirois (1992), that growth

would often increase with rising temperatures towards southern

range limits. However, with rising temperatures competition,

and to some extent drought, also increase, which limit species

ranges and thus may also reduce migration.

Our results confirm that human-driven habitat fragmen-

tation makes it difficult for many species to migrate (Pitelka

et al., 1997). Migration was delayed considerably by even small

gaps between forest habitats. Other studies have similarly found

that migration rates slowed down markedly when habitat avail-

ability fell below a certain threshold in landscapes composed of

only few large habitat patches (Collingham & Huntley, 2000;

King & With, 2002). Thus, standard SDMs may greatly under-

estimate the constraining effect of habitat fragmentation,

whereas the dynamic model TreeMig may overestimate the time

it takes to overcome gaps and underestimate the maximal dis-

tances that can be overcome between patches.

In geographical space, the effects of latitudinal climate gradi-

ents combined with patterns of land abandonment and habitat

connectivity have resulted in an overall similar pattern for most

species. Migration rates tend to be slow in the north and south

of Europe where the climate is either very cold or very dry, which

prolongs life cycles and reduces the growth of species and hence

slows down migration. On the other hand, migration seems to

be especially high in the Alps where extensive farming has tra-

ditionally dominated, so that the land is particularly vulnerable

to abandonment (Baldock et al., 1996). When land is aban-

doned, many forest patches emerge with low inter-specific inter-

actions in the initial phase, which promotes species migration.

The degree of competition in old forest patches may be overes-

timated in our model because dominant trees are not present at

all locations due to migration limitations, in contrast to the

migration experiment with TreeMig.

Early-successional species migrated about 10 times faster

than mid- to late-successional species. This is because early-

successional species generally have rapid growth rates, large

amounts of seed and long seed-dispersal distances, while

mid- to late-successional species usually have rather different

characteristics (Meier et al., 2010). This causes mid- to late-

successional species to migrate predominantly into previously

colonized forest habitats where inter-specific competition is

higher. Their higher shade tolerance cannot outbalance this dis-

advantage, and thus their already lower migration rates are

decreased even further. This strong migration limitation of mid-

to late-successional species means they tend not to colonize new

habitats that become potentially suitable under climate change.

Only areas with short and steep environmental gradients,

such as mountains, may facilitate the persistence of these poor

dispersers (Cowling et al., 1999). In contrast, early-successional

species colonized new potentially suitable habitats much

faster due to their lower migration limitation (Ravazzi, 2002).

Although estimated migration rates have not changed dramati-

cally since 2000 for the global change scenarios tested, differ-

ences in migration rates between individual species and species

groups have a large impact on the potential range shifts for

global change scenarios. Naturally regenerating forests may

become less diverse because they may be dominated by early-

successional species with wide ecological amplitudes and

contain less biomass than they would if mid- to late-successional

species could keep pace (Sykes & Prentice, 1996).

Compared with standard SDM approaches that assume no or

unlimited migration (e.g. Thomas et al., 2004; Thuiller et al.,

2005; Araújo et al., 2006), our approach using realistic migration

rates enabled us to deduce rules for the degree of migration

limitation on individual species or species groups related to their

range-shifting behaviour under climate change. Depending on

the limitation on migration identified, it may be possible to plan

and assist their migration better. Species with large shifts in

Figure 5 Percentage of migration rates (including time lags due to forest fragmentation) in relation to the initial migration rate of early-
and mid- to late-successional species over time for A1fi/GRAS and B1/SEDG climate and land-use scenarios. The central lines are the mean,
the boxes are the inter-quartiles, the lower whiskers are the datapoints within 1.5 inter-quartile range (IRQ) of the lower quartile
(analogous for the upper whiskers), and the points are the outliers (i.e. datapoints outside of 1.5 IQR).
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Figure 6 Predicted distributions of an exemplary early- (Betula pendula) and late-successional (Fagus sylvatica) species for 2000, 2050 and
2100 (A1fi/GRAS and B1/SEDG climate and land-use scenarios) for the no migration (top layer), realistic migration (middle layer) and
unlimited migration scenario (bottom layer).
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range under future climates and strong migration limitations

should, in particular, be assisted. This applies not only for

economically important species, but also for species that are

important for biodiversity. Evaluating the degree of migration

limitation is not only relevant for tree species, but also for many

other potentially migration-limited plants and animals.

In conclusion, many slowly reproducing mid- to late-

successional species may not be able to keep pace with recent

and future climate change. At favourable locations, range shifts

are limited by slow migration rates due to biotic interactions,

while at unfavourable locations range shifts are limited directly

by climate. Land-use change is a mixed blessing: while land

abandonment creates patches with low inter-specific competi-

tion and thus promotes species migration, the fragmented char-

acter of many landscapes presents strong barriers to dispersal.

Assessing the effects on migration rates and species ranges of

inter-linked processes such as climate, inter-specific interactions

and landscape fragmentation on a continental scale should help

to identify the conditions that enhance or inhibit range shifts.

This should help in the interpretation of range shift maps from

SDMs and how these are affected by assuming no migration, or

alternatively, unlimited migration. When including migration

rates in projections of large-scale species distributions under

climate change scenarios, the calculation of extinction risks

can be improved, reserve networks can be better designed, and

efforts to assist the migration of species with strong migration

limitations can be better focused.
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