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Abstract

Many species are locally adapted to decreased habitat quality at their range margins, and therefore show genetic

differences throughout their ranges. Under contemporary climate change, range shifts may affect evolutionary pro-

cesses at the expanding range margin due to founder events. In addition, populations that are affected by such foun-

der events will, in the course of time, become located in the range centre. Recent studies investigated evolutionary

changes at the expanding range margin, but have not assessed eventual effects across the species’ range. We explored

the possible influence of range shift on the level of adaptation throughout the species’ total range. For this we used a

spatially explicit, individual-based simulation model of a woodland bird, parameterized after the middle spotted

woodpecker (Dendrocopos medius) in fragmented habitat. We simulated its range under climate change, and incorpo-

rated genetic differences at a single locus that determined the individual’s degree of adaptation to optimal tempera-

ture conditions. Generalist individuals had a large thermal tolerance, but relatively low overall fitness, whereas

climate specialists had high fitness combined with a small thermal tolerance. In equilibrium, the populations in the

range centre were comprised of the specialists, whereas the generalists dominated the margins. In contrast, under

temperature increase, the generalist numbers increased at the expanding margin and eventually also occupied the

centre of the shifting range, whereas the specialists were located in the retracting margins. This was caused by foun-

der events and led to overall maladaptation of the species, which resulted in a reduced metapopulation size and thus

impeded the species’ persistence. We therefore found no evidence for a complementary effect of local adaptation and

range shifts on species’ survival. Instead, we showed that founder events can cause local maladaptation which can

amplify throughout the species’ range, and, as such, hamper the species’ persistence under climate change.
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Introduction

The genetic composition of a population of a natural

species results from the interaction of population

demography and adaptation to environmental condi-

tions. However, conditions across a species’ biogeo-

graphical range vary, many species show genetic

differences when comparing central and marginal pop-

ulations (Sexton et al., 2009). Populations in species’

range margins have been shown to adapt to average

lower habitat quality (Kawecki, 2008).

Under contemporary climate change (IPCC, 2007)

many species have been observed to shift their ranges

corresponding to the increased temperature (Chen et al.,

2011; Parmesan & Yohe, 2003; Root et al., 2003). Range

shifts may have genetic consequences, such as founder

events which occur at the expanding range margins

(Garroway et al., 2011; Hill et al., 2011; Lee, 2002; Mayr,

1942). Founder events can affect local evolutionary pro-

cesses (Excoffier et al., 2009; Travis et al., 2007; Vila et al.,

2003), and have been observed to generate signatures of

reduced neutral allelic variation in recently established

populations (Excoffier et al., 2009; Hewitt, 1996; Hill

et al., 2011). Therefore, contemporary climate change

may affect the frequencies of genotypes in populations

at species’ range margins. Furthermore, under range

shift, the locations of these populations, originally at the

range margin, will shift closer to the species’ range cen-

tre, whereas the populations at the retracting range mar-

gin become extinct. Combined with the observed

persistence of the founder effect (Hewitt, 1996), this
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may eventually influence the allele frequencies across

the entire species’ range (Cobben et al., 2011; Hewitt,

1996; McInerny et al., 2009), and therefore the overall

degree of adaptation to local conditions. As this may

result in local maladaptation and, consequently,

decreased population sizes and persistence, it is of pri-

mary importance to understand how species’ responses

to climate change interact with the heterogeneous

genetic structure throughout their ranges.

Changes in local adaptive genetic diversity under cli-

mate change have mainly been investigated in the

expanding species’ range margins and range interiors

(Excoffier et al., 2009; Hill et al., 2011, 1999; Parmesan,

2006; Thomas et al., 2001), with some research effort for

the retracting range margins (Hampe & Petit, 2005;

Jump et al., 2006). Range-wide assessments exist mostly

in modelling studies of neutral allelic diversity (Cobben

et al., 2011; McInerny et al., 2009). However, for past cli-

mate changes, founder events were shown to affect the

genetic structure of populations in large parts of spe-

cies’ ranges (Hewitt, 1996). Contemporary habitat frag-

mentation is furthermore likely to increase the

occurrences and consequences of founder events upon

range expansions, as can be deduced from theory

(Mayr, 1942) and simulations (Cobben et al., 2012;

Edmonds et al., 2004; Klopfstein et al., 2006).

Therefore, we investigated the interaction of local adap-

tation and founder events across a species’ total range in

fragmented habitat under climate change. We simulated

how a genetic difference in adaptation between central

andmarginal populations in a species’ range along a tem-

perature gradient in spatially structured habitat is

affected by climate change, allowing for range shifts and

local adaptation. For this we used a metapopulation

based on ecological information of the middle spotted

woodpecker (Dendrocopos medius), in which a single gene

determined the degree of adaptation to local temperature

conditions. Various climate change scenarios, including

both temperature increase and increased weather vari-

ability (Cobben et al., 2011; IPCC, 2007; Schippers et al.,

2011) were applied.We specifically asked:

● how the local frequencies of the different genotypes

in the species’ range changed under range shifts,

● how the changed distribution affected the persistence

of the species and

● whetherornot, and if so,when theoriginaldistribution

of the various genotypes recovered after stabilization

of the temperature.

Materials and methods

For this study we used METAPHOR, a simulation model for

metapopulation demography (Verboom et al., 2001; Vos et al.,

2001). The model has been extended to allow for stochastic

temperature increase by Schippers et al. (2011). We further

extended the model with a genetic module for adaptive traits.

Reproduction, dispersal and survival were based on popula-

tion density and habitat quality. Habitat quality was solely

dependent on the time- and location-specific temperature. The

individual’s perception of the habitat quality depended on its

genotype. As such we could simulate the effect of stochastic

temperature increase in the spatial distribution of the different

genotypes. For detailed information see the online Supporting

Information. Table 1 gives an overview of all species, genetic

and climate parameters used.

We modelled a woodland bird, parameterized as the mid-

dle spotted woodpecker Dendrocopos medius. This species is a

moderate disperser, yet not affected by infrastructural and

urban barriers. It also is fairly specific in its habitat choice and

has limited population growth capacity. It therefore represents

a species in which the habitat distribution is fragmented over

large areas, and with a population demography which makes

it sensitive to range shifts.

Under temperature increase, the temperature optimum

was shifting northwards across the species’ range (see below

and Table 1). Temperature suitability was translated to a hab-

itat patch quality ranging from 0 to 1, based on distance from

the climate optimum and on the half value parameter used,

following a Gaussian curve (Schippers et al., 2011). We used

three temperature increase scenarios, based on work by the

Hadleycentre (2003). The first scenario was a temperature

increase of 1 °C from year 2000 to 2100. As far as we cur-

rently know, this is an unrealistically small temperature

increase prediction for the coming century, but it was incor-

porated as an absolute minimal change to compare with the

more likely scenarios of a 2 °C and 4 °C temperature increase

by 2100 (Hadleycentre, 2003), which are based, respectively,

on IPCC SRES emission scenarios B1 and A2. When translat-

ing these scenarios to temperature isocline shift rates, we

assumed that the simulated metapopulation was situated

along the European Atlantic coast. For the SRES A1B sce-

nario, the Hadleycentre (2003) predicts no regional differ-

ences in change of temperature within this stretch of coast for

the year 2080. We therefore assumed a similar rate of temper-

ature increase across the simulated landscape. Unaffected by

mountain ranges, this specific coast line has a temperature

gradient of 0.0042 °C per km (Schippers et al., 2011). The cur-

rent average standard deviation of the average temperature

in this region is 0.59 °C (Schippers et al., 2011). We used the

temperature gradient to convert the explored temperature

increase rates and the yearly temperature variability in °C per

year and °C, respectively, to geographical distances (per year)

(see the Supporting Information). The three temperature

increase scenarios as such resulted in equivalent isocline shift

rates of 2, 4 and 8 km per year, respectively, with a standard

deviation of 140 km. To assess the effect of temperature vari-

ability, we also applied standard deviation levels of 280 km

and 0 km.

We allowed two different alleles at the adaptive locus, the

climate specialist allele S and the climate generalist allele G.

The alleles could mutate with frequency 10�6 (Nachman &

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 2419–2428
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Crowell, 2000). Note that we use the terms specialist and gen-

eralist for the individuals carrying these different alleles, anal-

ogous to the use of these terms for different species, but here

it concerns different genotypes within one species. Our species

was diploid, leading to the three potential genotypes SS, SG

and GG. The climate generalists, genotype GG, had a rela-

tively large thermal tolerance, but, as a trade-off, a lower over-

all fitness (Fig. 1). The individuals’ fitness was determined by

local habitat quality, based on local and temporal temperature,

as explained above. For the generalists, we therefore

restrained the perceived habitat quality, applying a fitness fac-

tor of 0.9. The climate specialists with the SS genotype had a

fitness factor of one, and thus no restrained habitat quality, but

a relatively small thermal tolerance (Fig. 1). The individuals

Table 1 Model parameters used. Species and climate parameters are those used by Schippers et al. (2011). Parameter names link

this table to the functions in the Detailed model description (online Supporting Information)

Parameter description Value Unit Parameter name

Landscape parameters

number of patches 3000

patch area 50 ha

patch carrying capacity 20 individuals

Species parameters

perceived habitat quality genotype SS 1 HQfactorgen
perceived habitat quality genotype SG 0.95 HQfactorgen
perceived habitat quality genotype GG 0.9 HQfactorgen

Recruitment

area per reproductive unit 5 ha

recruitment at density = 0 and quality = 1 2.4 juveniles/female NO_PD0HQ1

recruitment at density = 1 and quality = 1 1.8 juveniles/female NO_PD1HQ1

recruitment at density = 0 and quality = 0 0 juveniles/female NO_PD0HQ0

Dispersal

maximum dispersal distance 15 km

maximum detection distance 150 m l

juvenile dispersal probability

at density = 0 and quality = 1 0 year�1 PD_PD0HQ1

at density = 1 and quality = 1 0.6 year�1 PD_PD1HQ1

at density = 0 and quality = 0 1 year�1 PD_PD1HQ0

adult dispersal probability

at density = 0 and quality = 1 0 year�1 PD_PD0HQ1

at density = 1 and quality = 1 0.1 year�1 PD_PD1HQ1

at density = 0 and quality = 0 0.5 year�1 PD_PD1HQ0

Survival

juvenile survival probability 1 year�1 PS_PD0HQ1, PS_PD1HQ1, PS_PD0HQ0

adult survival probability at quality = 1 0.8 year�1 PS_PD0HQ1, PS_PD1HQ1,

adult survival probability at quality = 0 0.55 year�1 PS_PD0HQ0

Genetic parameters

allele range at initialization S and G

allele range after mutation S and G

mutation rate 10�6 generation�1

Climate parameters

temperature isocline speed 2, 4, 8 km year�1 T

weather variability 0, 140, 280 km rd
temperature tolerance genotype SS 600 km Hgen

temperature tolerance genotype SG 700 km Hgen

temperature tolerance genotype GG 800 km Hgen

initial temperature optimum location 400 km from the south edge Yopt,0

Model run parameters

burn-in 3000 years

investigated time points after burn-in 0, 25, 50, 75, 100,

125, 150, 200, 250,

300, 400, 500, 600

years

© 2012 Blackwell Publishing Ltd, Global Change Biology, 18, 2419–2428
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with the SG-genotype were intermediate in both thermal toler-

ance and fitness. The perceived habitat quality and the popu-

lation density determined the survival rate, the number of

offspring and the dispersal rate (online Supporting Informa-

tion). As such we created a metapopulation that, under equi-

librium conditions, had an increasing dispersal rate, and

decreasing survival and recruitment rates from the centre to

the range margin.

Simulation experiments

1 To study how the local frequencies of the different geno-

types in the species’ range changed under climate change,

we investigated the spatial distributions of the SS, SG and

GG genotypes throughout time under nine climate change

scenarios. For these scenarios we combined the three differ-

ent rates of temperature isocline shift of 2, 4 and

8 km year�1 with the three standard deviations 0, 140 and

280 km. The temperature isoclines were simulated to move

northward for 600 years. We additionally assessed the lev-

els of neutral allelic diversity to check for the occurrence of

founder events.

2 To investigate how the changed genotype distributions

affected the persistence of the species, we simulated the

metapopulation, subjected to the three rates of temperature

increase and the standard variation of 140 km, under two

additional parameter settings. In these settings, the meta-

population contained only one allele at the adaptation

locus, so it had either only individuals of the SS genotype or

of the GG genotype. We then assessed the size of the meta-

population under all three different parameter sets, so while

containing only allele S, only allele G or both alleles S and

G, as in experiment 1.

3 To investigate the recovery of the original genotype distri-

bution after stabilization of the temperature, we subjected

the metapopulation to the three temperature increase sce-

narios, which were stopped after 50 years or multiples of

50 years up to 700 years. The model was run for another

300 years after the stop with stabilized temperature, while

documenting the genotype distributions.

Results

Effects of climate change on the spatial distribution of the
genotypes

The original distribution of the genotypes in the meta-

population was changed under the range shift that was

caused by the temperature increase (Fig. 2). This led to

an increase in the relative number of generalists (GG)

and the relative size of the area in which they lived. This

increase occurred at the cost of the specialist (SS) and

intermediate (SG) individuals and eventually resulted in

the extinction of the specialist allele S in the metapopula-

tion. We also observed that after a period of temperature

increase, the relative positions of the SS and GG individ-

uals to the temperature optimumwas inverse in compar-

ison to the positions in the initial distribution (compare

in Fig. 2 the years 400 and 600 with year 0). The general-

ists occurred at the temperature optimum, where the
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Fig. 1 The perceived habitat quality, equivalent to relative fit-

ness as a function of the individual’s genotype and its distance

to the temperature optimum. The GG-individuals are climate

generalists, and the SS-individuals climate specialists.
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Fig. 2 The distributions and numbers of the GG (black bars), SG (dark grey bars) and SS (light grey bars) genotypes in time through

the model space under the temperature isocline shift rate of 2 km year�1, with standard deviation of 140 km. The lengths of the bars

indicate the sum of the local numbers of individuals. The thin horizontal lines represent the model space, cut into ranges of 50 km. The

bold black line in the model space indicates the location of the average temperature optimum along the total range of 2000 km in time,

which is indicated in the lower right corners of each of the figures.
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specialists have a selective advantage, whereas the spe-

cialists lived at the range margin, where the generalists

have a higher fitness. Both the effects of inverse position-

ing and relative increase in generalists were seen under

all temperature increase scenarios. The metapopulation

only survived under the isocline shift rate of 2 km

year�1. Under isocline shift rates of 4 km year�1 and 8

km year�1, we observed the extinction of the metapopu-

lation before the end of the simulation. With increasing

isocline rate shift, the extinction of both the S-allele and

the total metapopulation occurred earlier in time. The

level of neutral allelic variation showed a sharp decline

in the newly established populations (not shown) under

all temperature increase scenarios.

An increase in the temperature variability resulted in

a relative increase in the numbers of the generalist

genotype GG compared with the numbers of specialists

SS (Fig. 3). Under range shift, this relatively larger frac-

tion of the G-allele and/or the relative fitness benefit of

the G-allele under larger temperature variability led to

an earlier extinction of the specialist allele S under

range shifts (Fig. 3). The differences in distributions of

the three genotypes in time under range shifts between

the levels of temperature variability were similar under

all temperature increase scenarios.

Effects of changing genotype distribution on species’
persistence

If the metapopulation was parameterized to contain

only S-alleles (S-metapopulation) or G-alleles (G-meta-

population), its initial size was smaller than when both

alleles S and G were present (SG-metapopulation)

(Fig. 4). Under all parameter settings, the metapopula-

tion size decreased during a range shift, and the decline

of the metapopulation was steepest when it contained

both alleles S and G. Compared at a set moment in

time, the size of the SG-metapopulation was smaller

than both the S- and the G-metapopulation sizes under

the temperature increase scenario of 2 km year�1.

Under the range shifts induced by the 4 km year�1 and

the 8 km year�1 scenario, the SG-metapopulation size

became smaller than the G-metapopulation, but stayed

larger than the S-metapopulation. As a result of the

gradual decline of the S-allele frequency in the

SG-metapopulation under range shift, the sizes of the

SG- and G-metapopulations eventually converged

under all temperature increase scenarios.

Recovery of the original genotype distribution after
temperature stabilization

Our model simulations were continued after the imple-

mented temperature increase stopped. In this period

the species’ range still shifted, until the moment that

the metapopulation was distributed evenly again

around the temperature optimum. The initial, equilib-

rium distribution of the SS, SG and GG genotypes in

the metapopulation could re-establish itself in the three

following situations, which could also occur together:

1 If individuals carrying an S-allele were still present

in the area where they have a selective advantage

over the individuals with the GG genotype (Fig. 5

shows an example). In this case, the number of SS

and SG individuals increased and they moved north-

wards until they took their original positions around

the temperature optimum. Especially in the 2 km

year�1 scenario, recovery was often possible, even

after long periods of temperature increase. However,

the recovery period always took longer than the

period of temperature increase (Fig. 5).
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2 If a G-allele in the region around the temperature

optimum mutated into an S-allele. In this situation,

the individual with this SG-genotype had a selective

advantage over the surrounding generalists. Once

this mutation established itself, it led to an increase

in the numbers of individuals with the SG- and SS-

genotypes, until they took their original positions

around the temperature optimum. Such a mutation

occurred regularly (in 11 of 140 runs, for 14 parame-

ter sets) and increased the distribution recovery rate,

depending on the time and location of the mutation,

in comparison with the rate without such a beneficial

mutation.

3 In the exceptional case of a G-allele mutating into an

S-allele at the leading edge of the metapopulation

during the range shift. In the single example that we

detected in our runs (Figure S4 in the Supporting

Information), this mutation led to the persistence of

the S-allele near the temperature optimum through-

out the range shift. In this case, the relative increase

in the generalist numbers was limited under range

shift.

Discussion

The purpose of this study was twofold. First, to

explore the interaction of local adaptation and foun-

der events under range shifts in response to climate

change and second, to determine the effects of this

interaction on genotype distribution and species’

persistence. We found that the equilibrium distribu-

tion of the genotypes in the species’ range changed

when the range was shifting under temperature

increase. This change was caused by a founder

effect. As a result, the genotypes ended up in geo-

graphical regions that differed from those regions in

which they had the highest fitness. This led to a

decreased habitat occupancy causing a decreased

metapopulation size and, as such, this impeded the

species’ persistence. It furthermore caused the extinc-

tion of one of the genotypes, which survival time was

further diminished under increased temperature vari-

ability.

The results of this study suggest that founder

events that occur during range shift may have

adverse consequences for a species’ persistence. This

comes about through the impeded local adaptation in

newly established populations when these, at a later

stage, become located closer to the species’ range cen-

tre. Travis et al. (2007) showed the possibility of the

establishment of deleterious mutations through foun-

der events at expanding range margins. Here, we

extend their work and show that the enhanced fre-

quency, due to founder events, of the locally best-

adapted genotype at the expanding range margin in

time may also have adverse effects on the level of

local adaptation throughout the species’ range. In our

model, this occurred despite the fact that genotypes

better-adapted to the range centre were present in the

species’ range throughout the temperature increase

and recovery period.

It has been suggested that local adaptation and range

shifts could complement each other, leading to

increased species’ persistence under climate change

(Hoffmann & Sgro, 2011; Parmesan, 2006). Our study

did not provide evidence supporting this suggestion.

Instead, we showed that range shifts may lead to local

maladaptation throughout the species’ range and cause

decreased species’ persistence.
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under the temperature increase scenario of 2 km year�1 (a) and

8 km year�1 (b). Note that the y-axes scales differ.
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The combined effect of range shift and local adaptation on
the genotype distribution

As the location of the optimal temperature moved

northwards, the suitable climate space for the individu-

als at the northern range margin of the metapopulation

extended northwards as well. The newly available habi-

tat patches became occupied by the generalists living at

this northern range edge. In the northern transition

area, the changing temperature conditions allowed the

individuals carrying the specialist allele S to expand

their range as well. However, the expansion of the spe-

cialist genotype here was delayed. The observed delay

was caused by the absence of the S-allele in the popula-

tions where this allele had the selective advantage (as

indicated by Figure S4 in the Supporting Information).

This resulted from founder events, the occurrence of

which was confirmed by the patterns in the neutral alle-

lic variation. So the habitat sites to which the specialist

genotype needed to disperse were already occupied by

the climate generalists and, due to their local domi-

nance, most of the dispersers into these populations

were generalists too. As a result, the establishment rate

of the S-allele in these populations to the north of their

distribution was too low to track the expansion of the

generalist populations. Overall, the frequency of the S-

allele in populations in the transition region increased,

but more slowly than the expansion of the generalist

range at the northern border of the species’ range. Con-

sequently, the size of the northern region where the

generalists lived became constantly larger in time, and

upon continuing range shift, the specialists ended up at

the lagging range margin, where generalists were bet-

ter-adapted to the changed climate and therefore

performed better. So in this location, the specialist/

intermediate populations started to decrease as a result

of selection for the better-adapted generalists.

An increased yearly temperature variability led to a

further advantage for the climate generalists because its

main effect was a decrease in size of the central part of

the range in which the climate specialists could out-

compete the individuals carrying a G-allele, so that the

initial numbers of climate specialists were lower.

The effect of the changing genotype distribution on the
survival of the species

To gain insight into the consequences of the described

changes in species’ persistence, we compared the size

of the metapopulation when it had a mixed allele com-

position (containing both S- and G-alleles) with its size

when it contained only either the S- or G-allele.

The initial size of the metapopulation was largest

when it contained both alleles. This was presumably

the result of the combined local benefits of the present

genotypes, overall leading to larger population sizes.

Under all parameter settings, the metapopulation size

decreased during a range shift. This resulted from the

inability to utilize the full potential range to the north

of the temperature optimum because it took too long to

establish new populations in the northern range that

became habitable due to a fast shift of the temperature

optimum (Schippers et al., 2011), even under the slow-

est temperature increase scenario. However, when the

metapopulation contained both alleles S and G it

declined most steeply. Under these settings, both the

specialist and generalist genotypes ended up living

under suboptimal climate conditions, which led to

Year

(a) (b) (c)

0

Year

300

Year

600

Fig. 5 The distributions and numbers of the GG (black bars), SG (dark grey bars) and SS (light grey bars) genotypes in time through

the model space under the temperature isocline shift rate of 2 km year�1, with standard deviation of 140 km. The lengths of the bars

indicate the sum of the local numbers of individuals. The thin horizontal lines represent the model space, cut into ranges of 50 km. The

bold black lines in the model space indicate the locations of the average temperature optimum along the total range of 2000 km in time,

which is indicated in the lower right corners of each of the figures. The temperature increase was stopped after 300 years. After this the

simulation continued for another 300 years.
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additional loss of individuals in this metapopulation.

Counter-intuitively, the decrease of the metapopulation

size was only stopped once the specialist allele S went

extinct, and the generalists could increase their num-

bers in the southern part of the species’ range.

Recovering the equilibrium genotype distribution after
temperature stabilization

The genetic structure resulting from founder effects

under range expansion can be very persistent (Hewitt,

1996). Here, we showed for adaptive genes that the pro-

longed absence of locally beneficial alleles as a result of

founder events, may lead to delayed local adaptation.

However, local adaptation can be enhanced by

beneficial mutations.

Perspectives

The rates of temperature increase we used were based

on temperature change projections for the year 2100

and these levels were extrapolated over simulation

periods of several hundreds of years. Increases in

weather variability are projected for the next century,

but difficult to quantify. We have therefore decided to

explore the effect of changes in temperature variability

by doubling the current standard deviation of the aver-

age temperature and by assuming a zero standard devi-

ation. As a result we can state that the used rates of

temperature increase in this study matched the projec-

tions for the next 100 years (Hadleycentre, 2003),

whereas the ultimate temperatures after extrapolation

and the incorporated levels of temperature variability

served exploration purposes. The changes in genotype

distributions were therefore only shown for the current

standard deviation of the average temperature. In addi-

tion, we incorporated a model experiment to assess the

distribution restoration time after a future moment of

temperature stabilization.

The landscape used in this model is 15 9 2000 km,

with a model species’ maximum dispersal distance of

15 km. Founder events are more likely to occur in linear

habitats. However, the east and west sides of the used

landscape were merged to avoid edge effects, which

effectively created an infinitely wide landscape. In addi-

tion, founder events have been shown to take place

under range shifts in response to contemporary climate

change (Garroway et al., 2011). In this study, we show

how such founder events can affect the distribution of

genotypes across a species’ range for a moderate dis-

perser living in fragmented habitat. Bronnenhuber et al.

(2011) showed in an empirical study that in an invasive

fish species founder effects at the expansion front were

mitigated through a dual-dispersal strategy which com-

bines both long-distance and contiguous dispersal. This

raises the question how species’ ecology and the config-

uration of their habitat may affect the results found in

this study and whether our results can be observed in

empirical studies as well. Nolte (2011) therefore argued

for a broader scope of empirical studies with Bronnenh-

uber et al. (2011) as an example.

We have assumed a random dispersal direction for

our model species. Clobert et al. (2009) show that there

is accumulating evidence that habitat selection is non-

random for species in various taxa. Informed dispersal

may influence the model results by increasing population

growth rates. This could lead to a better tracking of the

shifting temperature optimum and therefore increase

species survival times. However, in other simulations

(not published) we observed that increased numbers of

immigrants do not significantly change the effect of

founder events. Thus, the patterns in the spatial distri-

bution of the various genotypes and their effects on

metapopulation survival probabilities are likely not

affected by our assumption of random dispersal.

We modelled genetic differences between central and

marginal populations of this species’ range. As still lit-

tle is known about the basis and extent of genetic differ-

entiation between central and marginal populations

along a biogeographical gradient, our genetically sim-

ple model provides valuable insights into how founder

effects under range shifts could interact with local

adaptation in species’ ranges along such a gradient.

Here, we elaborate on the possible effects of several

aspects that have not been included in the genetic

model on the model results.

1 The number of occasions in which mutations affect

the observed distribution patterns may be an overes-

timation due to the use of a two-allele gene in con-

trast to an infinite allele model. A lower mutation

rate would not change the process of founder effects

during colonization at the northern edge.

2 In this study, we have modelled a complex trait as

100% heritable. Although this is unrealistic, the

results give an indication on how the interaction of

range shifts and adaptation may affect the heritable

part of important species traits.

3 We have omitted the possibility of mutations leading

to an overall increased temperature tolerance of the

species. Such mutations would likely, locally, replace

the existing genotypes and increase the survival of

the species. We have not included such mutations

based on Parmesan (2006), who concludes in a

review paper that ‘there is no evidence for change in

the absolute climate tolerances of a species’, despite

the occurrence of local evolutionary responses to cli-

mate change.
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The examples of mutation establishment that we

observed in our results (see Figure S4 in the Support-

ing Information) suggest that the dominance of the

GG genotype under range shift might not occur if the

initial marginal populations would be genetically

more diverse. The chance of a genotype to be

enhanced by the founder effect is dependent of its rel-

ative fitness (Muenkemueller et al., 2011) and its fre-

quency at the ancestral populations. The inclusion of a

higher level of polymorphism or a smaller trait herita-

bility in the model may lead to genetically more

diverse populations in the range margin. A higher

level of genetic diversity at the range margin could as

well be generated by habitat heterogeneity, which was

not included in our model. If this would prevent foun-

der effects, such a management strategy may be

designed to support local adaptation under climate

change. To assess whether such a strategy is promis-

ing, additional modelling and empirical experiments

are needed.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Appendix S1. Appendix with detailed model description and Figure S4.
Figure S1. The average survival probabilities of the SS (specialist) and GG (generalist) individuals, relative to the location of the
temperature optimum, resulting from their perceived habitat qualities (see Fig. 1).
Figure S2. The average numbers of offspring of the SS (specialist) and GG (generalist) females, relative to the location of the temper-
ature optimum, resulting from their perceived habitat qualities (see Fig. 1).
Figure S3. The average dispersal rates of the SS (specialist) and GG (generalist) individuals, relative to the location of the tempera-
ture optimum, resulting from their perceived habitat qualities (see Fig. 1).
Figure S4. The distributions and numbers of the GG (black bars), SG (dark grey bars) and SS (light grey bars) genotypes in time
through the model space under the temperature isocline shift rate of 4 km year�1, with standard deviation of 140 km. The lengths
of the bars indicate the sum of the local numbers of individuals. The thin horizontal lines represent the model space, cut into ranges
of 50 km. The bold black lines in the model space indicate the locations of the average temperature optimum along the total range
of 2000 km in time, which is indicated in the lower right corners of each of the figures. The temperature increase was stopped after
300 years. In this particular run, in year 100 there were several SG-individuals at the range front, indicated by the arrow. These
could establish as a result of their selective advantage and their increase in numbers was subsequently enhanced by the founder
effect, leading to high numbers of specialists and intermediates throughout the range.
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