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Projected climate change causes loss and redistribution of genetic
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Climate change causes species ranges to shift geographically as individuals colonise new suitable temperature zones or
fail to reproduce where climate conditions fall below tolerance levels. Little is known about the potential loss of genetic
diversity in such dynamic ranges. We investigated the level and distribution of neutral genetic diversity in shifting
metapopulations during three scenarios of temperature increase projected for this century and at various degrees of
weather variability. We used an individual-based and spatially explicit metapopulation model in which temperature
zones were simulated to move across a fragmented landscape following different climate change scenarios. Although the
connectivity between habitat patches allowed the species, modelled after the middle spotted woodpecker Dendrocopos
medius, to move along with the shifting temperature range, existing neutral genetic diversity was lost under all three
temperature increase scenarios. This was independent of the loss of individuals. The explanation for this effect is that
only a part of the original genetic variation moved into the newly colonised habitat. Under increased weather variability
the number of individuals and the number of alleles per locus were persistently lower. However, the pattern of changes
in allele distributions under temperature zone shifts was the same under all weather variability levels. Genetic
differentiation between populations had a tendency to increase at metapopulation range margins, but decreased again
when population sizes increased in time. Increased weather variability led to increased variation around the mean
genetic differentiation across the metapopulation. Our results illustrate the usefulness of more realistic models for
studying the effects of climate change on metapopulations. They indicate that biodiversity monitoring indices based on
species occurrence and abundance are not a good proxy for the trend in the level of genetic diversity. Further, the
results underline the importance of conserving areas where species have existed for a long time as modern refugia for
genetic diversity.

Adoption of the Convention on Biological Diversity at the
1992 Earth Summit in Rio de Janeiro has led to a
worldwide commitment to sustain the diversity of life on
Earth. This has resulted in widely used biodiversity
monitoring tools and conservation programmes. One of
the threats to biodiversity are current climatic changes
(IUCN in Foden et al. 2008), reflected in increased
temperature and increased weather variability (IPCC
2007). Increased temperature may cause a shift of species
ranges when species follow suitable temperature zones
(Parmesan and Yohe 2003, Root et al. 2003, Parmesan
20006). Relatively rapid climate change may cause extinc-
tions of species that are not able to track suitable conditions
due to limited dispersal capacities (Schippers et al. 2011).
On top of this, movement of individuals and hence also

range shifts can be hampered by fragmentation of habitat
(Warren et al. 2001, Travis 2003, Opdam and Wascher
2004, Vos et al. 2008).

Additionally, range shifts have population genetic con-
sequences. If expansion at the leading edge of the range
occurs through a sequence of founder effects, this results in
a reduction of genetic diversity in the newly colonized
habitat (Nei et al. 1975, Hewitt 1996, Austerlitz et al. 1997,
Hewitt and Nichols 2005, Neve et al. 2009). Therefore,
after a period of range expansion, genetic diversity in a
species range is decreasing from the rear edge to the leading
edge (Hewitt 1996, Mclnerny et al. 2009). This has been
shown in a strategic model of the fate of mutations during
population expansion into new habitat (Mclnerny et al.
2009). It has also been shown to be the general pattern in
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several groups of species as a consequence of range
expansion across central and northwestern Europe after
the last ice age (Hewitt 1996).

Range shifts are different from range expansions since
there is also a range retraction at the trailing edge to
consider. Mclnerny et al. (2009) showed in a modelling
approach that survival of neutral mutations at the trailing
edge is reduced as a result of decreasing habitat suitability.

The predicted increased weather variability may increase
population extinction rates (Leigh 1981, Lande 1993,
Saether et al. 1998, Verboom et al. 2010) and thus lead
to an increase in number of founder events under range
shifts through enhanced extinction-colonisation cycles. This
would have consequences for the level of genetic diversity in
newly colonised regions. Besides, this effect may be
enhanced by decreased habitat size and increased habitat
isolation resulting from habitat fragmentation.

From the above we conclude that the currently predicted
climate change may affect the genetic diversity of species
(Hewitt and Nichols 2005, Mclnerny et al. 2009).
However, projections of future climate, including both
temperature and weather variability increase, have not yet
been incorporated in studies modelling the effects on
species’ genetic diversity. Existing models have thus so far
also taken a more strategic approach, using non-specific,
simplified assumptions about species’ demography and
genetics. Besides, spatial irregularity in habitat configura-
tions has not been incorporated into these strategic studies.
See e.g. Mclnerny et al. (2009), who included range shifts
but limited their study to clonal haploid reproduction and a
landscape grid with population sizes 0 or 1. Edmonds et al.
(2004) studied range expansion only. They allowed
population growth but limited themselves to clonal haploid
reproduction and a landscape grid. Klopfstein et al. (2006)
used a landscape grid and haploid individuals under range
expansion as did Travis et al. (2007). Bruggeman et al.
(2010) did study the effects of habitat loss and fragmenta-
tion on genetic variation in a complex model based on
realistic ecological and population genetic data in irregular
landscapes. Yet this study was not focused on changing
species’ ranges.

In this paper we explore how range shifts induced by the
predicted climate change will affect the level and distribution
of neutral genetic diversity in a species range. We chose a
more complex approach in an attempt to realistically model a
specific species, the middle spotted woodpecker Dendrocopos
medius. This species has a medium dispersal capacity, with an
average yearly dispersal distance in the same order of
magnitude as the yearly temperature zone shift. We used
an individual-based and spatially explicit metapopulation
model in which temperature zones were simulated to move
across a fragmented landscape following different scenarios
for predicted climate change (Hadley Centre 2003). Since we
are interested in the demographic effects of climate change on
genetic diversity, we investigated neutral genetic diversity
only to not confuse genetic signatures of range shifts with
signatures of selection (Excoffier and Ray 2008, Excoffier
et al. 2009). We expected that in the newly colonised areas,
allelic diversity will decrease and genetic differentiation
between populations will increase (Eckert et al. 2008).
Further, we expected that both trends may be correlated
with temperature increase and increased weather variability.
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To investigate these expectations we specifically asked how:
1) predicted temperature increase, and 2) predicted tem-
perature increase combined with increased weather varia-
bility affect the level and distribution of neutral genetic
diversity in the species range in time.

Building on both the above mentioned studies into
population genetics and on frequently used climate-envelope
models (Settele et al. 2008), we believe our modelling
approach is a further step towards more realistic species-
specific assessments of climate change effects (Scoble and
Lowe 2010).

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
temperature zone shifts and weather variability by Schippers
et al. (2011). Here a new extension provided each
individual in this study with a genome of 10 unlinked
diploid genes (representing 1 locus at each of 10 different
chromosomes). Population genetics in our model was the
result of population demography. There was no reciprocal
effect of genetics on demography, thus all genes were
neutral. Reproduction, dispersal and survival were based on
population density and habitat quality. Habitat quality was
controlled by time and location specific temperature. As
such we simulated the effect of stochastic temperature zone
shifts on neutral genetic diversity. For detailed information
see Supplementary material Appendix 1: detailed model
description and Appendix 2: genetic make-up and protocol.
Table 1 gives an overview of all species, gene and climate
parameters used.

The landscape we used in the model had dimensions of
15 km from east to west by 2000 km from north to south.
The east and west side were merged to create a cylindric
landscape. The landscape contained 3000 circular habitat
patches of 50 ha each, so consisted of a total of 5% habitat.
Patches were placed in random positions in the landscape,
yet only allowed if they were at a minimum distance of
150 m from existing patches. Five landscape variants with
different habitat positions were randomly generated and
each simulated parameter setting was repeated twice in each
landscape variant.

We modelled a woodland bird, parameterised as the
middle spotted woodpecker Dendrocopus medius. Para-
meters were based on biological information (Pettersson
1985a, b, Hagemeijer and Blair 1997, Pasinelli 2000,
Kosenko and Kaigorodova 2001, Michalek and Winkler
2001, Kosinski et al. 2004, Kosinski and Ksit 2006) and
on the interpretation by Schippers et al. (2011) (Table 1).
The model distinguished two sexes and two lifestages.
Recruitment, dispersal and survival were all dependent of
population density and habitat quality. From their origin
patch individuals could disperse in every direction, along a
straight line. Connectivity to other patches was determined
by destination patch radius and by distance from original to
destination patch. The maximum dispersal distance was 15
km, so habitat patches that were separated by more than
this distance were not connected at all. Our model did not
allow dispersers to ignore a nearer patch, so more distant



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 Supplementary material Appendix 1: detailed model description.

Parameter description Value Unit Parameter name
Landscape parameters
number of patches 3000
patch area 50 ha
patch carrying capacity 20 individuals
Species parameters
Recruitment
area per reproductive unit 5 ha
recruitment at density =0 and quality =1 2.4 juveniles/female No_ppoHqt
recruitment at density =1 and quality =1 1.8 juveniles/female No_pp1HQ1
recruitment at density =0 and quality =0 juveniles/female No_ppoHao
Dispersal
maximum dispersal distance 15 km
maximum detection distance 150 m |
juvenile dispersal probability
at density =0 and quality =1 0 yr—! Pb_pponq
at density =1 and quality =1 0.6 yr—! Pb_pD1HQ!
at density =0 and quality =0 1 yr! Pb_pporqo
adult dispersal probability
at density =0 and quality =1 0 yr—! Po_ppoHQ
at density =1 and quality =1 0.1 yr—! Po_pp1rQr
at density =0 and quality =0 0.5 yr—! Pb_ppoHaqo
Survival
juvenile survival probability 1 yr ! Ps_ppoHq1,
Ps_pp1mqQ1,
Ps_pporqo
adult survival probability at quality =1 0.8 yr*1 Ps_pporq1,
Ps_ppiHqi
adult survival probability at quality =0 0.55 yr*1 Ps_pporaqo
Genetic parameters
allele range at initialisation 120
allele range after mutation 21-50
mutation rate 10™* generation ™'
Climate parameters
temperature isocline speed 2,4,8 km yr ™! T
weather variability 0, 140, 280 km (<7
temperature tolerance 800 km H
initial temperature optimum location 400 km from the south edge Yopt,0
Model run parameters
burn-in 3000 yr
investigated time points after burn-in 0, 25, 50, 75, yr
100, 125, 150
200, 250, 300,
400, 500, 600

patches are located in the shadow of the nearer patch. An
individual may arrive in a patch with a population size
larger than carrying capacity twice per dispersal event, and
was then allowed to disperse again. Should it fail to reach a
habitable patch within three dispersal rounds, it would die.

The climate optimum was shifting northwards according
to the temperature increase scenario used (see below and
Table 1). The weather variability was simulated by the
standard deviation of the average temperature (see below and
Table 1). Climate suitability was translated to a habitat 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 isocline speed scenarios, based on work
by the Hadley Centre (2003). The first scenario was a
temperature increase of 1°C from year 2000 to 2100. For as
far as we know now, this is an unrealistic prediction for
the coming century but we incorporated it as an absolute

minimal change to compare with the more likely scenarios of
a 2 and 4°C temperature increase by 2100 (Hadley Centre
2003). When translating these scenarios to temperature
isocline speeds we assumed that the simulated metapopula-
tion was situated along the European Atlantic coast.
Unaffected by mountain ranges it has the temperature
gradient of 0.0042°C km ! (Schippers et al. 2011). The
three scenarios were therefore equivalent to isocline speeds of
respectively 2, 4 and 8 km yr~'. Weather variability was
modelled as the standard deviation of the average tempera-
ture, which currently is 0.59°C and was thus translated to
140 km (Schippers et al. 2011). To assess the effect of
increased weather variability we also applied levels of 280 and
0 km.

At initialisation of the model, all habitat patches were
filled with 10 adult individuals, equaling half the carrying
capacity. Each individual was randomly given 2 alleles per
locus for 10 different, unlinked loci. The initial alleles had
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allele numbers ranging from 1 to 20. We allowed for
mutations at a rate of 104 generationfl, the mutation
rate of medium-sized (20 repeats) microsatellites per
haplotype per generation (Whittaker et al. 2003). Muta-
tions generated new alleles with a random number between
21 and 50 (for more detailed information see Supplemen-
tary material Appendix 2: genetic make-up and protocol).
All alleles were neutral and thus had no effect on individual
performance.

After initialisation we allowed a generous burn-in of
3000 generations to obtain the equilibrium situation (for
more detailed information see Supplementary material
Appendix 2: genetic make-up and protocol). During these
3000 generations, the model was run with temperature zone
speed equaling zero but the simulated weather variability
was already used. In the remainder of the paper, time 0 was
set after the burn-in.

Schippers et al. (2011) found that under the parameter
settings used, this species responded differently to our three
different temperature zone shift scenarios. This allowed us
to study the genetic signatures of three demographically
different range shifts: no decline in population numbers,
slow decline and fast decline.

Simulation experiments

With our first experiment we investigated how predicted
temperature increase affected the level and distribution of
neutral genetic diversity in the species range in time. In this
experiment the temperature isoclines were simulated to
move northward for 600 yr according to the three climate
scenario speeds and one control speed of zero km yr ', The
weather variability was maintained at the estimated current
value of 140 km throughout the entire experiment.

With our second experiment we investigated the
combined effect of both predicted temperature increase
and increased weather variability on the level and distribu-
tion of neutral genetic diversity in the species range in time.
In this experiment the temperature isoclines were again
simulated to move northward for 600 yr according to the
three climate scenario speeds and one control speed of 0 km
yrfl, but now for each of these scenarios the weather

variability had values of 0, 140 or 280 km.

Analysis

For both experiments we were interested in the changes in
level and distribution of neutral genetic diversity in time
and space. We calculated two measures of genetic diversity:
the average actual number of alleles per locus (A) and the
average effective number of alleles per locus (A.), with the
latter following the equation (Frankham et al. 2005):

B 1
‘ 2Pt
where p; denotes the frequency of allele i in the population.
Field studies take samples of the entire population and are
thus confined to using A.. Differences between A and A,

provide information about low-frequency alleles, such as
new mutations. We stored and analysed data for 13 time

A
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slices consisting of the years: 0, 25, 50, 75, 100, 125, 150,
200, 250, 300, 400, 500, and 600. To investigate the
distribution of genetic diversity we cut the landscape in
ranges of 50 km and calculated A and A, both for the whole
metapopulation and for the combined populations in each
50 km range. To study the distribution of genetic diversity
within these 50 km ranges, we furthermore calculated the
genetic differentiation between populations (Fgt) for the
combined populations in each range. Lastly, to compare
with and correct for population size, we calculated the
average number of individuals (N). For structuring the data
and calculating the allele frequencies and Fgt values we used
Genepop 4.0 (Rousset 2008). For studying trends in
numbers of individuals and alleles, we averaged these per
parameter setting. For individuals we averaged over the two
runs of the five landscape variants, for alleles we also
averaged over the 10 loci. For both experiments we
calculated confidence intervals to show variation between
different runs.

Results

The effects of predicted temperature increase

Level of neutral genetic diversity

The first experiment showed that under the temperature
isocline speed of 0 and 2 km yr_l, the number of
individuals in the metapopulation remained more or less
the same over a period of 600 yr (Fig. 1a). Under speeds
of 4 and 8 km yr_l, individual numbers linearly
decreased after a small lag phase, which ended in the
metapopulation going extinct under the conditions simu-
lated in these scenarios. The decrease in number of
individuals was correlated with temperature isocline speed,
i.e. the faster the temperature optimum moved, the faster
the number of individuals decreased and the sooner
extinction occurred.

The average number of alleles per locus showed a
somewhat different result (Fig. 1b). The number of alleles
decreased in time in all climatic change scenarios,
including the 2 km yr~' temperature isocline shift
scenario in which the number of individuals did not
decrease. The decline of the number of alleles was faster
with increased temperature isocline shift speed. The
average effective number of alleles per locus also decreased
in time in all scenarios at a rate negatively correlated to
the speed of the temperature isocline shift (Fig. lc).
However, the rates of decline were higher than those of
the average number of alleles under the same scenario.
The loss of alleles could in part be the result of the
decreasing population size (but notice the 2 km yr_1
scenario). To correct for this potential effect we selected a
subset of 100 individuals for all scenarios and time slices.
Also in such a sample of constant population size, alleles
were lost in all scenarios (Fig. 1d). The effective numbers
of alleles showed the same pattern (not shown).

Spatial distribution of neutral genetic diversity

Figure 2 displays for one temperature increase scenario (the
2 km yr~ ! temperature isocline shift) the spatial distribu-
tions of individuals, alleles and effective number of alleles
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Figure 1. The effects of four temperature isocline speeds 0 (—x-), 2 (-O-), 4 (-O-), and 8 (~{O-) km yr71 on average number of
individuals (a), average number of alleles per locus (b), average effective number of alleles per locus (c), and average number of alleles per
locus for 100 random individuals (d). Dotted lines (.. and .-) give 95% confidence intervals. (b—d): data are the average of 10 loci.

Weather variability was 140 km.

during the movement of the climate optimum northwards.
The peak of the distribution of individuals more or less
followed the temperature optimum during its movement
northward, but the individuals that occupied the newly
colonized area north of the original habitat carried only a
small subset of the alleles. Most of the alleles present in
populations that used to be in the centre of the metapo-
pulation prior to temperature change, remained there. This
led to a highly skewed distribution of the — effective —
number of alleles in the metapopulation from year 250
onwards, with populations towards the trailing edge of the
metapopulation being significantly more genetically diverse.
As the climate optimum continued to move northward,
these populations started to decrease in size and finally went
extinct, leading to loss of alleles.

Figure 3 shows the distribution of the Fgr values of
all 10 simulated runs within each 50 km range for the
2 km yr ' temperature isocline shift. Most Fsr values were
very small, but there was a tendency towards higher values
near the range edges, where the average numbers of
individuals were lower (compare Fig. 2 with Fig. 3). The
Fsr values in scenarios of 4 and 8 km yr™' temperature
isocline shift showed similar patterns (not shown).

The interaction of predicted temperature increase
and increased weather variability

Level of neutral genetic diversity

We ran our temperature change scenarios at twice the
standard level of random weather variability, so with a
standard deviation (SD) of the temperature optimum of 280
km, and for comparison also without any random weather
variability between years (SD =0). The results indicated two
different effects of an increase of weather variability. Firstly,
the number of individuals (Supplementary material Fig. A3-
la in Appendix 3: extra figures) and the actual (Fig. 4a) and
effective numbers of alleles (Supplementary material
Fig. A3-1b in Appendix 3: extra figures) were smaller under
larger weather variation across the whole range. This is
already visible at t =0, as the weather variability was already
simulated during the burn-in phase. Corrected for the
decrease in population size (Fig. 4b), we see that increased
weather variability led to a small loss of neutral genetic
diversity independent of population size. Secondly, the
variation in the number of individuals between replicate
runs was larger under increased weather variability (Supple-
mentary material Fig. A3-1a in Appendix 3: extra figures).
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Figure 2. The spatial distribution of individuals, alleles and effective number of alleles during the movement of the habitat optimum
northwards at 2 km yr ', in 4 time steps: year 0 (a), 200 (b), 400 (c) and 600 (d). For assessing the number of individuals and their
neutral genetic diversity the populations were grouped in 50 km ranges, displayed as the horizontal lines in the figure center. The bold
horizontal line indicates the year-specific location of the temperature optimum. The bars display the average number of individuals per 50
km range (light gray, to the left), and the number of alleles (in black, to the right) and effective number of alleles (in dark gray, to the
right). In each time slice (year indicated at the bottom right) also the total number of individuals (N), alleles (A) and effective number of
alleles (A,) for the whole metapopulation are indicated. The vertical lines serve as scales and specifically indicate the found maximum
numbers of individuals and alleles in any 50 km range across all time slices. Weather variability was 140 km.

Increasing variation is indicated by increasingly wide con-
fidence intervals with increasing weather variability.

Spatial distribution of neutral genetic diversity

The increase in weather variability did not affect the initial
metapopulation range (compare Fig. 5a and b as typical
examples of what we see under all scenarios), nor did it
affect the retraction of the rear end of the species range
(compare Fig. 5c with d). However, the peak distribution of
individuals was flattened under large weather variability,
which is the main reason why the metapopulation con-
tained fewer individuals under larger weather variability.
Apparently, a large yearly variation prevented the species
from fully occupying the habitat under optimal conditions,
leading to increased habitat occupancy under limited
weather variability. Under temperature increase, the overall
pattern of individual and allele distributions under range
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shifts was however not affected by increased weather
variability, despite the effect on absolute numbers (compare
Fig. 5a with ¢, and b with d).

In Fig. 6 we show the distribution of the Fgr values of all
10 simulated runs within each 50 km range for the scenario
of 4 km yr~' temperature isocline shift under weather
variabilities of zero and 280 km. Range edges again showed
a tendency towards higher Fgr values. Besides this effect,
there was more variation in the Fgr values throughout the
entire metapopulation under high weather variability. This
last effect was independent of local population sizes.

Discussion

The purpose of this study was to investigate how range
shifts induced by the predicted climate change may affect



Figure 3.

individuals in this range. Weather variability was 140 km.

—_

o

UL
. 3 .
.

R AR AR AR

JTTUULY

(c)

L

jialetnegernnving
t!.

RERRRR RN AR AR LR

LE

year

year

0

400

(b) 0 year 200

!!ggoillliglittiotig

‘1
*

R AR RN AR AR AR

(d)

k]
.
L
L

sagieiegased

* i
t

All Fgr values in each 50 km range (displayed as the horizontal lines) during the movement of the temperature optimum (bold
horizontal line) northwards at 2 km yr ™~ L Missing values (i.e. <10 Fgr values noted per range) are the result of simulations leading to 0

7-EV



n
(4]

average number of alleles per locus
n
o

15
10
5
0 L B
0 100 200 300 400 500 600
year

[4,]

average number of alleles per locus for 100 random individuals

o

100 200 300 400 500 600
year

o

Figure 4. Average number of alleles per locus per year (a) and
average number of alleles per locus for 100 random individuals
per year (b) for all combined temperature isocline speeds 0 (—-),
2 (-09), 4 (-<O-), and 8 (-O-) km yr !, and random weather
variabilities of 0 (black), 140 (light gray) and 280 (dark gray) km.

Dotted lines indicate confidence intervals.

the level and distribution of neutral genetic diversity in a
species range. For this we modelled both demography and
genetics of a species with medium dispersal capacity in a
metapopulation setting under climate-induced range shifts.
Range shifts induced by the predicted temperature increase
led to loss of neutral genetic diversity in the metapopula-
tion, even if the metapopulation size remained unaffected.
When comparing the effects of temperature increase and
weather variability in our model, temperature increase
appeared to be the dominant factor in affecting population
size, the level of neutral genetic diversity and the spatial
distributions of both. The genetic differentiation between
populations increased due to increased weather variability
and in range margins, but this effect was limited.

Effects of range expansions and range shifts on popula-
tion genetics have been studied before (Hewitt 1996,
Edmonds et al. 2004, Klopfstein et al. 2006, Travis et al.
2007, Excoffier et al. 2009, Mclnerny et al. 2009). With
this study we have attempted to make a species-specific
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assessment of the effect of climate change on neutral genetic
diversity. For this we incorporated, in contrast to similar
modelling studies, species-specific life history traits, diploid
inheritance of alleles, temperature variability and predicted
increase of temperature, and spatial irregularity through
random habitat configurations. Thus we could study
simultaneously how metapopulation demography was af-
fected by climate change and in turn affected the metapo-
pulation genetics for a specific species.

The results of this study provide insight into how
projections of current climate change may affect metapo-
pulation-wide neutral genetic diversity in dispersers of
medium quality. Besides, the results illustrate the usefulness
of more realistic models for studying these complex issues.
Further, we hope this study may provide additional food for
thought in assessments of currently used monitoring tools
and conservation programmes.

The effects of temperature increase induced range
shifts on neutral genetic diversity

Neutral genetic diversity was lost under all three tempera-
ture increase scenarios, and this loss also occurred when the
number of individuals did not decrease during range shift,
which was only the case in the 1°C temperature increase per
century scenario. The loss of neutral genetic diversity was
visible both as a decrease of the actual number of alleles (the
sum of common and (very) rare alleles) and of the effective
number of alleles (which corrects for differences in allele
frequencies). It was also present when we corrected for
differences in population size. Schippers et al. (2011)
concluded that metapopulation survival can be enhanced
by limiting future temperature increase. We subscribe to
this conclusion and extend it to the preservation of neutral
genetic diversity. However, in our model all range shifts led
to loss of neutral genetic diversity, suggesting that some loss
of genetic diversity may be inevitable under a broad range of
scenarios of climate change.

Neutral genetic diversity was lost as a result of a series of
effects. The genetic diversity near the ranges of the
metapopulation was lower than in the centre as a result of
lower habitat suitability, and thus lower population density
(Eckert et al. 2008). Besides, the genetic diversity of
individuals dispersing into newly suitable areas was only a
part of the gene pool present near the original leading range.
As a result, populations in newly colonised habitats at the
leading edge of the metapopulation only contained a
fraction of the neutral genetic diversity that was present in
the centre of the metapopulation. Earlier studies (Edmonds
et al. 2004, Klopfstein et al. 2006, Excoffier and Ray 2008)
have shown low-frequency alleles at the leading range edge
to reach high frequencies in newly colonised areas, at the
cost of the presence and abundance of other alleles. This is
called the surfing effect. Travis et al. (2007) in a study on
adaptive mutations, showed that this effect is strong enough
to even increase the frequencies of deleterious mutations in
new populations. In other words, selection may not undo
the demographic effect of serial founder events, as was
predicted by Nei (1975). Here we show that the same
mechanism leads to the loss of existing neutral alleles in a
metapopulation. The total number of alleles was lower in
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Figure 5. Overview of differences in spatial distribution of individuals, number of alleles per locus and effective number of alleles per
locus in each 50 km range (displayed as the horizontal lines in the figure center) at 4 km yr~' optimum temperature (bold horizontal
line) speed for random weather variabilities of 0 (a, c) and 280 (b, d) km in years 0 (a, b) and 200 (c, d). The bars display the average
number of individuals per 50 km range (light gray, to the left), and the number of alleles (in black, to the right) and effective number of
alleles (in dark gray, to the right). In each time slice (year indicated at the bottom right) also the total number of individuals (N), alleles
(A) and effective number of alleles (A.) for the whole metapopulation are indicated. The vertical lines serve as scales and specifically
indicate the found maximum numbers of individuals and alleles in any 50 km range in all time slices of a single averaged parameter set.

newly colonized areas, indicating that not all alleles entered
the new habitat. The effective number of alleles declined
faster than the actual number of alleles, most clearly in the
1 and 2°C temperature increase per century scenarios,
indicating that a few alleles increased in frequency at the
expense of the abundances of all other alleles. This result is
consistent with previous work on mutations (Edmonds
et al. 2004, Klopfstein et al. 2006, Travis et al. 2007) which
showed that a low initial frequency does not prevent an
allele from surfing.

As the metapopulation continued to move in time, the
consequence of this surfing behaviour was that the patches
with the highest level of allelic diversity, which were
originally at the centre of the metapopulation, became
situated in the lagging edge in the southern range. This has
been shown before in a strategic model of the fate of neutral
markers (Mclnerny et al. 2009). On a different scale of
space and time, it resembles the distribution of neutral
genetic diversity in diverse groups of species which have
undergone range expansion across central and northwestern

Europe after the last ice age (Hewitt 1996, Besold et al.
2008). Hampe and Petit (2005) have pointed out the
relative importance of rear-edge populations as long term
stores of species’ genetic diversity. In our model, the
location of the maximum genetic diversity was more or
less stationary in space, but the metapopulation as a whole
shifted northward. This was not the consequence of an
inability of alleles to move within the metapopulation but
of a slow effective rate of movement. Boileau et al. (1992)
already showed persistent founder effects in natural popula-
tions. They concluded from theory and computer simula-
tions that allele frequencies established during colonisation
by few individuals are resistant to decay by allele exchange,
when this population grows rapidly after founding.
Finally, when southern populations started to go extinct
once temperature became too high in that region, neutral
genetic diversity was lost. This process leading to allele loss
concurs with theory (Nei et al. 1975), strategic modelling
studies (Boileau et al. 1992, Mclnerny et al. 2009) and
emperical findings (Boileau et al. 1992, Hewitt 1996).
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Fgr values noted per range) are the result of simulations leading to 0 individuals in this range.

One would expect that the loss of neutral genetic
diversity is aggravated under decreased population con-
nectivity. However, we used model parameters for the
species and for the landscape that together produced a well-
connected metapopulation, with Fgr values calculated for
the whole stationary metapopulation ranging from 0.0475
to 0.0868 under average weather variability. Thus there is
no reason to assume that limited population connectivity
was causing the loss of neutral genetic diversity we observed.
We did find an increased number of instances of higher
genetic differentiation between populations near range
margins (as shown by Eckert et al. 2008). This was
probably related to the smaller average population sizes in
these margins. However, even in marginal regions Fgr
values only occasionally went up to 0.2, and decreased again
when population sizes increased in the newly colonised
areas. Thus in our model colonisation had no long-term
effect on genetic differentiation among patches. This
pattern was observed for all temperature increase scenarios.

The landscapes we used in our model were 15 x 2000
km. One may expect that the loss of neutral genetic diversity
is more pronounced in linear habitats where dispersal
follows a stepping stone model. However, in our landscapes
the east and west side were merged to diminish edge effects,
which in theory leads to an infinitely wide landscape. In
metapopulation simulations this is fairly common practice,
Johst et al. (2002). With 3000 patches of 400 m radii, there
were always several locations available for dispersing in-
dividuals directly north of the northern metapopulation
edge. The cylindric structure of the landscape does increase
population connectivity compared to what can be expected
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in a wider, flat, or real-life landscape with the same
properties, as individuals can reach a new habitat patch
along different routes in east-west direction (Hovestadt and
Poethke 2005). This may contribute to the low Fgr values
that we found. However, Beaumont and Nichols (1996) also
performed their simulations on a torus while studying effects
on Fgr values. Besides, this effect was small compared to the
benefit of avoiding edge effects. In addition, it contributed
to a less stochastic behavior of the colonisation process at the
leading edge, which simplified the interpretation of the
results. Real species distribution areas will often contain
stretches in which suitable habitat is confined to a few
patches in a narrow corridor, and such bottlenecks can be
expected to lead to an even more pronounced loss of neutral
genetic diversity under range shifts than we have shown here
under unconstrained dispersal.

We used current climate change scenarios (2 and 4°C
warming by 2100) and projected them over the next 600 yr.
It is unlikely that current projections will be valid for such a
long time period. It is relevant, however, that if we would
be able to stop temperature increase by for example 2100,
the modelled metapopulations will not yet have gone
extinct under both temperature increase scenarios, and
they will still contain most of their genetic diversity in the
surviving southern original parts of their ranges.

The effects of increased weather variability on neutral
genetic diversity under range shifts

We found that neutral genetic diversity was always lowest
under high weather variability, independent of population



sizes. Under high weather variability, population sizes at
climate optimum did not reach carrying capacity. As a
result genetic drift in these populations increased compared
to scenarios with lower weather variabilities, leading to
lowered levels of neutral genetic diversity in these popula-
tions and thus overall in the metapopulation. Although
differences between weather variability scenarios were small
and arguably negligible compared to the effects of tem-
perature increase, we did see that these initial differences in
neutral genetic diversity were maintained throughout the
time series. The effect of weather variability on level of
neutral genetic diversity was therefore small yet persistent.
There was also a small increase in the occurrence of higher
genetic differentiation between populations throughout the
metapopulation under increased weather variability, prob-
ably also the result of an increase in genetic drift.

In our study the simulated weather variability was already
implemented during the burn-in phase of the model run, and
we did not study the effect of an increase in weather
variability at the start of the climate change scenarios.
However, the differences between the average weather
variability and the two extreme values of no and twice as
much weather variability were so much smaller than the
temperature change effects that they probably would have
gone unnoticed if they had occurred together.

Perspectives

Until now, weather variability has not often been taken into
account separately in climate change studies (but see e.g.
Verboom et al. 2010, Schippers et al. 2011). Verboom et al.
(2010) concluded that increased weather variability can
have important consequences for species’ conservation
programmes. Our results may be taken to suggest that the
effect of weather variability is small with regard to the loss
of genetic diversity caused by temperature change. How-
ever, as in our model the climate suitability follows a stable,
yet moving, curve throughout the simulated time series, the
random effects on temperature optimum are always
spatially correlated: if temperature is not optimal at a given
location in a certain year, there will be always be optimal
conditions further to the north or to the south. So there is
never a threat to the whole metapopulation simultaneously.
This is not representative of extreme weather events such as
the hot summer of 2003, when there were very high
temperatures all over Europe. It would thus be interesting
to study the effects of weather variability on population sizes
and genetic diversity in metapopulations more thoroughly
and with methods different from ours.

Our model did not include rare long distance dispersal,
which might support metapopulation survival or improve
migration under climate change. However, in contrast to
plants, our model species requires a mate to reproduce, and
this could seriously hamper successful colonization by the
occasional long distance migrating bird. Furthermore, rare
long distance dispersal that is successful would likely
aggravate the founder effects shown in this study.

Another contribution to survival beyond our model
predictions could come from selection and adaptation to
changing conditions, rather than (or combined with)
merely following the conditions that are currently optimal.

Outbreeding, long-lived species such as trees maintain most
of the genetic variation within a population (Austerlitz et al.
2000), and selection takes place every generation (Savolai-
nen et al. 2007). Whether bird species in fragmented
landcapes may be able to do the same is unclear. However,
if adaptation occurs, it may be at the expense of part of the
genetic diversity, which is selected against or lost together
with increased selection.

In small patches with low genetic diversity, inbreeding
may have an adverse effect on population demography,
through e.g. a decreased number of offspring, in species that
are sensitive for inbreeding. We did not include inbreeding
in our model, as we were interested in demographic effects
only. Besides, we modelled a medium disperser in a
reasonably connected landscape. In such a landscape
inbreeding can be effectively avoided by dispersal (Szulkin
and Sheldon 2008).

Current biodiversity monitoring systems usually assess
the number of individuals at regular intervals, and the
IUCN red lists of endangered species categories are based
on assessments of population sizes, the level of fragmenta-
tion and the span of occurrence, in combination with
species traits. Our results, supported by earlier empirical
studies (Hewitt 1996, Neve et al. 2009), indicate that these
biodiversity monitoring tools may not accurately reflect the
trend in level of species’ genetic diversity. Laikre et al.
(2010) state that currently used indicators focusing on
genetic diversity only deal with breeds used for food
production. Laikre et al. (2008) suggested starting points
for a genetic diversity monitoring program, but they did not
take effects of climate change into account in their study.

From this and previous studies it can be concluded that
species experiencing climate-induced range shifts may be
prone to loss of genetic diversity. More research is needed to
develop good indicators of monitoring genetic diversity in
species subject to climate change-induced range shifts and,
more importantly, to develop conservation programmes
and management tools to prevent such losses (Smulders
et al. 2009). However, initially most of the genetic diversity
may still be available in populations in the original species
range centre. Our results indicate the importance of
conserving such areas as modern refugia of genetic diversity,
as argued earlier by Hampe and Petit (2005).
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