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Genetic consequences of habitat fragmentation
during a range expansion

S Mona1,2,3, N Ray4, M Arenas1,2 and L Excoffier1,2

We investigate the effect of habitat fragmentation on the genetic diversity of a species experiencing a range expansion. These
two evolutionary processes have not been studied yet, at the same time, owing to the difficulties of deriving analytic results for
non-equilibrium models. Here we provide a description of their interaction by using extensive spatial and temporal coalescent
simulations and we suggest guidelines for a proper genetic sampling to detect fragmentation. To model habitat fragmentation,
we simulated a two-dimensional lattice of demes partitioned into groups (patches) by adding barriers to dispersal. After letting
a population expand on this grid, we sampled lineages from the lattice at several scales and studied their coalescent history.
We find that in order to detect fragmentation, one needs to extensively sample at a local level rather than at a landscape level.
This is because the gene genealogy of a scattered sample is less sensitive to the presence of genetic barriers. Considering the
effect of temporal changes of fragmentation intensities, we find that at least 10, but often 4100, generations are needed to
affect local genetic diversity and population structure. This result explains why recent habitat fragmentation does not always
lead to detectable signatures in the genetic structure of populations. Finally, as expected, long-distance dispersal increases
local genetic diversity and decreases levels of population differentiation, efficiently counteracting the effects of fragmentation.
Heredity (2014) 112, 291–299; doi:10.1038/hdy.2013.105; published online 23 October 2013
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INTRODUCTION

Habitat fragmentation poses a serious threat to the genetic diversity
of many species (Fahrig, 2003; Keller and Largiader, 2003; Jump and
Penuelas, 2006). It lowers the connectivity between demes, thus
reducing the intrapopulation genetic diversity and increasing
population differentiation (Frankham, 1996; Young et al., 1996;
Johansson et al., 2007; Dixo et al., 2009). Fragmentation can arise
frequently in real environments, for instance when a continuous
landscape is divided into patches of demes separated by empty
regions (Fahrig, 2003).
Fragmentation is one of the processes that can occur during the

evolutionary history of a species. Indeed, species can be regarded
as dynamic rather than static entities, which tend to modify
their spatial distribution over time, often as a consequence of
environmental changes (Davis and Shaw, 2001). On the other hand,
range expansion is an important process that has been shown to
considerably shape species genetic variability. Range expansions leave
a distinct signature on the genetic structure of the populations
(Austerlitz et al., 1997; Ray et al., 2003; Excoffier, 2004), as the
colonization of new territories proceeds as a series of founder events
followed by continuous migrations among neighboring demes
(Austerlitz et al., 1997; Ray et al., 2003). This process leads to an
increase in the total species population size, but the coalescent pattern
can differ significantly from that left by a purely demographic
expansion (Excoffier et al., 2009).

Previous individual-based simulation studies have shown the effect
of genetic barriers and the time required for their detection
(Landguth et al., 2010). However, habitat fragmentation and range
expansion can occur simultaneously, both contributing to the genetic
variability of a species. Their joint effect has not been considered so
far, especially because of a lack of analytical results in the case of non-
equilibrium models. Here we investigate range expansions occurring
in a fragmented habitat by means of spatially explicit simulations. We
consider the most general case of fragmentation, that is, when
patterns of gene flow are not homogeneous due to barriers (natural
or human induced), which partitions the habitat of a species into
discrete patches. We did not consider habitat loss, as it is a more
specific instance of the fragmentation process.
In this study, we particularly focused on the differences between a

species experiencing a range expansion with or without fragmentation
and how the mode of genetic sampling can affect our ability to detect
environmental heterogeneity. Several parameters were considered: the
carrying capacity of the demes, the connectivity within and among
patches, the duration of the fragmentation period, the duration of the
range expansion and the effect of long-distance dispersal. Our model
addresses cases where species are distributed in patches that are
connected by migration events. Patches are sectors of habitat
delimited by areas unsuitable for species survival: an example could
be a forest that has been progressively converted into agricultural
crops and invaded by new species. Another example can be the
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distribution of species into refugial areas, which can be connected, at
some stages, by gene flow. Both plant and animal species can be
affected by the distribution of habitats of these types (Hewitt, 2004;
Aguilar et al., 2008; Haag et al., 2010). It is therefore important to
provide a more rigorous framework to interpret the resulting genetic
diversity. We also provide a genealogical interpretation of the
consequence of habitat fragmentation after a range expansion. By
exploring the shape of the gene genealogy at various sampling levels
(using summary statistics as proxies) we suggest some practical
guidelines to detect fragmentation. We analyze scenarios where the
intensity of fragmentation was fixed throughout the history of a
species and scenarios with temporal heterogeneity, mimicking recent
shift in the pattern of gene flow connecting the demes (that is,
particularly important to understand the effects of environmental
changes due to human activities). Finally, we show how long-distance
dispersal (LDD) can counteract the effects of fragmentation.

MATERIALS AND METHODS
We used a modified version of the software SPLATCHE (Currat et al., 2004) to

model habitat fragmentation. SPLATCHE simulates a range expansion of

haploid individuals over a two-dimensional array of demes arranged on a

lattice and exchanging migrants as in a two-dimensional stepping-stone model.

Simulations are done in two steps, the forward (demographic) and the

backward (coalescent) steps. The forward simulation starts from an ancestral

deme, which sends migrants to its neighboring demes. Migrations to empty

demes represent colonization events. Each deme has an intrinsic growth rate g

and its density is logistically regulated by its carrying capacity (K). After the

regulation step, migrants are sent to the four neighboring demes at rate m. The

process is repeated generation by generation for each non-empty deme,

resulting in a wave of advance of the whole population. The second phase

of the algorithm then starts at the present generation, proceeding backward in

time. The effective number of individuals present in a deme is used to compute

the probability of a coalescent event, and the migration rates determine the

probability of each sampled genes to emigrate, backward in time, to the

surrounding demes. The coalescent process stops once all genes have coalesced.

Previous versions of SPLATCHE used a single migration rate over the array of

demes (hereafter, landscape). The total number of emigrants (Nm) sent by

each deme was then equally allocated among its four neighbors. Here we

relaxed these assumptions by implementing a map of migration rates,

analogous to the existing maps of carrying capacities. Moreover, a deme can

now send migrants at different rates to the four possible spatial directions

(north, east, south and west), and the total number of emigrants is obtained as

the sum of the four Nmx values.

The size of the array of stepping stones was fixed to 50� 50 demes and the

origin of the expansion was set to position o1;14 of the square lattice

(North–West corner), with an initial effective population size of 100 haploid

individuals. To model habitat fragmentation, the landscape was partitioned

into groups of demes (hereafter, patches) by adding barriers to dispersal

defining 100 patches of 5� 5 demes (Figure 1). Barriers were generated by

simulating anisotropic migration: demes were allowed to exchange migrants

with the surroundings demes at rate m1 if belonging to the same patch and at

rate m2 otherwise, with m1Xm2. When m1¼m2, the landscape is homo-

geneous as each deme exchanges on average Nm1 genes with each of its

surrounding demes. This limits dispersal between patches compared with

dispersal within a patch. These barriers between patches could, for instance,

correspond to the creation of roads in a previously free-ranging environment.

Alternatively, this could be viewed as an increase in physical distance between

patches, resembling a world where patches are connected by migrational

corridors. The degree of fragmentation (that is,, the length of the corridors) is

summarized by the ratio of the two migration rates r¼m1/m2.

We performed simulations differing by the values of the demographic

parameters, the intensity of fragmentation r and the age of the spatial

expansion. We kept g¼ 0.8, as preliminary simulations and previous studies

showed that it affects mainly the speed of the colonization and the probability

of surfing (Klopfstein et al., 2006), while having little effect on other aspects of

genetic diversity. We considered three possible expansion times, namely

T¼ 1000, 3000 or 15 000 generations, to cover a broad range of temporal

scenarios. We therefore considered the following sets of simulations aimed at

studying the role of different parameters on resulting genetic diversity:

Variable levels of fragmentation
We considered here three values of carrying capacity (held constant over the

whole landscape; K¼ 20, 100 and 1000) and three expansion times (T¼ 1000,

3000 and 15 000 generations), but we also included T¼ 2 000 in some

scenarios. The number of immigrants at carrying capacity Km1 was set to

four values (namely 2, 4, 8 and 100) and m2 was varied accordingly so as to

examine the r-values of 1 (homogeneous landscape), 5, 15 and 50.

Adding or removing dispersal barriers
We fixed T¼ 15 000, K¼ 1000, m1¼ 0.025 and r¼ 50, but changed the

migration map at a specified number of generations before present. Range

expansions were simulated in: (i) homogeneous landscape where dispersal

barriers were added Tf¼ 10, 100 or 1000 generations before present; and

(ii) fragmented landscape where dispersal barriers were removed Tr¼ 10, 100

or 1000 generations before present.

Long-distance dispersal
Following Ray and Excoffier (2010), the distance of LDD events was drawn

from a g-dispersal kernel with shape parameter a¼ 0.0419 and scale parameter

y¼ 488.5 (these values lead to a mean LDD distance ay of around 20 demes),

as estimated from human demographic data (Novembre et al., 2005). We

studied the effect of four different proportions of LDD events, namely 0, 0.001,

0.01 and 0.05, for several fragmentation intensities. We fixed K¼ 1000,

m1¼ 0.025 and the expansion time at T¼ 3000 or T¼ 15 000 generations.

We varied r as in the ‘Variable levels of fragmentation’ section; that is, we

tested values of 1 (homogeneous landscape), 5, 15 and 50.

In order to study the effect of habitat fragmentation at different spatial

scales, we arbitrarily sampled genes from 32 demes distributed over the whole

array, as shown in Figure 1. We defined four levels (scales) of sampling and

computed summary statistics for each of them:

Deme level. Summary statistics are computed on a sample of size n¼ 100

genes in a single deme.

Patch level. Summary statistics are computed by pooling genes from five

demes collected within a patch (n¼ 20 per deme).

Region level. Summary statistics are computed by pooling samples of four

demes collected from four adjacent patches (n¼ 25 per deme).

Landscape level. Summary statistics are computed by pooling samples from

all 32 demes, sampling either n¼ 20 (intense sampling) or n¼ 3 (minimal

sampling) gene copies per locus per deme.

We generated 1000 coalescent trees for each combination of parameters. We

simulated two types of genetic markers: (i) a DNA sequence of 300 bp with

mutation rate of 0.001 per generation for the whole sequence; and (ii)

50 unlinked short tandem repeats (STRs) with a mutation rate of 0.0005 per

generation per locus under a pure stepwise mutation model.

Summary statistics were computed with Arlequin 3.5 (Excoffier and Lischer,

2010). For sequence data, we computed the number of haplotypes (H),

Tajima’s D and FST (Excoffier et al., 1992). The significance of Tajima’s D was

determined from an empirical distribution obtained from 1,000 coalescent

simulations in a stationary population. For STRs, we computed the average

number of alleles over loci (H) and RST (Michalakis and Excoffier, 1996).

RESULTS

Coalescence pattern in a range expansion with or without
fragmentation
Habitat fragmentation influenced the duration of the colonization
process. For instance, with K¼ 1000, m1¼ 0.025 and r¼ 1, the whole
array was colonized after 280 generations, whereas with the same
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parameters but r¼ 50 the process took around 110 generations
longer. We qualitatively compared the spatial distribution of coales-
cent events between homogeneous and fragmented landscape (r¼ 50;
Figure 2). Coalescent events are much more randomly distributed in
homogeneous landscapes than in fragmented landscapes, where they
tend to be concentrated within the sampled patches (Figure 2). This is
because barriers to dispersal maintain gene lineages for longer time in
the same demes increasing their probability to coalesce. In the
following, we present results at the region, patch and deme level
obtained for the center of the landscape. Similar patterns were also
observed at the periphery, the only difference being an overall
reduction in diversity, consistent with the expectations of metapopu-
lation models (Austerlitz et al., 1997; Wilkins and Wakeley, 2002;
Wilkins, 2004).

Effects of range expansion and habitat fragmentation on genetic
diversity
In Figure 3, we present the decrease in the number of haplotypes for
DNA sequence data, but similar patterns were observed for STRs also
(Supplementary Figure S1). As expected, the stronger the level of
fragmentation, the lower the number of observed haplotypes, with
such reduction only slightly dependent on T (Figure 3). Moreover, as
can be seen in Figure 3, an equilibrium value in the number of
haplotypes and its decrease due to fragmentation is reached already
for T around 3000 generations.
The loss of diversity due to habitat fragmentation is not homo-

geneous across the sampling scales, being more pronounced at the
deme and patch level than at the landscape level (Figure 3). For
instance, when T¼ 15 000 and r¼ 50, we observe a 26% decrease in
the number of haplotypes within a patch, whereas the decrease is only

5% and 3% at the region and at the landscape minimal levels,
respectively (Figure 3). The relative reduction in the number of
haplotypes is smaller for STRs than for sequence data, which is likely
due to the mutational process and not due to the number of
simulated markers. Indeed, we repeated the analysis by averaging
the number of haplotypes over 50 unlinked DNA loci and obtained
exactly the same picture as Figure 3 (results not shown).

Detecting range expansions
The intensity of fragmentation affects both the distribution and the
significance of Tajima’s D (Table 1, Supplementary Tables S1–S3).

Figure 1 The simulated array of 50�50 demes. Dispersal barriers are shown in black and define 100 patches of 5�5 demes. Black dots: sampled demes.

Gray circles: patch sampling level. Black circles: region sampling level.

Figure 2 Distribution of coalescent events in a homogeneous landscape (left
panel) and a fragmented landscape with r¼50 (right panel). The number

of coalescent events is proportional to the shade of gray (that is, more

coalescent events in light gray demes). White demes indicate an absence of

coalescent events. Demographic parameters are K¼1000, m1¼0.025 and

m2¼0.0005. Initial expansion occurred 15000 generations ago. Origin of

the expansion and sampled demes located as in Figure 1.
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Fragmentation intensity is positively correlated with Tajima’s D and
negatively correlated with its significance (that is, it reduces the power
to detect a range expansion). Both trends are stronger for older
expansions. Indeed, when T¼ 15 000 and K¼ 1000, the percentage of
negative significant values of Tajima’s D dropped from 94% to 2.7%
at the deme level, with increasing r (Table 1). Conversely, all Tajima’s
D statistics remain significantly negative with increasing r for
T¼ 1000 (Table 1). Although patch and deme levels are strongly
affected by fragmentation, particularly for old expansion times,
regions and minimal samples (3 genes from each of the 32 demes)
are not (Table 1, Supplementary Tables S1–S3). An intense sampling
(20 genes from each of the 32 demes) after an old range expansion
shows no significant test statistics irrespective of r, at odds with the

minimal sampling where we found 100% of tests to be significant
(Table 1). Values of D can be quite similar between minimal and
intense samplings but the percentage of significant tests can drastically
change (Table 1, Supplementary Tables S1 and S2). As an example, for
T¼ 15 000, K¼ 100 and m1¼ 0.05, average Tajima’s D values are
negative in both cases, but never significant with an intense sampling
and almost always significant with a minimal sampling
(Supplementary Table S2).

Effects of range expansions and habitat fragmentation on
population differentiation
In Figure 4, we report the FST distribution computed on DNA
sequences collected among the 32 sampled demes for K¼ 1000, and a
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combination of T and r (Supplementary Figure S2 shows the
distribution of RST computed over 50 unlinked STRs). FST increases
with fragmentation level. Both the expansion time and the level of
fragmentation have an impact on the mean and the variance of the
FST distribution. Indeed, for a given level of fragmentation, the s.d. of
the FST distribution is 10-fold smaller in old expansions (T¼ 15000)
than in recent ones (T¼ 1000), whereas mean FST values are less
affected, with only a 2-fold decrease in old expansions. Conversely,
r affects the mean and s.d. to a similar extent with an increase of up
to fourfold for both statistics when r¼ 50 as compared with a
homogeneous landscape (Figure 4). We found similar effects of
T and r when computing a multilocus FST averaged over 50 loci
(Supplementary Figure S3). As expected, we find a reduced variance
of the FST distribution compared with the single locus case for any
combination of the two parameters (see Figure 4 and Supplementary
Figure S3).
When testing other combinations of K and r (K¼ 100 and r¼ 10;

K¼ 20 and r¼ 4), we find a similar pattern: T has larger influence on
the variance of the FST distribution than on the mean, whereas r has
similar influence on both moments of the distribution (results not
shown). Therefore, a higher variance of FST is expected in fragmented
compared with homogeneous landscapes for any K-values. Similarly,
more recent expansions are characterized by larger variance in FST
than in older expansions.

Influence of temporal change in fragmentation intensity
In Figure 5, we present the effect of recent changes in the level
of fragmentation in the context of an ancient range expansion
(T¼ 15 000). After the introduction of a strong fragmentation
(r¼ 50) in a homogeneous landscape, levels of genetic diversity
within demes and within regions take a relatively long time to

decline, being barely affected after 100 generations (Figure 5).
However, after 1000 generations of habitat fragmentation, we
observed a reduction in genetic diversity comparable to that in a
continuously fragmented landscape. The effect of habitat fragmenta-
tion is more visible at the patch level: genetic diversity within a patch
is already substantially reduced by 100 generations after the onset of
barriers to dispersal. By contrast, even 1000 generations after the
introduction of genetic barriers, FST only reaches half of what is
expected in a continuously fragmented habitat (Figure 5), suggesting
that an important component of population genetic structure results
from processes ocurring during the expansion in a fragmented
landscape.
When we remove dispersal barriers, we note that 100 generations

are not sufficient to completely restore the level of genetic diversity
expected after a range expansion in a homogeneous environment
(Figure 5). Patterns of differentiation between populations take an
even longer time to be restored. Indeed, after 1000 generations FST is
still on average 1.6 times higher than that expected in a constantly
homogeneous landscape (Figure 5).
Genetic diversity responds more quickly to change in levels of

habitat fragmentation than FST, and this holds true for all the
sampling levels considered here. One thousand generations are
sufficient to restore genetic diversity to levels expected in a homo-
geneous world, and 1000 generations of evolution in a fragmented
landscape erases diversity previously accumulated in a homogeneous
world (Figure 5). We observe a similar pattern when fragmentation
intensity is lower (r¼ 15, Supplementary Figure S4).

Influence of LDD
LDD has a different effect on genetic diversity at the landscape and at
the patch levels (Figure 6 and Supplementary Figure S5). High LDD
proportions reduce the extent of population differentiation (mea-
sured by FST) and increase the genetic diversity observed at the
landscape level (Figure 6, Supplementary Figures S5–S7, left panels).
Conversely, LDD increases genetic diversity having little effect on FST
at the patch level. The number of haplotypes within a patch increases
proportionally more than at the landscape level (Supplementary
Figures S6 and S7) for higher LDD proportion, consistent with the
observations of Ray and Excoffier, (2010) in a homogenous landscape.
The strongest effects of LDD occur for high levels of fragmentation
(Figure 6, Supplementary Figures S5–S7). For instance, 5% of LDD
with r¼ 50 resulted in a reduction of FST of 70% at the landscape
scale (Supplementary Figures S6 and S7).

Table 1 Tajima’s D distribution for various fragmentation intensities

T¼15000 T¼1000

Sampling r* Mean %Pw %Nw Mean %Pw %Nw

Intense 1 �1.05 0.0 0.0 �2.75 0.0 100.0

5 �1.05 0.0 0.0 �2.75 0.0 100.0

15 �1.05 0.0 0.0 �2.75 0.0 100.0

50 �1.06 0.2 0.0 �2.74 0.0 100.0

Minimal 1 �1.74 0.0 99.9 �2.79 0.0 100.0

5 �1.74 0.0 99.8 �2.77 0.0 100.0

15 �1.73 0.0 99.7 �2.76 0.0 100.0

50 �1.72 0.0 99.5 �2.74 0.0 100.0

Region 1 �1.72 0.0 99.7 �2.72 0.0 100.0

5 �1.71 0.0 98.1 �2.71 0.0 100.0

15 �1.69 0.0 97.6 �2.68 0.0 100.0

50 �1.61 0.0 76.4 �2.68 0.0 100.0

Patch 1 �1.71 0.0 98.6 �2.69 0.0 100.0

5 �1.68 0.0 95.5 �2.63 0.0 100.0

15 �1.61 0.0 75.4 �2.59 0.0 100.0

50 �1.36 0.0 7.3 �2.53 0.0 100.0

Deme 1 �1.67 0.0 94.0 �2.56 0.0 100.0

5 �1.63 0.0 80.1 �2.52 0.0 100.0

15 �1.55 0.0 50.2 �2.46 0.0 100.0

50 �1.28 0.0 2.7 �2.42 0.0 100.0

Parameters of the range expansion: K¼1000, and m1¼0.025; r of 5, 15 and 50 corresponds
to m2 values of 0.005, 0.0016 and 0.0005, respectively. Expansion times: T¼15000 and
T¼1000.
*: fragmentation intensity (see text for details).
w: percentage of simulated datasets showing significant positive (%P) or negative (%N) values of D.

0.0

0.1

0.2

0.3

0.4

0.5

F
st

ρ = 1 5 15

15000 3000 1000T=

50 1 5 15 50 1 5 15 50
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from 1000 coalescent simulations in each case.
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DISCUSSION

Previous individual-based simulation studies have described the
effects of the emergence (or disappearance) of a single genetic barrier
dividing a spatially continuous population (Landguth et al., 2010).
Here we analyzed a more complex setting, where habitat fragmenta-
tion occurs in a non-equilibrium metapopulation divided into
discrete demes and experiencing a range expansion. For the sake of
simplicity, fragmentation was modeled as an instantaneous process,
but a more gradual change is unlikely to affect the general pattern we
find, as fragmentation requires several generations to affect genetic
diversity (see below). Our aim is to understand the interaction
between fragmentation and range expansion, and to provide some
guidelines on the sampling procedure to follow, in order to detect the
genetic signature left by the two processes. Fragmentation is a
dynamic characteristic of a habitat and its intensity may vary through
time (Fahrig, 2003). We therefore explore the consequence of such
changes on the genetic diversity of a species and we finally discuss the
importance of LDD to counteract the onset of dispersal barriers. The
relevance of our results is important to understand the loss of genetic
diversity, which is frequently observed in nature during habitat
fragmentation.
In order to interpret our findings, we provide a description of the

effect of habitat fragmentation on the gene genealogy. In his seminal

work, Wakeley (1999) separated the coalescent process of genes
sampled in a structured population into two phases, the scattering
and the collecting phase. Going backward in time, the scattering
phase starts at the present generation and ends when all sampled
genes have either coalesced or migrated to different demes. At this
point, the collecting phase begins. It is characterized by a large
number of migration events and a few coalescent events that can
happen only when two lineages end in the same deme (see Figure 1
from Wakeley (1999) for a graphical interpretation). The relative
length of the two phases depends on the demographic parameters
characterizing the metapopulation (the number of genes entering in a
deme per generation, Nm) and determines the shape of the gene
genealogy (Ray et al., 2003). A similar separation of time scales was
shown to hold in several complex and realistic models taking into
account geographic features (Wakeley and Aliacar, 2001), in extinc-
tion/recolonization models (Wakeley and Aliacar, 2001; Wakeley,
2004), in continuous populations (Wilkins and Wakeley, 2002;
Wilkins, 2004), as well as in range expansions (Ray et al., 2003;
Wegmann et al., 2006). When the number of immigrant genes per
deme is large enough (say when Nm420), the scattering phase will be
very short and will have little influence on the distribution of
coalescent events. In this case, lineages sampled within a deme will
display a gene genealogy similar to that expected after a simple
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demographic expansion in an unstructured population (Ray et al.,
2003). Conversely, when the number of immigrant genes per deme is
lower, the scattering phase will be longer, so that many coalescent
events are likely to occur during this phase as well. In that case, the
gene genealogy will exhibit a mixture of short- and long-terminal
branches, potentially hiding the signature of the expansion (Ray et al.,
2003). Our first and most important result is that coalescent events
are differently distributed in homogeneous and fragmented land-
scapes (Figure 2). Fragmentation reduces migration between patches
(Fahrig, 2003; Dixo et al., 2009), which means that more coalescent
events will occur within a patch (genes will not be able to ‘escape’
from the patch) before the collecting phase. In other words, the length
of scattering phase relative to the collecting phase will be longer for
higher fragmentation intensities. The gene genealogy of lineages
sampled within a patch or a deme will have shorter terminal
branches, an overall reduced total length and hence fewer mutations.
This translates into a smaller number of haplotypes and less negative
Tajima’s D (Table 1, Supplementary Tables S1–S3, Figure 3). Such
effect is much less pronounced at the region and particularly at the
landscape level with minimal sampling; this is because the scattering
phase is shorter than in local samples for these sampling schemes,
which minimizes the influence of fragmentation. Conversely, at the
landscape level with intense sampling we still have a longer scattering
phase, owing to the fact that many lineages come from the same
patch. For this reason, the intense sampling is a mixture of the
minimal and local sampling, which determines that even though
neutrality statistics (that is, Tajima’s D) are negative, they are not

significant for old range expansions. This genealogical pattern
explains why habitat fragmentation affect more local than global (at
the species level) measures of genetic diversity. These results have
practical implications for conservation genetics: to detect a reduction
in genetic diversity due to habitat fragmentation, it is necessary to
sample many individuals from the same deme or patch, rather than to
perform extensive geographic sampling with one or few individuals
per site, but a mixed strategy could also be envisioned. Similarly,
pooling lineages belonging to different patches may make it difficult
to detect a loss of diversity having occurred in a fragmented species.
Indeed, most of the coalescent events will occur in the vicinity of the
expansion origin (Excoffier et al., 2009), largely reducing the impact
of dispersal barriers on the ratio of external to internal branch lengths.
It is important to stress that the same line of reasoning also applies to
homogeneous environments, as pooling neighboring demes separated
by a dispersal barrier is analogous to pooling demes that are
geographically distant. Therefore, in a stepping-stone model the
genealogy of pooled demes that are geographically distant will look
like the genealogy of a minimal sample (in agreement with the results
of Stadler et al. (2009)). Contrastingly, the signature left by a range
expansion would be better captured by a minimal sampling. It implies
that the sampling design should depend on the biological questions to
be addressed.
It has been shown that species with large dispersal abilities are less

sensitive to genetic barriers (Landguth et al., 2010) and present lower
levels of population structure (Austerlitz and Garnier-Gere, 2003).
Using a coalescent argument, it is clear why LDD can efficiently
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decrease the effect of fragmentation. LDD decreases the length of the
scattering phase, as lineages can more easily escape out of the patch
crossing the dispersal barriers. At the same time, the effect of LDD is
weaker at the landscape level because, as discussed above, the
importance of the scattering phase is reduced by the sampling
scheme (Supplementary Figures S6 and S7).
The reduced migration between patches due to fragmentation

tends to increase the genetic differentiation (Frankham, 1996).
However, the effect of fragmentation during a dynamic process such
as a range expansion is more complex. Its influence on the FST
distribution may be explained by the surfing phenomenon (Klopfstein
et al., 2006). The surfing behavior of newly arising mutations can
produce sectors of genetic variation perpendicular to the leading front
of the expansion (Hallatschek et al., 2007; Excoffier and Ray, 2008).
The probability of surfing is generally low (Klopfstein et al., 2006);
therefore, surfing will have a greater effect on the variance of the FST
distribution rather than on its mean. Migration will progressively
erase sectors, homogenizing the metapopulation. However, in scenar-
ios of recent expansion and/or in fragmented landscapes, migration
will have less time to occur than in older expansions and/or in
homogeneous landscapes. Hence, sectors of diversity will persist for a
longer period, leading to the larger observed variance of FST.
Conversely, LDD reduces significantly the variance of FST: lineages
will move faster through the landscape preventing the emergence of
sectors even in highly fragmented habitat (Figure 6). LDD does not
influence the FST distribution within a patch (Figure 6), where there
are no barriers to dispersal and the sampled demes will likely be part
of the same sectors (being close to each other). Our findings are
consistent with the simulation study of Wegmann et al. (2006) and
the theoretical results of Barton (2008), where an increase in the
variance of FST was observed in the presence of spatial heterogeneity
or dispersal barriers.
Habitat fragmentation is generally thought to lead to a reduction of

intrapopulation genetic diversity and to increase population differ-
entiation (Frankham, 1996; Johansson et al., 2007; Dixo et al., 2009),
but many species exposed to fragmentation do not show this expected
pattern (Petit et al., 2002; Sumner et al., 2004; Banks et al., 2005). Our
results show that genetic diversity need many generations of
fragmentation to be severely affected (Figure 5). This can be under-
stood from a coalescent perspective. The length of the scattering phase
depends mostly on K, whereas fragmentation alters the relative length
of the scattering and collecting phases. However, if fragmentation
occurred recently (in generations) compared with the expected length
of the scattering phase given, K, the relative length of the scattering
compared with the collecting phase will not be affected. For this
reason, in species with long generation time (or with high K) human-
induced fragmentation may have occurred too recently to be detected.
Species with lower K or shorter generation time should conversely
exhibit the effect of fragmentation earlier. Clearly, a minimal sampling
will show similar level of genetic diversity independently of fragmen-
tation intensities and of the onset of dispersal barriers because the
scattering phase will be, in any case, of little importance. This also
implies that a failure to detect a reduction in diversity in recently
fragmented species may be simply an artifact of the sampling design.
In summary, habitat fragmentation changes the shape of the gene

genealogy by altering the relative length of the scattering and
collecting phase. Processes such as LDD that shorten the scattering
phase will therefore counteract the deleterious effect of fragmentation.
Similarly, the sampling scale is extremely important: it is crucial to
perform the correct sampling to answer specific questions. If the aim
of a study is to detect fragmentation, then it would be best to perform

a local sampling. Indeed, fragmentation cannot be detected with a
minimal sampling, as its scattering phase is too short to be affected by
dispersal barriers. For the same reason (that is, its short scattering
phase), a minimal sampling will best describe the long-term demo-
graphic history of a species, as already noticed by Wakeley (1999).
Finally, conservation genetics programs aiming at restoring genetic
diversity loss resulting from landscape fragmentation need to be
maintained over dozens or hundreds of generations of the threatened
species to have a significant effect, especially if they occur in species
with large K.
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