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Abstract

Increasing habitat fragmentation poses an immediate threat to population viability, as
gene flow patterns are changed in these altered landscapes. Patterns of genetic divergence
can potentially reveal the impact of these shifts in landscape connectivity. However,
divergence patterns not only carry the signature of altered contemporary landscapes, but
also historical ones. When considered separately, both recent and historical landscape
structure appear to significantly affect connectivity among 51 wood frog (Rana sylvatica)
populations. However, by controlling for correlations among landscape structure from
multiple time periods, we show that patterns of genetic divergence reflect recent
landscape structure as opposed to landscape structure prior to European settlement of the
region (before 1850s). At the same time, within-population genetic diversities remain high
and a genetic signature of population bottlenecks is lacking. Together, these results
suggest that metapopulation processes — not drift-induced divergence associated with
strong demographic bottlenecks following habitat loss — underlie the strikingly rapid
consequences of temporally shifting landscape structure on these amphibians. We discuss
the implications of these results in the context of understanding the role of population
demography in the adaptive variation observed in wood frog populations.
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Yet, the consequences of temporal shifts in landscape

Introduction -
connectivity on patterns of gene flow have rarely been

Landscape connectivity is not only an essential aspect
of population dynamics for many species, but it can
also have important evolutionary consequences. Hetero-
geneity in the landscape matrix separating populations
can impede or facilitate dispersal (Ricketts 2001) and
gene flow, shaping patterns of genetic variation (e.g.
Funk ef al. 2005; Spear et al. 2005; Cushman et al. 2006;
Lowe et al. 2006). However, landscape structure can
also vary across time, and relatively quickly, as with
changes in human land-use practices (Skole & Tucker
1993). This temporal dynamic, in addition to the spatial
landscape structure, is becoming increasingly important
as anthropogenic impacts have the potential to outpace
the ability of organisms to cope with altered landscapes.
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considered (except see Keyghobadi et al. 2005; Vander-
gast et al. 2007). The implications of these changes are
especially important for amphibian populations, which
are facing global declines (Stuart ef al. 2004).

While there is increasing evidence that habitat frag-
mentation reduces genetic connectivity in disparate taxa
(Epps et al. 2005; Proctor et al. 2005; Coulon et al. 2006;
Cushman et al. 2006; Riley et al. 2006; Vandergast et al.
2007), the impact of contemporary landscape changes
can be difficult to assess, because patterns of genetic
differentiation reflect not only recent shifts in landscape
structure, but also historic patterns. It may take tens to
thousands of generations to reach equilibrium between
genetic drift and gene flow following habitat fragmenta-
tion (Crow & Aoki 1984; Varvio et al. 1986), making
recent landscape changes relatively more difficult
to detect. Additionally, historic and contemporary
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landscape structure may be correlated. By assessing
only the effects of contemporary landscapes, we run the
risk of incorrectly attributing contemporary genetic pat-
terns to recent landscape changes when in fact the
genetic structure reflects more historic processes.

To account for these difficulties, we assessed the
impact of changes in landscape structure across time by
comparing the contribution of landscape features from
three time periods (Fig. 1), representing pre- and post-
European settlement, to genetic connectivity of 51 wood
frog (Rana sylvatica) populations (Fig. 2). Genetic struc-
ture among wood frog populations is expected to be
correlated with landscape structure, because forested
habitat is critical for dispersal and foraging of juveniles
and adults (Regosin et al. 2003). Much older processes
are unlikely to play a role in structuring contemporary
populations because phylogeographic patterns across
the wood frog range indicate that this region was only
recolonized during the last 10 000 years following the
most recent glacial period (Lee-Yaw ef al. 2008). While
amphibians, in general, are highly sensitive to the
effects of habitat fragmentation because of their strict
habitat requirements (Cushman 2006), based on the
recency of the landscape changes across the study site,
we expected the genetic structure of wood frog popula-
tions to reflect historic as opposed to contemporary
landscape patterns.

Methods

Fifty-one ponds were sampled across southeastern
Michigan (Fig. 2); approximately 20 R. sylvatica tad-
poles were collected from each pond for a total of 1089

individuals. Each pond was sampled by multiple peo-
ple spread out across the pond to ensure a thorough
sample of each population. As wood frogs are explosive
breeders and adults continue to breed in the pond in
which they first bred (Berven & Grudzien 1990), we
equate ponds with breeding populations and refer to
them as populations throughout the text. The study
area is located within a terminal moraine, and is a com-
posite of forest and wetland fragments separated by
agricultural and urban areas. The landscape has under-
gone dramatic transitions with shifting patterns of land-
use following European settlement, as documented in
county archives of vegetation surveys from 1816-1856
(Michigan Department of Natural Resources) and satel-
lite images from the Michigan DNR for c. 1978 and the
National Land Cover Dataset for 2001 (Homer et al.
2004). Most of the ponds used in this study are natural
woodland ponds or wetlands; however, some wetlands
have been created from small dams scattered through-
out the region. Ponds ranged in size from approxi-
mately 100 to 3000 m® The extent to which each
individual pond has remained stable since the mid-
1800s is unknown, because wood frog populations from
individual ponds frequently go extinct and are recolon-
ized. However, over the period between the two recent
time periods used in this study, the number of breeding
sites within this region has remained constant (Skelly
et al. 1999), whereas the number of breeding popula-
tions has likely declined since post-European settlement
because of loss of both wetland and terrestrial habitat.
Deoxyribonucleic acid (DNA) was extracted from tail
clips using the DNeasy tissue kit (QIAGEN). Nine micro-
satellite loci developed specifically for R. sylvatica were
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Fig. 1 Landscape structure of the study site from 1800s to 2001. Maps showing the landscape transitions that have accompanied
shifting land-use practices over the last century: (a) reconstruction of the area from the 1800s, and aerial photographs of the area
from (b) 1978 and (c) 2001. Areas identified as habitat (shown in light grey) vs. nonhabitat (shown in white) correspond to forested,
shrubland and wetland areas vs. grassland, savannah, agricultural and urban areas, respectively (Regosin et al. 2003). Rivers and
lakes are shown in dark grey, and the sampled populations are represented by white circles.
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Fig. 2 Sampled populations. Topographic map of the study area (a) from southeastern Michigan, USA (b), where sampled ponds

are marked with white circles.

analysed for each individual: loci AAT23 and AAT46
(Newman & Squire 2001), loci C23, C41, D33, D40, and
D88 (Julian & King 2003), and loci 1A11 and 2B02
(Table 1) developed for this study following the proto-
col of Glenn & Schable (2005). Polymerase chain reac-
tion (PCR) conditions corresponded to those from
Newman & Squire (2001) and Julian & King (2003) for
the two former sets of microsatellite markers, respec-
tively. For loci 1A11 and 2B02, PCR reactions included
1.0 pL of genomic DNA, 1.0 pL of 10x PCR buffer (Invi-
trogen), 0.5 uL of 10 um primer for both the fluorescent-
ly labelled forward primer and the reverse primer,
0.3 pL of 50 mm MgCl,, 0.6 pL of 10 mm dNTPs, 0.4 pL
of 250 ug/mL bovine serum albumin and 0.2 U of Tag
DNA polymerase (Invitrogen). Reactions were run for
120 s at 94 °C, and then 35 cycles at 94 °C for 60 s,
60 °C for 30 s and 72 °C for 30 s, followed by 240 s at
72 °C. Individuals were genotyped with ABI Prism
Genetic Analyzer (Applied Biosystems) and GENEMARKER
software (Softgenetics).

Tests for genotyping errors and/or null alleles were
conducted for each locus with MICROCHECKER v. 2.2.0
(Van Oosterhout et al. 2004), and tests for linkage dis-
equilibrium (LD) and Hardy-Weinberg equilibrium
(HWE) were assessed with GENePoP v. 3.4 (Raymond &
Rousset 1995), where a sequential Bonferroni correction

was applied to reduce type I errors (Rice 1989). Genetic
diversity within ponds was assessed by calculating
Nei’s unbiased gene diversity (Nei 1987), the total num-
ber of alleles, and the allelic richness (FSTAT: Goudet
1995), as well as the private allelic richness of each pop-
ulation (HP-Rare: Kalinowski 2005). Populations were
also assessed for evidence of population bottlenecks
using the program BoTTLENECK (Piry et al. 1999) with
1000 replications and under the assumption of the Step-
wise Mutation Model, because this model has been
identified as appropriate for microsatellite loci, instead
of the Infinite Alleles Model (Luikart & Cornuet 1998).
Significance was assessed using the Wilcoxon's test
after Bonferroni correction.

Genetic and landscape distances

Pairwise Fsy values (Wright 1951; Weir & Cockerham
1984) were calculated among ponds using a weighted
analysis of variance (Weir & Cockerham 1984) with
GeNepoP v. 3.4 (Raymond & Rousset 1995). Significance
of Fgr values was assessed after Bonferroni correction.
Fsy was used as a measure of genetic distance rather
than Rgr, because Fgr has a lower mean squared error
than Rgy at the level of differentiation observed among
ponds (Gaggiotti et al. 1999). Permutation tests were

Table 1 The forward and reverse primers, the repeat motifs, the fragment lengths and the GenBank accession numbers for the

microsatellite loci developed for this study

Locus Primer sequence (5’ to 3) Repeat PCR size (bp) GenBank No.
1A11 F: AGCCCACCTGGAGTAGGAGT GT 173-275 GQ422446

R: TCCTGCCCTGGAAAGTAAAA
2B02 F: GGAACAGTTGGCTTTTGGAA GT 121-189 GQ422447

R: TTCAAACCTGCAGTGCCTAA

© 2009 Blackwell Publishing Ltd
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carried out using Spacepr v.1.2 (Hardy & Vekemans
2002) to confirm that Rsr and Fsr converge (P = 0.3991,
based on 20 000 permutations) (Hardy et al. 2003).

Two geographic distances were calculated among
each pair of ponds, including the Euclidean (straight-
line) distance (ED) and the resistance distance (RD;
McRae 2006), a distance weighted according to the per-
meability of the landscape separating populations. The
ED between each pair of ponds was calculated using
the PATHMATRIX extension (Ray 2005) in ARcVIEw GIs v 3.3
(ESRI 2006). The RD was calculated using CIRCUITSCAPE
v 3 (McRae 2006) from 30 m resolution friction maps
created in ArcGIS v 9.2 (ESRI 2006). Friction maps were
generated by coding each pixel of the map as a cost to
dispersal based on the type of landscape that it encom-
passed, with a cost of one assigned to the most perme-
able habitats and higher values representing less
permeable habitats. This method results in correspond-
ingly greater distances between ponds for landscape
features incurring a high cost to traverse.

Friction maps were generated for two permanent
landscape features — slope and rivers/lakes — and land
cover for each of the three time periods (i.e. 1800s, 1978
and 2001; see Fig. 1), as well as composite friction maps
for each of the time periods that included the perma-
nent landscape features (generated using the Map Alge-
bra tool in ArcGIS). Land cover was classified as either
R. sylvatica habitat (forests, shrubland and wetlands) or
nonhabitat (agriculture, urban areas, grasslands and
savannahs) based on habitat use of R. sylvatica (Regosin
et al. 2003) (e.g. Fig. 1); wood frog habitat was assigned
a cost of one, whereas a range of cost values were
examined for non-wood-frog habitat. Rivers and lakes
were included because rivers and lakes do not likely
constitute stepping stones to other wetland habitat
(wood frogs primarily breed in habitats that lack fish:
Hopey & Petranka 1994). Areas not covered by rivers
or lakes were correspondingly assigned a cost of one.
Slope was calculated based on a 30-m resolution digital
elevation model (Michigan Department of Natural
Resources; Fig. 2) using the slope function in the Arc-
GIS data management toolbox, and modelled as a linear
function with a cost of one assigned to a slope of zero
and a maximum cost assigned to the highest slope pos-
sible. As our ability to detect the effects of landscape
distance on genetic differentiation depends on both the
landscape features used and the relative costs of each
feature, a range of costs were evaluated for each (Perez-
Espona et al. 2008).

For each of the friction maps, the relationship
between genetic distance and landscape distance was
evaluated with Mantel tests (Mantel 1967) and partial
Mantel tests (Smouse et al. 1986) to control for the
effects of distance. All analyses were completed using

Isbws v 3 with 10 000 randomizations (Jensen ef al.
2005). P-values were calculated in IBDws using a modi-
fied method (Legendre & Legendre 1998) to avoid
issues with statistical bias and autocorrelation (Bohonak
2002). R-values were used to determine the friction map
with the highest support for each time period. Although
not all possible combinations of costs could be evalu-
ated as a result of computational constraints, a sufficient
range of costs was evaluated to reveal a peak in R-val-
ues for each time period (Table S1). As landscape vari-
ables were combined to create a single predictor
variable (each friction map), there is no expected infla-
tion of explained variance because of adding additional
landscape variables (as in Cushman ef al. 2006). The rel-
ative support of each friction map could thus be evalu-
ated by ranking R-values. To test the validity of this
approach, we assessed the extent to which adding addi-
tional landscape variables affected R-values using mir-
ror images of each of the landscape features. Mirror
images allowed us to maintain the same amount of
information provided in each landscape variable while
removing any correlations between genetics and land-
scape structure. The addition of multiple landscape
variables in mirror image did not consistently lead to
an inflation of explained variance (Table S2), demon-
strating that model support can be assessed according
to the rank of the model’s respective R-values.

We additionally evaluated whether land cover from
each time period remained significant after removing
the effects of the other two time periods. Partial Mantel
tests were used to control for the effects of time as
opposed to distance. To test the robustness of our
results, the partial Mantel tests were repeated for all
joint friction maps that were significant for both historic
and contemporary landscape.

Results

Genetic structure

There was no consistent evidence of deviations from
HWE or LD within populations across all loci.
Although there was some evidence of null alleles, there
was no consistent pattern across loci or within popula-
tions. To test the robustness of our results, the data
were reanalysed after removing the locus with the high-
est percentage of populations with evidence of null
alleles (locus 1A11); the results from these analyses
were qualitatively the same (results not shown).

There was a significant amount of genetic structure
across the 51 populations (pairwise Fsr-values ranged
from —0.008 to 0.087), with 392 of 1275 (30.7%) signifi-
cant pairwise comparisons of Fsr after Bonferroni cor-
rection. Genetic diversities within populations were

© 2009 Blackwell Publishing Ltd
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Table 2 Genetic diversity within populations. Nei’s unbiased genetic diversity (GD; Nei 1987), number of alleles, allelic richness
(AR) and private allelic richness (PAR) for each population. Both AR and PAR were rarified based on the smallest sample size in
any population (1 = 10). Also shown is the population number (Pop No.) as well as the sample size in each population (SS)

GD No. of alleles AR PAR
Pop No. SS Mean SD Mean SD Mean SD Mean SD
1 21 0.73 0.26 8.67 5.32 6.91 3.59 0.00 0.00
3 21 0.71 0.28 9.33 5.83 6.97 3.84 0.03 0.06
4 24 0.75 0.24 9.78 5.45 7.26 3.50 0.05 0.11
5 21 0.75 0.26 9.44 6.11 7.36 3.82 0.03 0.06
6 22 0.69 0.24 8.78 6.08 6.40 3.64 0.01 0.02
7 20 0.73 0.27 9.00 512 7.05 3.65 0.02 0.04
8 25 0.73 0.28 9.44 5.39 7.12 3.59 0.04 0.09
9 23 0.68 0.21 6.44 3.47 5.59 2.69 0.00 0.01
10 20 0.75 0.25 8.33 4.21 6.84 3.02 0.12 0.27
11 21 0.73 0.24 8.78 5.26 6.84 3.60 0.00 0.01
12 20 0.71 0.30 8.56 4.72 6.82 3.45 0.05 0.13
14 20 0.72 0.27 9.11 5.49 6.93 3.47 0.03 0.07
15 21 0.75 0.23 9.33 512 7.20 3.58 0.00 0.01
16 20 0.75 0.31 10.11 6.17 7.88 4.15 0.05 0.13
17 20 0.69 0.22 8.44 4.67 6.54 3.30 0.00 0.00
18 10 0.70 0.29 5.78 2.86 5.78 2.86 0.00 0.00
22 20 0.73 0.20 7.89 4.14 6.46 2.89 0.04 0.12
23 21 0.73 0.29 8.56 4.75 6.91 3.56 0.00 0.00
24 21 0.71 0.26 9.11 5.40 6.79 3.50 0.02 0.05
25 21 0.72 0.28 8.89 4.96 6.83 3.32 0.01 0.04
26 21 0.71 0.30 8.78 5.09 6.80 3.62 0.00 0.01
27 20 0.70 0.25 8.33 4.18 6.50 3.05 0.03 0.07
28 20 0.73 0.30 9.44 5.68 7.30 3.81 0.02 0.05
29 21 0.68 0.29 7.78 4.24 6.26 297 0.02 0.06
30 23 0.74 0.27 9.33 6.00 7.10 3.82 0.01 0.02
31 21 0.72 0.26 9.33 5.52 7.04 3.65 0.02 0.03
32 22 0.73 0.27 9.67 5.66 7.25 3.68 0.06 0.08
33 22 0.69 0.28 5.78 2.73 5.32 2.43 0.00 0.00
35 20 0.72 0.28 8.33 4.50 6.57 3.06 0.02 0.04
36 21 0.74 0.26 8.67 4.47 6.98 3.26 0.03 0.07
37 22 0.77 0.24 9.67 5.68 7.39 3.46 0.08 0.16
38 21 0.72 0.24 9.11 5.93 7.07 3.98 0.02 0.04
39 20 0.76 0.25 8.89 4.31 742 3.38 0.03 0.04
40 21 0.76 0.25 8.56 4.25 7.08 3.09 0.04 0.07
41 21 0.74 0.22 8.11 3.92 6.53 2.88 0.02 0.04
42 21 0.76 0.24 8.78 4.52 7.21 3.28 0.06 0.12
43 22 0.73 0.27 10.44 6.25 7.67 4.03 0.08 0.09
44 21 0.76 0.20 9.22 4.60 7.01 2.83 0.10 0.16
45 24 0.73 0.27 9.89 5.73 7.29 3.61 0.02 0.06
46 21 0.72 0.28 9.89 6.13 7.62 4.20 0.05 0.07
47 25 0.73 0.25 10.22 6.59 7.51 4.13 0.09 0.10
48 22 0.76 0.23 9.11 4.83 7.24 3.38 0.05 0.09
49 28 0.77 0.23 10.22 6.14 7.23 3.14 0.06 0.11
50 24 0.73 0.27 10.44 6.67 7.65 4.07 0.03 0.06
51 23 0.76 0.28 10.89 6.90 7.96 4.16 0.07 0.08
52 24 0.76 0.25 9.00 4.44 7.00 3.01 0.08 0.14
53 23 0.73 0.30 10.00 5.55 7.41 3.79 0.01 0.03
54 20 0.73 0.29 9.67 5.79 7.57 3.96 0.07 0.13
55 21 0.74 0.25 9.89 6.15 7.28 3.91 0.04 0.11
56 21 0.74 0.26 8.89 5.21 7.02 3.63 0.04 0.10
57 22 0.71 0.28 10.00 5.57 7.46 3.93 0.09 0.15
Overall 9.02 0.92 7.00 042

© 2009 Blackwell Publishing Ltd
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high (Table 2), and none of the populations showed
significant evidence of a bottleneck after Bonferroni
correction. A significant correlation between ED and
genetic differentiation indicated a pattern of isolation
by distance (Mantel test: R* = 0.187; P < 0.0001).

Effects of land cover

For each time period, R-values peaked at the same rela-
tive costs for each of the landscape features (Rivers/
Lakes = 500, Slope =200, Land Cover =5; Table S1).
Friction maps containing all three landscape features
provided higher R'values than cost maps containing
either one or two landscape factors (Table S1). For each
of the three time periods, we detected a significant
effect of spatial landscape structure on population con-
nectivity among 51 R. sylvatica populations, as land-
scape distances (based on a joint friction map with
optimal costs for each landscape feature; Table S1)
explained a significant amount of the variation in
patterns of genetic differentiation among populations,
beyond the effects of straight-line geographic distance
(partial Mantel tests, controlling for distance; Table 3;
Fig. 3).

As there was support for land cover from each of the
three time periods, the effects of each time period inde-
pendent of the other time periods were also assessed.
The results were consistent for all friction maps where
both historic and contemporary landscape structure
were initially supported (Table 4). Historic landscape
structure was not significantly correlated with genetic
differentiation after removing the effects of land cover
from either contemporary land-cover map (Table 4),
whereas both contemporary time periods were either
significant (1978, 2001) or marginally significant (2001)
after removing the effects of historic land cover
(Table 4). Together, these results suggest that contem-
porary landscape structure explains more of the vari-

Table 3 Landscape structure from each time period explains a
significant amount of the variation in contemporary genetic
structure (Fgr) after controlling for the effects of Euclidean dis-
tance (partial Mantel tests). Results are based on landscape dis-
tances from a joint friction map that includes the optimal cost
for each landscape feature, including: rivers/lakes (R/L), slope
(S) and land cover (LC) significance of P < 0.05 is denoted with
an asterisk.

Controlling for

Costs distance
Time
period R/L S LC R P
2001 500 200 5 0.277 <0.005*
1978 500 200 5 0.276 <0.012*
1800 500 200 5 0.283 <0.005*

0.1
0.08
0.06

,_
u? 0.04

0.02

-0.02
0 10 20 30 40 50 60 70 80 90

Resistance distance

Fig. 3 Isolation by landscape distance. Pairwise comparisons
of genetic differentiation (Fsr) as a function of landscape
distance (resistance distance) (partial Mantel: R? =0.077,
P < 0.005; Table 3), based on a model for recent (1978) land
cover that also includes rivers/lakes and slope.

ance in contemporary genetic structure than does
historic landscape structure. There is slightly more sup-
port for land cover circa 1978 explaining contemporary
genetic structure than circa 2001. However, the lack of
significant support for 2001 land cover after removing
the effects of 1978, and the marginal support for 1978
after removing the effects of 2001 (Table 4), suggest that
land cover from both contemporary periods are highly
correlated (Fig. 1).

Discussion

Although the effects of land cover from all three time
periods on genetic differentiation were initially sup-
ported when considered individually (Table 3), after
controlling for landscape structure from each time per-
iod, our results suggest that contemporary patterns of
genetic differentiation among wood frog populations
reflect recent as opposed to historic landscape structure
(Table 4). These results demonstrate how the use of
multiple time periods can be used to understand the
processes contributing to patterns of genetic variation.
Even though the substantial human-induced changes to
the landscape have been quite recent, the genetic struc-
ture nonetheless reflects current landscape structure
(after controlling for the influence of the historic land-
scape configuration on genetic structure). The compari-
son of multiple time periods thus not only allows for a
determination of how genetic structure is affected by
the contemporary landscape, but also an assessment of
the rate of differentiation following landscape alteration.
The small temporal and spatial scales at which the
effects of temporally shifting landscape structure are
seen highlight the importance of connectivity for
amphibian populations.

The differentiation of wood frog populations associ-
ated with recent habitat fragmentation (Fig. 1) has been

© 2009 Blackwell Publishing Ltd



LANDSCAPE CHANGES AFFECT GENETIC STRUCTURE 3599

Table 4 Contemporary land cover is consistently related to genetic differentiation (Fsr) after controlling for effects of historical land
cover. Partial Mantel results for only the joint friction maps that supported both historic and contemporary landscape structure, with

various costs for rivers/lakes (R/L), slope (S) and land cover (LC)

Controlling for time

Costs 2001 1978 1800
Time period R/L S LC R P R P R P
2001 500 200 5 — — -0.156 <0.907 0.172 <0.053
1978 500 200 5 0.187 <0.058 — — 0.218 <0.018*
1800 500 200 5 -0.082 <0.782 -0.120 <0.862 — —
2001 500 200 50 — — 0.016 <0.446 0.337 <0.001*
1978 500 200 50 0.180 <0.064 — — 0.379 <0.001*
1800 500 200 50 0.174 <0.085 0.178 <0.077 — —
2001 50 50 5 — — -0.100 <0.804 0.183 <0.044*
1978 50 50 5 0.187 <0.059 — — 0.233 <0.012*
1800 50 50 5 0.087 <0.244 0.062 <0.317 — —
2001 200 50 5 — — —-0.103 <0.808 0.170 <0.055
1978 200 50 5 0.183 <0.062 — — 0.218 <0.019*
1800 200 50 5 0.089 <0.239 0.063 <0.311 — —
2001 500 500 5 — — -0.162 <0.918 0.169 <0.055
1978 500 500 5 0.175 <0.070 — — 0.212 <0.019*
1800 500 500 5 -0.134 <0.893 -0.175 <0.945 — —

much more rapid than expected — the genetic conse-
quences having manifested in less than 50 generations.
Why would these landscape changes become evident in
patterns of neutral genetic divergence so quickly in this
species? Two likely demographic scenarios could have
enhanced genetic drift, and thereby led to rapid differ-
entiation, among the wood frog populations. Habitat
loss and fragmentation might have caused strong bottle-
necks, promoting population differentiation. Alterna-
tively, demographic processes, such as metapopulation
dynamics, could have enhanced drift-induced diver-
gence through recurrent extinction and recolonization.
Although metapopulation dynamics theoretically can
either increase or decrease genetic differentiation
(depending on the specific modes of colonization, dis-
persal and population growth: Pannell & Charlesworth
2000; Slatkin 1977), metapopulation processes tend to
increase the variance in reproductive success among
populations, thereby enhancing the impact of genetic
drift across a wide range of conditions (Giles & Goudet
1997; Whitlock & Barton 1997).

There are several reasons why metapopulation
dynamics most likely explain why we observed a signif-
icant effect of recent shifts in land-use practices over
such a short evolutionary timescale. Genetic diversities
remain high within populations (Table 2) and there is
no evidence for bottlenecks within any of the popula-
tions. Moreover, pond-breeding amphibians are often
thought to exhibit aspects of metapopulation structure
because of their reliance upon discrete aquatic environ-
ments for breeding, their high degree of philopatry and

© 2009 Blackwell Publishing Ltd

high rates of population turnover (Alford & Richards
1999; Cushman 2006). Although few amphibian
populations likely exhibit classic (sensu Levins 1969)
metapopulation structure (Smith & Green 2005), many
amphibian populations, including the wood frog, show
high rates of population turnover (Hecnar & M’Closkey
1996; Skelly et al. 1999; Trenham et al. 2003; Werner
et al. 2007), providing the opportunity for extinction
and recolonization dynamics to play an important role
in the genetic structure of these populations.

The rapid drift-induced differentiation of populations,
as measured by the neutral microsatellite markers (i.e.
it is highly improbable that the nine markers are linked
with selected loci), is especially intriguing in the context
of the adaptive phenotypic differences seen among R.
sylvatica populations (Relyea 2002; Skelly 2004). Wood
frog populations show evidence of local adaptation of
behavioural, morphological and life history traits to
opposing selective forces in ponds with varying preda-
tor regimes (Relyea 2002). These adaptive differences
occur over very small spatial scales (i.e. within the dis-
persal capabilities of wood frogs: Berven & Grudzien
1990), and it is yet unclear what maintains these pheno-
typic differences in the face of potentially high levels of
gene flow. Our results suggest that metapopulation
dynamics may play an important role in contributing to
the striking adaptive differences observed over such
small spatial scales (e.g. Relyea 2002). Population turn-
over that increases differentiation of populations over
short evolutionary timescales (as opposed to rapid
divergence associated with population bottlenecks)



3600 A. J. ZELLMER and L. L. KNOWLES

could maintain a source of standing genetic variation
relevant to adaptive responses among the wood frog
populations. Standing genetic variation provides a
unique opportunity for selection to operate, as adapta-
tion from standing genetic variation can proceed faster
than adaptation from new mutations (Barrett & Schluter
2008). As a result, gene flow because of extinction and
recolonization dynamics may instead facilitate the local
adaptation of populations (e.g. Morjan & Rieseberg
2004). Future research should focus on comparing spe-
cies with alternative demographic substructure to fully
understand the extent to which metapopulation dynam-
ics contributes to population differentiation.

Although numerous studies have shown an effect of
population bottlenecks on rates of genetic differentia-
tion (e.g. Baker & Moeed 1987; Bouzat et al. 1998; Rowe
et al. 1998), very few studies have empirically demon-
strated that high rates of extinction and recolonization
can result in rapid differentiation among populations
(e.g. Clegg et al. 2002; Knowles & Richards 2005). Fur-
thermore, while metapopulation dynamics have been
implicated in cases where genetic differentiation
appears to have taken place over very short timescales
(Orsini et al. 2008), without an assessment of historic
landscape structure, past processes may confound inter-
pretations based on the contemporary landscape. This
study provides an important empirical example (see
also Giles & Goudet 1997) that complements a growing
body of theoretical research (e.g. Slatkin 1977; Wade &
McCauley 1988; Whitlock & McCauley 1990; Pannell &
Charlesworth 2000) on the evolutionary consequences
of metapopulation dynamics.

Conclusions

Our results highlight the importance of not only consid-
ering spatial heterogeneity in landscape structure, but
also temporal landscape changes. Although initially the
effects of land cover on contemporary genetic structure
were supported for all three time periods, analyses con-
trolling for correlations across time suggest that genetic
differentiation reflects recent as opposed to historic land
cover. We thus revealed an effect of recent human-
induced shifts in landscape structure on patterns of
genetic differentiation among wood frog populations,
with differentiation having manifest in less than 50 gen-
erations. Moreover, the pattern of genetic diversity
maintained within populations, suggests a role of meta-
population dynamics in the observed population
genetic differentiation. As such, this study provides
empirical evidence of the evolutionary consequences of
ecological demographic processes, highlighting that
such connections are not limited to organisms with
short generations (e.g. viruses), but also apply to

longer-lived species. Without similar analyses, conser-
vation decisions may be mislead by failing to control
for the confounding factors caused by correlations in
landscape from different temporal periods, let alone,
whether species-specific demographic structures will
need to be taken into account in devising conservation
strategies.
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