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Abstract

Understanding the impacts of landscape-level processes on the population biology of
amphibians is critical, especially for species inhabiting anthropogenically modified landscapes.
Many pond-breeding amphibians are presumed to exist as metapopulations, but few studies
demonstrate the extent and consequences of this metapopulation structure. Gene flow
measures may facilitate the construction of more realistic models of population structure
than direct measures of migration. This is especially true for species that are cryptic, such
as many amphibians. We used eight polymorphic microsatellite loci to determine the
genetic population structure of spotted salamanders (Ambystoma maculatum) breeding at
17 ponds in northeastern Ohio, a landscape fragmented by roads, agriculture, urban areas
and the Cuyahoga River. Using a variety of analyses (Bayesian clustering, F-statistics,
AMOVA) we generated a model of salamander population genetic structure. Our data
revealed patterns of genetic connectivity that were not predicted by geographical distances
between ponds (no isolation by distance). We also tested for a relationship between
population structure and several indices of landscape resistance, but found no effect of
potential barriers to dispersal on genetic connectivity. Strong overall connectivity among
ponds, despite the hostile habitat matrix, may be facilitated by a network of riparian
corridors associated with the Cuyahoga River; however, high gene flow in this system may
indicate a general ability to disperse and colonize beyond particular corridors.
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Introduction

Detailed demographic studies of amphibian populations
suggest that they experience high variability in population
size over time (e.g. Pechmann et al. 1991; Marsh & Trenham
2001), yet we know very little about the basic demographic
parameters that drive changes in population size both
temporally and spatially. This lack of information limits
our understanding of long-term population dynamics and
our ability to apply this understanding to conservation
efforts (Cushman 2006). It has been suggested that
amphibians exist in regional networks of subpopulations,
or metapopulations (Pope et al. 2000; Marsh & Trenham
2001). However, we have insufficient data to determine the

importance of metapopulation processes to amphibian
population dynamics. Studies that clarify the dynamics
of metapopulations are important to our understanding
of population ecology in general but are also critical in
more applied ecology. Specifically, studies that estimate
the spatial scale of dispersal among subpopulations are
needed, in addition to basic demographic research, to
provide appropriate data for management and conservation
decisions.

In one strict definition, metapopulations occur
when geographically distinct subpopulations are connected
through the dispersal of migrants, and undergo periodic
local extinctions and recolonizations (Hanski 1999).
In a broader sense, metapopulation designation is often
applied to any spatially structured population (Hanski
1998; Pannell & Obbard 2003; Smith & Green 2005). Recent
research suggests a great deal of variation in the structure
and dynamics of amphibian metapopulations, both between
and within species (Newman & Squire 2001; Trenham et al.
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2001; Hels 2002; Ficetola & De Bernardi 2004; Jehle et al.
2005; Johansson et al. 2005; Neckel-Oliveira & Gascon
2006), and movement among populations has emerged as
an integral component of our understanding of population
dynamics and sustainability (Hanski 1998; Semlitsch 2000).
In systems where interpond dispersal is vital for popula-
tion viability, fragmentation of terrestrial habitat might
negatively affect populations (Cushman 2006; Eigenbrod
et al. 2008).

Directly measuring dispersal is difficult, and there is no
universally accepted theory that allows direct conversion
of population genetic divergence into migration rates
(Waples & Gaggiotti 2006). Interestingly, successful genetic
immigration (gene flow or introgression) is easier to measure,
and from this we can infer the potential for re-colonization,
a critical parameter in metapopulation models (Marsh &
Trenham 2001). Microsatellite markers have been employed
in studies of population structure because they are
sensitive indicators of change in dispersal rates (Scribner
et al. 1994) and are therefore useful for estimating the effects
of anthropogenic disturbance. Differences in dispersal
among subpopulations contribute to genetic differentiation;
genetic patterns can then serve as a signal of disruptions in
regional population connectivity. Isolated subpopulations
may be subject to increased risk of local extinction
(Frankham 2005; O’Grady et al. 2006), and may also be less
likely to be recolonized by dispersers from neighbouring
subpopulations. When connectivity is disrupted, genetic
and demographic rescue of threatened subpopulations
may become impossible.

Given the observed variability in amphibian population
structure, a ponds-as-patches metapopulation model
(Marsh & Trenham 2001) provides a starting point for
examining the spatial dynamics of pond-breeding amphibians.
If breeding ponds do indeed delineate distinct subpopula-
tions, then the suitability of the interpond habitat matrix
should influence the degree of gene flow among subpopu-
lations (Joly et al. 2001). Fragmentation of contiguous
habitat by agriculture and urban development can create
barriers to dispersal (Hitchings & Beebee 1997; Carr &
Fahrig 2001; Vos et al. 2001; Johansson et al. 2005). Con-
versely, landscape features, such as vernal pools, drainage
ditches and streams, may act as stopovers during dispersal
events (Gibbs 1998; Pope et al. 2000), thereby facilitating
dispersal by reducing effective interpond distances.

Our study was conducted in northeastern Ohio, USA, a
landscape fragmented by urban and agricultural develop-
ment. Our goals were to determine if salamander breeding
ponds in this fragmented landscape support independent
breeding populations or if they are linked by dispersal
among ponds, and to determine the influence of interpond
distance and landscape resistance on patterns of population
connectivity. Spotted salamanders (Ambystoma maculatum)
are abundant and widely distributed in Ohio, and thus, are

a good focal species for examining regional population
connectivity. While those traits make the species low on
any conservation priority, much of their ecology is ‘typical’
of salamanders that are heavily impacted. This study
tested the relationship between dispersal and basic geo-
graphical factors in salamanders. Using microsatellite loci,
we genotyped salamanders from 17 ponds and used these
data to construct models of population structure and test
the following hypotheses: (i) genetic differentiation between
subpopulations increases with increasing geographical
distance (i.e. isolation by distance) and (ii) genetic differentia-
tion between subpopulations increases with increasing
number of landscape barriers to dispersal.

Materials and methods

Study system

Spotted salamanders (Ambystoma maculatum) are widely
distributed in eastern North America (Petranka 1998).
They are terrestrial, but migrate to breeding ponds during
early spring (Petranka 1998). Aquatic larvae metamorphose
by late summer and then disperse to the terrestrial
environment, where they spend the majority of their adult
lives. Although A. maculatum often exhibit philopatry
(Whitford & Vinegar 1966; Shoop 1968), adults have been
tracked more than 200 m from their breeding ponds during
post-breeding emigration (Madison 1997) and may be
capable of dispersing greater distances.

This study was conducted in an area spanning 2100 sq
km in northeastern Ohio. The study ponds are located in
Steiner Woods (preserved land owned by the University of
Akron), Cuyahoga Valley National Park (CVNP), Sand Run
MetroPark, Center Valley Park, and Holden Arboretum; in
Summit and Lake Counties, Ohio. These protected areas
are nested in a landscape fragmented by roads, urban centres,
private residences, and agriculture. GPS coordinates for
each pond were mapped using ArcMap 8.1 (Fig. 1).

Population sampling

We identified potential breeding ponds in the core
study area by consulting with CVNP biologists and local
landowners, and by locating ponds on a USGS map of
wetlands. During the spring breeding seasons of 2002, 2003
and 2004, we visited 54 ponds on warm, rainy nights and
searched for adult A. maculatum. In 2003, we collected
tissue samples (toe clips) from at least 20 individuals from
each of 11 breeding ponds (Table 1). Intensive sampling in
the vicinity of the CVNP in 2003 allowed a detailed
examination of gene flow on a small geographical scale. All
ponds that supported enough breeding individuals to
allow accurate sampling were included. We sampled six
additional ponds in 2004 (Table 1), including one pond
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within the CVNP and five ponds in two distant locations
(Fig. 1, Table 1) to allow for examination of population
structure across a larger geographical scale. All samples
were preserved in 95% ethanol for DNA extraction

One population (Windhover Pond, or WND) was sampled
in 2002, 2003 and 2004. To assess the sensitivity of the data
to annual changes, we tested heterogeneity across years at
this site. No significant between-year variation existed
(P = 0.35, log-likelihood G-test) at WND, so samples across
years were combined. Given that individuals of this species
may live over 30 years (Petranka 1998), variation in
gene-flow estimates is likely to reflect long-term dispersal
patterns rather than annual fluctuations.

DNA extraction and microsatellite amplification

We genotyped 407 individuals at eight microsatellite
loci: AmaC40, AmaD49, AmaD99, AmaD203, AmaD315,
AmaD321, AmaD328 and AmaD367 (Julian et al. 2003). Toe
clips were digested overnight at 55 °C in lysis buffer with
20 μL of 19 mg/mL proteinase K, and genomic DNA was
extracted with a standard phenol-chloroform ethanol
precipitation protocol (Sambrook & Russell 2001). DNA
extracts (diluted to 100 ng/μL) were used as templates for
the amplification of the microsatellite markers (Julian et al.
2003). Polymerase chain reaction (PCR) conditions for all
loci included an initial denaturing at 94 °C for 5 min; 35

Fig. 1 Study area in northeastern Ohio,
showing the spatial arrangement of the
17 Ambystoma maculatum breeding ponds
sampled.
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cycles (except AmaD321, which ran for 40 cycles) of
denaturing at 94 °C for 1 min, annealing at locus-specific
temperatures for 1 min, and 72 °C extension for 1 min; and
a final 30-min extension at 72 °C. In each amplification, the
forward primer was 5’ tagged with a fluorescent label for
detection. PCR products were diluted and electrophoresed
on a 5% polyacrylamide gel on an ABI Prism 377 DNA
Sequencer (Applied Biosystems). We determined fragment
sizes using ROX-500 size standard in genescan 3.1 and
genotyper 2.5 (Applied Biosystems).

Microsatellite analysis

We tested for population-wide linkage disequilibrium
between each pair of loci using the log likelihood G
statistic. Using fstat 2.9.3.2, the G-values for each pair of
loci were compared against a distribution of G-values
produced by randomization of the dataset. All contrasts
were tested against the distribution of the randomized G-
values with a Bonferroni correction for multiple contrasts
applied (Goudet 2001).

Null alleles at low frequencies should not substantially
alter estimates of population structure or inbreeding. If
null alleles are in high frequency, the manner in which they
are handled could influence the results of population
structure analyses. We therefore ran all critical analyses
two ways: treating missing data as null alleles and as
missing data. We then compared the two results to ensure
that we were not altering qualitative conclusions by choosing
one method over the other. We also tested for evidence of
a high frequency of null alleles.

True null alleles cannot be positively identified without
sequencing all loci for all samples. We tested, however, for
disproportionately high associations of loci with missing
alleles within individuals. If missing alleles are null alleles,
the number of individuals with a particular number of
homozygous null alleles can be predicted by the combined
probability of the co-occurrence of that many ‘nulls’ given
the frequency of missing data at each locus in the popula-
tion. Degraded template DNA, however, is expected to
cause missing alleles across multiple loci in an individual
more often than is expected due to null alleles (Dakin &
Avise 2004). We used randomization tests (200 randomiza-
tions) to test for disproportionate association of missing
data across loci. We also tested for significant correlation
between the number of missing alleles and FIS in demes.
We used these two tests to determine if null alleles were
present in a high frequency and hence to decide which
analyses were most appropriate.

Determining regional population structure

Bayesian clustering. We characterized the genetic structure
of sampled populations by seeking concordant patterns
among distinct methods of genetic analysis. Because we
were interested in how groups of ponds cluster spatially on
the landscape, we included a Bayesian analysis of genetic
differentiation, implemented in BAPS 2.0 (Corander et al.
2003). Simulations in BAPS were run with the Markov
Chain Monte Carlo approximation enabled, using a chain
length of 105 with 20 chains run simultaneously; burn-in
was set to 104. BAPS estimates the probabilities of plausible

Table 1 Pond name, code, location, number of salamanders genotyped (N), mean observed (HO) and expected (HE) heterozygosities for
the eight microsatellite loci, and FIS (*significantly greater than zero in 13 of the 17 ponds, using a randomization test with 13,600
randomizations) for each of the sampled Ambystoma maculatum breeding ponds

Pond Name Pond Code Pond Location N HO HE FIS (P-value)

Multiflora MF Cuyahoga Valley National Park 20 0.655 0.692 0.081 (0.0453*)
Lock 24 L24 Cuyahoga Valley National Park 20 0.569 0.702 0.218 (< 0.0001*)
Sand Run SR Sand Run MetroPark (Akron, OH) 20 0.620 0.662 0.095 (0.0288*)
Dogwood DW Cuyahoga Valley National Park 20 0.575 0.695 0.200 (< 0.0001*)
Eyeball EB Cuyahoga Valley National Park 20 0.501 0.628 0.229 (< 0.0001*)
Langes Run LR Cuyahoga Valley National Park 20 0.488 0.597 0.216 (0.0001*)
Hourglass HG Holden Arboretum (Kirtland, OH) 26 0.700 0.712 0.037 (0.1689)
Lock 29 L29 Cuyahoga Valley National Park 20 0.645 0.721 0.105 (0.0127*)
Meander MN Cuyahoga Valley National Park 20 0.658 0.729 0.172 (0.0003*)
Brandywine BW Cuyahoga Valley National Park 20 0.673 0.711 0.078 (0.0863)
Owl OWL Holden Arboretum (Kirtland, OH) 26 0.571 0.678 0.074 (0.0216*)
Snag SNG Cuyahoga Valley National Park 20 0.639 0.702 0.097 (0.0224*)
CVEEC CVC Cuyahoga Valley National Park 20 0.637 0.691 0.034 (0.2081)
Twin1 TW1 Center Valley Park (Twinsburg, OH) 20 0.616 0.693 0.177 (0.0001*)
Twin2 TW2 Center Valley Park (Twinsburg, OH) 20 0.654 0.712 0.062 (0.0623)
Twin3 TW3 Center Valley Park (Twinsburg, OH) 20 0.625 0.714 0.128 (0.0021*)
Windhover WND Steiner Woods (Bath, OH) 75 0.622 0.700 0.141 (< 0.0001*)
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partitions (clustering of ponds into groups) supported
by the genetic structuring of data. High probabilities
identify partitions that are more likely to be accurate
representations of the genetic structure of the sampled
ponds. We will use the terms ‘cluster’ to refer to a grouping
of genetically cohesive ponds and ‘pond’ to refer to
individual ponds.

Measures of gene flow. We were interested in the degree to
which introgression of subpopulations occurs and the
potential for pond recolonization. In order to understand
metapopulation dynamics we must understand not
movement, but the success of immigrants. For example, if
a local population goes extinct and is recolonized by a few
individuals from a surrounding pond, there may be a small
number of migrants but a large degree of success in
those migrants. We therefore avoided attempts to assign
individuals to clusters and infer individual migration
rates, and instead chose to determine gene flow using Nm
estimates. Nm was developed by Dobzhansky & Wright
(1941) as a measure of genetic introgression, not as an
estimate of net migration. Critiques of Nm as a migration
measure are justified. This was clear originally but has
become confused over time (Dobzhansky & Wright 1941;
Wright 1943). N is not population size and m is not
migration rate. N represents effective breeding size while
m is the migration index that measures the extent to
which the population of the locality in question is replaced
in each generation. The effective value of m is expected
to be considerably less than the actual proportion of
replacement by immigrants’ (Dobzhansky & Wright 1941).
Nm is the correct measure of the genetic turnover of demes
(introgression), it is scaled to allow easy comparison across
populations, and it is the conceptual backbone for the
isolation-by-distance model (Wright 1943).

Nm is derived from the inbreeding coefficient, FST,
which is scaled for comparison to local inbreeding (FIS).
We calculated pairwise FST and then derived Nm. RST is
sometimes expected to perform better as a measure of
population structure when using microsatellites because it
accounts for expected transition probabilities between
alleles and for higher variation in allele frequencies. We
chose to primarily use F-statistics because unless the ideal
conditions are met (i.e. large sample size and many loci),
FST is a more conservative and less-biased estimator of Nm
(Gaggiotti et al. 1999). We did, however, calculate both FST
and RST.

AMOVA was used to generate R estimates using GenA1Ex
version 5 (Peakall & Smouse 2001). GenAlEx requires that
missing data be assigned a value of ‘0’ (a novel allele);
therefore, we removed all individuals missing genotypes
at a locus to avoid the biasing effects of coding them as
novel and homozygous in GenA1Ex. We ran the amova
using the remaining individuals (N = 279). Nm estimates

for our data (based on sample sizes of 20 individuals per
pond and eight loci) were higher when calculated from RST
than from FST. This bias is similar to that observed by
Wyttenbach et al. (1999) in populations of Sorex araneus. In
this study, FST provided a more appropriate estimate of Nm.

Hierarchical model of population structure. We analysed several
different models of population structure based on baps
partitions and Pairwise FST analyses. Ponds that formed
significant clusters in BAPS were checked against pairwise
FST values. When we found ponds that were originally
grouped into clusters by BAPS, but stood apart from those
clusters with regard to their pairwise FST patterns, we
created new alternative models to reflect those differences.
Three resulting hierarchical models were then analysed
using the Weir & Cockerham (1984) method to estimate
hierarchical F-statistics in the program Genetic Data
Analysis (GDA) 1.1 (Lewis & Zaykin 2001). For hierarchical
analysis when a higher-level group lacked substructure
(i.e. a single pond comprised a ‘cluster’), the pond was
randomly split into two pseudo-ponds to allow calculation
of the between-group F-statistic. Forty such randomizations
were used to ensure that observed patterns were not due to
peculiarities of one random pick. Bootstrapping generated
95% confidence limits for all F-statistics (Lewis & Zaykin
2001). Within each pseudo-pond randomization, 1000
bootstraps were performed (40 000 bootstraps total). We
have also included RST estimates generated by AMOVA
(GenAlEx version 5; Peakall & Smouse 2001) to allow
comparison with previously published studies.

Tests for isolation by distance and landscape resistance

We tested for evidence of a relationship between genetic
structure and potential barriers to movement between
ponds (e.g. Vos et al. 2001; Johansson et al. 2005; Spear et al.
2005). We tested the simple hypothesis that isolation by
distance contributed to genetic differentiation by regression
of FST/(1 − FST) against distance, as suggested by Rousset
(1997). A positive relationship between FST/(1 − FST) and
distance between ponds would be expected during linear
dispersal, while a positive regression slope of FST/(1 − FST)
on log of distance is expected when dispersal is unrestricted
in two dimensions. Statistical significance of the associations
between geographical distance and genetic differentiation
was tested using matrix correlation (Mantel tests with 1000
permutations, implemented by GenAlEx version 5; Peakall
& Smouse 2001) to account for lack of independence
between pairs of ponds.

We constructed two indices to quantify the degree
to which interpond habitat posed a physical barrier to
dispersal. Geospatial information, including data on
geographical distance, habitat classification and road
extent and characteristics, was compiled using ArcMap 8.1.
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Habitat classification data were obtained from the 1999–
2003 land use, land cover survey by the Ohio Environmental
Protection Agency (Ohio Environmental Protection Agency
2006). Information on the linear extent and annual traffic
frequency of roads was obtained from data made available
by the Ohio Department of Transportation (Columbus,
OH, 2000). Following Vos et al. (2001), we calculated two
resistance measures. First we calculated resistance to
movement stemming from the fractional area of unsuitable
habitat in a 200 m-wide corridor between ponds (D*RA).
Unsuitable habitat included the following land-use catego-
ries: residential, commercial/industrial, bare mines and
urban/recreational grasses. We also calculated the linear
extent of, and vehicular traffic on, roadways crossing the
200 m-wide corridor connecting two ponds (D*RL). We
then tested whether either index was related to genetic
differentiation (FST/(1 − FST)). To test for an interaction
between habitat type and road distribution as a barrier to
dispersal, we also scaled D*RA and D*RL to their maximum
values and then summed the two indices for each pair of
ponds (D*SUM). Mantel tests were used to test for correla-
tions between each of the three measures of resistance
(D*SUM, D*RA and D*RL) and genetic differentiation
(FST/(1 − FST)). A positive correlation between FST/(1 − FST)
and either resistance measure would confirm a role for
landscape resistance in determining dispersal.

Results

Allelic variation

All loci were highly polymorphic across individuals from
the sampled ponds. The number of alleles observed at each
locus ranged from eight to twelve. No significant pairwise
linkages between loci were found. Mean observed and
expected heterozygosities for the eight loci for each of the
sampled ponds are presented in Table 1. Of 3256 samples
(eight loci across 407 individuals), 224 (6.9%) missing
values were found. Of individuals with missing values,

75.9% were missing values at multiple loci. The expectation
given a null alleles model was that only 34.8% of missing
values would be found in association with other missing
values. Randomization tests indicated that individuals
with a single missing value were significantly under-
represented (P < 0.005), while individuals with multiple
missing loci were all over-represented (P < 0.005). This
suggests that missing data were in most cases actual
missing data and not null alleles, and the analyses
presented here reflect this.

Regional population structure

Bayesian clustering. BAPS returned only a single partition
meeting the 0.02 probability criterion (Corander et al.
2003), resulting in the clustering of the 17 ponds into five
groups, or clusters with high posterior probability (P =
0.9748; Table 2). High probabilities (P) identify partitions
that are more likely to accurately represent the genetic
structure of sampled ponds.

Nonrandom mating within ponds. FIS estimates were sig-
nificantly greater than zero in 13 of the 17 ponds (13 600
randomizations). FIS values ranged from 0.034 to 0.229 with
an average of 0.126 (Table 1). The significant FIS values
represent moderate deviations from Hardy–Weinberg
expectations, possibly due to nonrandom mating within
ponds (Scribner & Chesser 2001). Strong support from
randomization tests as well as inspection locus by locus
indicate that these deviations are robust across loci rather
than the result of a subset of the loci.

Population-wide, FIS was not significantly altered by
treating missing data as null alleles. Tests for correlation
between FIS value and the number of missing alleles found
no significant correlation. Ponds with significant FIS meas-
ures did not differ in the number of missing alleles from
those with non-significant FIS measures. Therefore, the
possible presence of null alleles did not appear to influence
our inbreeding estimates.

Table 2 Cluster assignments for the 17 sampled Ambystoma maculatum breeding ponds under the five-cluster model generated by BAPS 2.0
(Bayesian Analysis of Population Structure) and the seven-cluster Hierarchical Model of Population Genetic Structure. Ponds that were
reassigned to different clusters in the Hierarchical Model are shown in bold

Cluster BAPS Model Hierarchical Model

1 MF, L24, WND MF, L24, WND
2 LR, SNG, SR, TW1, TW2, TW3, HG, OWL LR, SNG, TW1, TW2, TW3, HG, OWL
3 DW, L29, MN DW, L29, MN
4 CVC, EB CVC
5 BW BW
6 — SR
7 — EB
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Pairwise FST – nonrandom mating due to spatial structure
between ponds. Pairwise FST estimates ranged from 0.0008
to 0.15, and were significantly higher than zero in 110 of 136
cases after sequential Bonferroni correction for multiple
comparisons (Table 3). These significant FST values
included comparisons among ponds within the clusters
identified by BAPS, thus they indicate that there is sufficient
power in the dataset to resolve even extremely low levels
of structure. The lowest Nm estimate calculated from
pairwise FST estimates was 1.46 (Table 3).

Hierarchical models of regional population structure. We deve-
loped three models based on Bayesian clustering and
pairwise FST values. The first was a five-cluster model
produced by BAPS (Table 2). In the second, we started with
the BAPS model and split EB and CVC into separate clusters
because Nm values of EB with other surrounding ponds
were all < 3.5 while CVC had stronger associations with six
other ponds than with EB. In our final model (Fig. 2), we
also separated SR from cluster two because SR exhibited
higher Nm with three ponds outside its cluster than with
any within its cluster. This single-pond cluster is unique in
its moderate linkage with otherwise-distinct clusters.
The models were subsequently examined using hierarchical
F-statistics. The three models gave qualitatively similar
results. We present the results from the third model
(Table 2) as it explained more genetic variance than the
other models.

Of the total allelic variation sampled, 21.2% is explained
by the final hierarchical model. As expected, given the

Table 3 Pairwise FST (above diagonal) and Nm (below diagonal) estimates for Ambystoma maculatum breeding ponds. FST estimates were
averaged across all loci. Values in italics are significant at P < 0.05, and values in bold are also significant after sequential Bonferroni
adjustment. Non-significant values are proceded by an asterisk (*)

MF L24 SR DW EB LR HG L29 MN BW OWL SNG CVC TW1 TW2 TW3 WND

MF — 0.01 0.02 0.03 0.10 0.03 0.06 0.04 0.00* 0.07 0.05 0.05 0.05 0.03 0.03 0.02 0.02
L24 27.53 — 0.03 0.03 0.07 0.05 0.04 0.04 0.02 0.09 0.06 0.05 0.04 0.04 0.03 0.04 0.03
SR 11.89 9.04 — 0.04 0.09 0.06 0.05 0.05 0.02 0.15 0.05 0.05 0.02 0.05 0.03 0.03 0.03
DW 8.06 7.84 5.43 — 0.11 0.05 0.06 0.04 0.02 0.09 0.07 0.06 0.07 0.07 0.06 0.06 0.06
EB 2.17 3.38 2.56 2.12 — 0.10 0.08 0.11 0.10 0.12 0.09 0.08 0.05 0.08 0.07 0.08 0.08
LR 8.52 4.90 4.14 5.27 2.26 — 0.04 0.04 0.06 0.03 0.06 0.02 — 0.07 0.00 0.02 —
HG 4.20 6.73 5.16 4.02 2.92 5.98 — 0.08 0.04 0.10 0.01 0.04 0.05 0.01 0.02 0.03 0.05
L29 6.10 5.37 4.36 6.77 1.95 5.46 2.86 — 0.02 0.12 0.07 0.06 0.08 0.07 0.08 0.06 0.06
MN 124.75* 11.71 12.44 13.64 2.18 3.65 5.38 10.43 — 0.10 0.04 0.04 0.04 0.03 0.04 0.02 0.04
BW 3.12 2.58 1.46 2.46 1.88 6.95 2.22 1.82 2.29 — 0.10 0.07 0.15 0.06 0.09 0.07 0.11
OWL 5.22 3.88 5.31 3.17 2.43 3.66 20.76 3.24 6.10 2.19 — 0.02 0.07 0.02 0.02 0.02 0.05
SNG 5.31 4.56 5.05 3.65 2.83 11.60 6.49 3.81 5.44 3.11 15.28 — 0.07 0.03 0.04 0.02 0.06
CVC 4.65 6.89 10.00 3.26 5.15 — 5.10 2.76 6.62 1.47 3.16 3.39 — 0.05 0.04 0.04 0.03
TW1 7.02 6.54 4.45 3.37 2.84 3.43 18.13 3.13 8.52 3.66 14.54 9.26 4.77 — 0.00* — 0.04
TW2 7.06 7.81 9.01 3.77 3.44 95.90 13.87 2.89 6.31 2.46 10.53 6.58 6.26 312.25* — 0.02
TW3 10.34 6.28 8.94 4.26 3.03 15.78 7.54 3.88 15.18 3.09 11.06 15.47 6.21 — — — 0.03
WND 10.57 9.63 9.04 4.15 3.01 — 5.29 3.82 5.73 2.10 4.37 3.83 8.58 6.40 11.65 7.76 —

Fig. 2 A seven-cluster variant of the original Bayesian clustering
model; ponds SR, EB, and CVC are assigned to separate clusters
based on supplementary analysis of pairwise FST. Line thickness
indicates the relative Nm between clusters (thicker line = higher
Nm); Nm estimates are included to the left of each line.
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individual pond-level FIS estimates, nonrandom mating
within ponds was moderate and statistically significant
across sampled ponds (Table 4). The 14.3% of genetic
variance attributable to inbreeding within ponds (FIS) was
twice that of both of the other levels of population structure
combined. Significant population structure within each
cluster (FSST) and between clusters (FST) contributed 5.0%
and 1.9% of the allelic variation, respectively. Estimates of
these inbreeding coefficients made with an assumption
that missing data represent null alleles yield results that fall
within the confidence interval of the estimates we present
for each coefficient. The R-statistics (RSST and RST) show a
similar pattern to the F-statistics, and are presented for
comparison (Table 4).

Tests for isolation by distance and landscape resistance

We found no evidence that geographical distance was
related to genetic differentiation (isolation by distance)
among our sampled ponds, based on FST estimates.
Moreover, the geographic distribution of populations in
our hierarchical model of population structure underscores
the lack of isolation by geographic distance. In cluster two
(Table 2, Fig. 2), six ponds separated by short to intermediate
geographic distances are grouped together with a pair of
distant ponds (OWL and HG), and SR is geographically
close to the ponds in cluster one (DW, L29, and MN) but is
grouped with the more geographically distant ponds in
cluster two (Table 2, Fig. 2). Pairwise geographical distances
between ponds ranged from < 0.02 km to 55.6 km, but
regressions of FST/1 – FST on geographical distance and Ln
(distance) were not significant (P = 0.49 and P = 0.28,
respectively, Fig. 3).

Neither index of landscape resistance, D*RA or D*RL,
showed a significant correlation with FST/1 – FST (P = 0.43
and P = 0.130, respectively). The combined model of
resistance, D*SUM, was not significantly correlated with
FST/1 – FST (P = 0.32).

Discussion

We hypothesized that Ambystoma maculatum populations
should be more genetically isolated when either the
distance between ponds or the frequency of potential
barriers to dispersal between ponds is greater. Both
hypotheses were unsupported by our analysis of A.
maculatum ponds in this highly fragmented landscape. We
found no significant effect of geographical distance or
landscape resistance on patterns of dispersal. This result
is surprising because it is contrary to the effects of
fragmentation reported previously in other taxa, including
other amphibians (e.g. Roach et al. 2001; Vos et al. 2001;
Cegelski et al. 2003; Palo et al. 2004; Spear et al. 2005;
Primmer et al. 2006; Clark et al. 2008; but see Funk et al.
2005). The observed pattern could result from multiple
processes. One possible explanation is that anthropogenic
fragmentation is too recent to allow detection of genetic
differentiation. Another possibility is that fragmentation-
induced decreases in dispersal among populations are
compensated for by more effective migration via alternate
routes. Regardless of the reason, the high rates of effective
movement we observed among our sampled populations
prevent strong structuring among ponds in the region.
Nevertheless, it is worthwhile to consider the variation
in movement rates across this landscape because this
provides an opportunity to pinpoint potential areas where
connectivity may be compromised in the event of future
landscape change.

Table 4 Summary F-statistics, R-statistics (generated by AMOVA),
and variance (σ) components for the hierarchical seven-cluster
variant of the Bayesian clustering model of Ambystoma maculatum
population structure. Subscripts represent statistics at the following
levels: among individuals within a pond (IS), among ponds within
a cluster (SST), and among clusters within the region (ST)

Hierarchical model of population genetic structure

F-statistics σTOTAL 4.96
FIS 0.125 ± 0.072
σIS (%) 0.707 (14.3)
FSST 0.057 ± 0.016
σSST (%) 0.094 (1.9)
FST 0.041 ± 0.012
σST (%) 0.246 (5.0)

R-statistics σTOTAL 397.258
RSST 0.035
σSST (%) 12.999 (3.3)
RST 0.043
σST (%) 16.978 (4.3)

Fig. 3 No significant relationship between geographical distance
and FST (P = 0.49) for Ambystoma maculatum; data points represent
the pairwise comparisons between sampled breeding ponds.
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Inbreeding and structure within ponds

Although barriers to gene flow can best be examined on
larger geographical scales, we begin our discussion at a
fine scale of structure by noting that nonrandom breeding
contributes to significant structure within ponds; this is
reflected by high FIS in most of the ponds. Given the
aggregate mating system of A. maculatum, high FIS may be
explained by differential reproductive success (reproductive
skew) in the population (Myers & Zamudio 2004; Chandler
& Zamudio 2008). Nonrandom mating may also be caused
by spatially or temporally distinct breeding groups within
ponds. Spatially determined breeding groups are likely
when ponds are exceptionally large or exhibit great
microhabitat variability, neither of which typifies our study
ponds. Temporally determined breeding groups could
exist if breeding adults arrive at the pond and breed during
distinct time intervals, as has been observed in Bufo
calamita populations (Sinsch 1992). Variability in arrival
date at breeding sites is also known to occur in A. maculatum
(Harris 1980), and is known to have consequences for
individual fitness (Tennessen & Zamudio 2003). Temporal
variability in breeding cohorts has been observed at one
of the ponds included in this study. Each year at WND
there are two to three discrete breeding immigration
events, separated by breaks lasting a week or more (PH
Niewiarowski and JL Purrenhage, unpublished data). In
addition, male A. maculatum tend to arrive at breeding
ponds in the same order year after year (Phillips & Sexton
1989). Given that there are often several ponds in close
proximity, differences in annual reproductive success
between adjacent ponds might also add to FIS by creating
accentuated cohort effects. Thus, it is plausible that the
study ponds that exhibit nonrandom mating (high FIS)
have temporally distinct breeding groups.

These local effects may have broader structural ramifica-
tions. Some breeding groups (i.e. temporal cohorts) within
ponds may exchange proportionately more dispersers
within the regional population than do other groups, and
early and late breeders may differ in their dispersal like-
lihood. Moreover, timing of breeding may be passed down
from one generation to the next, which could mean that
dispersers carry the trait of early or late breeding to
neighbouring ponds. This may have implications for
recruitment at specific breeding ponds, given that arrival
time influences male fitness (Tennessen & Zamudio 2003).
Temporal cohorts may also be affected by different sets of
factors. For example, relative to late breeders, early
breeders may be affected by freezing temperatures, but
their offspring may have more time to complete metamor-
phosis before pond drying (Harris 1980). The differences
between early and late breeding groups may therefore play
a role in the dispersal-mediated dynamics of the regional
population.

Regional population structure

Our data indicate high connectivity among A. maculatum
breeding ponds. We found a regional population structure
in which genetic differentiation is statistically detectable
at multiple levels (i.e. within ponds, among ponds within
clusters, and among clusters within the region) but is so
small in magnitude that it would rarely limit recolonization.
Ponds within each cluster exhibit substantial Nm values
such that they can be considered nearly panmictic breeding
groups. Although we detected significant variation among
clusters within the region, differentiation among clusters is
low compared to what has been estimated for other species
in fragmented landscapes (e.g. Hitchings & Beebee 1997;
Burns et al. 2004; Palo et al. 2004) and within the confidence
limits of what has been observed for A. maculatum in other
areas on a similar geographical scale (Zamudio & Wieczorek
2007). Apparent inbreeding within ponds (FIS) was roughly
half in our study relative to Zamudio & Wieczorek (2007)
but the two values are not statistically different. In both
cases local inbreeding was much greater than structure
between ponds or between clusters. It is easy to believe that
such inbreeding may have more to do with the existence of
variation in seasonal breeding leading to late and early
breeding populations rather than spatial substructure. Our
data indicate that over a range of 50 km, introgression of
subpopulations within a pond (temporal or spatial) is more
difficult than introgression between ponds. Zamudio &
Wieczorek (2007) also found that genetic structure, in the form
of autocorrelations in their study, is a local (< 5 km) effect.

It is possible that the genetic patterns we observed are
historical patterns that were established prior to habitat
modification (Zamudio & Wieczorek 2007). Assuming a
generation time of four to 10 years for A. maculatum (Harding
2000), we estimate conservatively that approximately 10 to
25 generations have passed since the onset of significant
habitat fragmentation in the region (Winstel 2000; U.S. EPA
2006). Even based on the lower estimate, there has been
ample time for a signal of reduced migration to develop.
Thus, it is notable that the significant genetic structure
revealed by our analyses is not related to geographical
distance or to obvious landscape features that could inhibit
dispersal (e.g. roads).

Examining ponds with distinctive migration patterns
allows us to construct hypotheses about regional patterns
of movement that would otherwise be masked in the
general trend. For instance, gene flow estimates indicate
that CVC may be a primary link for migration between EB
and the other ponds sampled. Alternatively, EB might have
been recently founded or recolonized by dispersers from
CVC. Note that Nm values in this case should be high (near
total replacement by another deme) even if migration is
low. The take-home message is that there is an important
role of migrants, not that migration is necessarily high.
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Similarly, BW exhibited a pattern of low Nm with other
clusters (mean = 2.2). We initially suspected that BW was
the most genetically distinct pond in the region because it
appeared to be physically isolated from neighbouring
ponds by three high-traffic roads. That conclusion, how-
ever, was not supported by our landscape resistance
analysis, which showed no effects of roads (i.e. D*RL) on
population genetic isolation. Other explanations for BW’s
apparent isolation include the failure to sample some
pond, or ponds, that link BW and other ponds (as CVC
appears to link EB to other ponds in the region) and the
possibility that BW was founded or recolonized by dispersers
from one or more heterogeneous ponds. An important
take-home message here is that the rate of introgression of
genes from other ponds is high enough that, no matter the
reason, BW is likely to be recolonized swiftly should it be
extirpated.

Finally, CVC, SR, and any unsampled ponds that
similarly exhibit high Nm with multiple clusters may play
important roles as connectors that promote gene flow
among many ponds in the region, thus helping to maintain
the generally high degree of population connectivity across
this fragmented region of northeastern Ohio. One hypothesis
for the mechanism underlying this connectivity is that
there are unsampled ponds in the space between SR, for
instance, and the other clusters with which SR exhibits
high Nm, and that these intervening ponds facilitate gene
flow in a stepping stone-like fashion.

We can also formulate the following testable hypothesis
about SR, which is located at the base of the Cuyahoga
River: SR may be a source of dispersing salamanders that
are using riparian zones associated with the river and its
tributaries to circumvent the extensive fragmentation
of the habitat matrix, and thus maintain connectivity
throughout the region. If salamanders rely on these riparian
corridors for continued dispersal across an otherwise
hostile landscape, then the river, streams, and riparian
areas should be considered critical habitat for persistence
of the regional spotted salamander population (Semlitsch
2000; Mazerolle 2005).

Interestingly, cluster two exists across two river systems
and across two major branches of one of those systems. We
still may see strong riparian influences linking TW ponds
to OWL and HG via downstream migration on a nearby
river. However, the TW populations are separated from LR
and SNG by over 15 km by land and would require con-
siderable upstream migration via water. Our conclusion is
therefore that riparian systems are possible facilitators
but that even without them breeding ponds are likely to
maintain enough connectivity that rapid recolonization is
likely to occur in the event of extirpation in a given pond.

We described A. maculatum population connectivity in
northeastern Ohio by examining the genetic structure of a
subset of ponds that included a core group of ponds as well

as several outlying ponds that are geographically distant
from the core study area. We described the connectivity of
the core ponds with the outliers, and thus defined the
stratification of gene flow in the region. The overall high
connectivity among our study ponds, including the outliers,
suggests that all of the ponds make up a metapopulation
and that recolonization following local extinctions is
highly likely in this region. Sampling additional ponds
could reveal details, such as possible founder effects or
ponds that may act as sources of gene flow. Increasing the
sample size of individuals genotyped from each pond and
sampling intervening ponds on a finer spatial scale might
also help to determine the relative importance of drift and
gene flow in explaining the allele distributions in these two
ponds (e.g. Galbusera et al. 2004). Although elucidating
more details may be important under certain circumstances
(e.g. when making specific habitat management decisions),
it is not critical to a broad understanding of regional popu-
lation connectivity and thus was not vital to the purpose of
this study.

Broader implications of this study

Our results shed some light on the topic of conservation
biology. Adult A. maculatum require intact forest habitat
and suitable breeding ponds to complete their life cycle
(Petranka 1998). Contrary to expectations of isolated breeding
populations across the highly fragmented landscape of
northeastern Ohio (Smith et al. 1994), we found evidence of
sufficiently high levels of gene flow to allow recolonization
of ponds to occur rapidly.

We ask, what can this type of elucidation of current or
historical gene flow tell us about the potential consequences
of disrupting those patterns in the future? We can use
current patterns of genetic structure to predict potential
impacts of habitat change in the future, but within limits.
Studies such as ours bring into focus the relationship
between estimates of population genetic structure and
population dynamics. FST-based models of population
structure provide a great deal of relevant information that
can be directly applied to our understanding of metapopula-
tion dynamics. It has been suggested that populations
become demographically linked when immigration rates
rise above a threshold of 10% per generation (Hastings
1993; Bowne & Bowers 2004), with implications for meta-
population dynamics. We might ask, do our populations
exist as demographically independent units, and would
such demographic independence be an indicator of future
success? Based on FST, we can estimate a more important
parameter than migration. We can estimate the actual rate
of population replacement. A ‘genetic individual’ moving
between two ponds represents either a single individual or
a larger number of related immigrants. Nm is a more
accurate measure of demographic success than migration
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rate because it reflects only successful migration. We know
that the two most genetically isolated ponds in our study,
EB and BW, each appear to exchange on average greater
than five genetic individuals per generation with a neigh-
bouring pond. If salamanders in either of these ponds were
to be stochastically extirpated, we know that under current
conditions the ponds should be recolonized quickly.
Furthermore, gene flow is great enough to allow them to
evolve in concert with surrounding populations. These are
perhaps the most important issues if we are interested in
the maintenance of the species in the region.

Understanding data on demographic exchange between
distant ponds requires some relatively simple assumptions
about movement. We must assume that 6.73 salamanders
per generation are not sprinting across the 40 km separating
L24 and HG. We no more expect that than we would expect
that a single horse ever ran the pony express delivery route
of 3000 km from Missouri to California in ten days. In
A. maculatum, migration is usually less than 2 km per
generation (Madison 1997; Smith & Green 2005). As
individuals move into adjacent ponds and breed, their
genes are diluted by recombination, but those genes are
taking a pony express ride over several generations to new
populations. Ponds L24 and HG must therefore exchange
their 6.73 genetic individuals per generation in the form of
many related immigrants each carrying a small portion of
the genes from an ancestor in the distant pond. The move-
ment of individuals among ponds must therefore be so
high that, under current migration trends, extirpation of
the regional population of A. maculatum is only likely if
regional scale changes in the environment (e.g. climatic,
hydrologic, chemical), rather than current habitat fragmenta-
tion, cause failure or decline across all ponds.
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