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Abstract

The muskrat, Ondatra zibethicus, is a semiaquatic rodent native to North America that has become a highly successful
invader across Europe, Asia, and South America. It can inflict ecological and economic damage on wetland systems outside
of its native range. Anecdotal evidence suggests that, in the early 1900s, a population of muskrats was introduced to the
Isles of Shoals archipelago, located within the Gulf of Maine, for the purposes of fur harvest. However, because muskrats are
native to the northeastern coast of North America, their presence on the Isles of Shoals could be interpreted as part of the
native range of the species, potentially obscuring management planning and biogeographic inferences. To investigate their
introduced status and identify a historic source population, muskrats from Appledore Island of the Isles of Shoals, and from
the adjacent mainland of Maine and New Hampshire, were compared for mitochondrial cytochrome b sequences and allele
frequencies at eight microsatellite loci. Appledore Island muskrats consistently exhibited reduced genetic diversity
compared with mainland populations, and displayed signatures of a historic bottleneck. The distribution of mitochondrial
haplotypes is suggestive of a New Hampshire source population. The data presented here are consistent with a human-
mediated introduction that took place in the early 1900s. This scenario is further supported by the zooarchaeological record
and island biogeographic patterns. This is the first genetic study of an introduced muskrat population within US borders
and of any island muskrat population, and provides an important contrast with other studies of introduced muskrat
populations worldwide.
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Introduction historical or zooarchaeological records, often fail to provide
comprehensive resolution. Because morphological evidence of
endemism can be ambiguous [2,6], the combined use of
microsatellite and mitochondrial DNA analyses has become a
powerful approach for identifying past bottlenecks, source
populations, and evaluating the native status of a potentially
cryptically introduced species [e.g., 3].

The population of muskrats, Ondatra zibethicus inhabiting the
Isles of Shoals archipelago in the Gulf of Maine (Figure 1) likely
constitutes such a cryptic introduction. Like many furbearing
mammals, muskrats have often been transported by humans for
fur farming, and are now invasive across Europe, Russia, China,
Argentina, and Chile [7]. Although their native range encom-
passes most of North America, the fur trade has produced human-
mediated translocations even within the US, and these have been
documented in the historical record in California, Louisiana,
Alaska, and New York [7]. Anecdotes from fur trappers and
government officials suggest that muskrats have been present on
the Isles of Shoals since the 1930s, and they appear only recently
in the zooarchaeological record, as compared with Norway rats
that have an older record paralleling the initial use of the Isles by

Questions regarding the origin, distribution, and maintenance
of insular fauna have been central to the study of evolutionary
biology since the time of Charles Darwin and Alfred Russell
Wallace. Island systems are frequently touted as natural labora-
tories for the study of fundamental ecological and evolutionary
processes [1]. However, attempts to delimit the biodiversity of
island systems can be confounded by “cryptic” invasive species,
i.e., a human-aided, otherwise nonnative species may be mistaken
for a native island species [2]. This has the effect of inflating the
number of endemic taxa recorded and can mislead biogeographic
inferences (e.g., by distorting species-area curves) or conservation
priorities. Because invasive species are a major cause of extinction
in endemic insular fauna [3—4], determining whether a species is
native or introduced to an island ecosystem is critical to informing
its subsequent protection or eradication [5—6].

The colonization of islands, with or without human mediation,
generally involves only a small subsample of the mainland source
population. Information concerning initial founding conditions is
typically unknown and traditional methods, such as the use of
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Figure 1. Map of study region depicting Appledore Island within the Isles of Shoals and in relation to the northeastern US
coastline. Dashed gray lines represent state boundaries. Circles represent generalized population sampling locations on the mainland, with larger
circles indicative of 4+ samples, and smaller circles of one. Appledore Island is highlighted in green (see Figure S1 for fine-scale Appledore Island

sampling).
doi:10.1371/journal.pone.0111856.9001

early settlers in the 1600s (N. Hamilton personal communication,
[8-9]).

Despite the ubiquity of muskrats as a globally invasive species
and the economic importance of muskrat fur for many rural
communities [10], there is a paucity of genetic information
available regarding this species in both their native and non-native
range. Laurence et al. [11] have described basic genetic variability
in North America, which serves as the only baseline for
comparison with worldwide invasive populations. As muskrats
are known to negatively impact the ecosystems they invade by
causing damage to irrigation structures, predating fish fry,
destroying agricultural crops, and outcompeting native small
mammals (such as desmans in Russia [7]), it is critical to build a
more comprehensive dataset of the genetic composition of muskrat
populations for comparative applications.

This study seeks to illuminate the origins of muskrats on the Isles
of Shoals archipelago from potential mainland source populations.
The Isles are already known to harbor numerous non-native
species: for example, 42% of plant species are non-native, and 23
of these are classified as invasive in New England [12]. Within the
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northern Gulf of Maine, there are several confirmed cases of
intentional introductions of game and fur-bearing species,
including deer, beavers, and rabbits, made in the first quarter of
the century on large coastal islands [13]. However, the geologic
history of the archipelago, the native range of muskrats along the
coastline and on large coastal islands in the northern Gulf of
Maine, and the strong swimming abilities of muskrats have
contributed to their cryptic status. Muskrats are the only species of
nonvolant mammal (aside from the unmistakably invasive Norway
rat) established on the archipelago [14].

The archipelago is located 11 km off the northeastern United
States coastline and is bisected by the border between Maine (ME)
and New Hampshire (NH) (Figure 1). During a sea level minimum
approximately 11,000 years before present (YBP), a land bridge
connected the islands to the mainland; the islands were then
isolated as sea levels rose to modern levels 7,000 YBP [15]. The
Isles were heavily used by humans in the 17" century for cod
fishing and supported a year-round human population of 600—
1200 people [12]. The three largest islands—Appledore (AP;
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40 ha), Smuttynose (10 ha), and Star Island (19 ha)—continue to
sustain seasonal human activities on a much smaller scale [12].

This study contrasts two hypotheses of natural colonization that
would produce distinctive genetic patterns (colonization via land
bridge 11,000-7,000 YBP, recurrent colonizations from migration
by swimming) with the anecdotally informed but otherwise
untested hypothesis of a human-mediated muskrat introduction
in the early 1900s. It aims to illustrate the usefulness of a combined
mitochondrial and microsatellite DNA approach and provide a
framework of multiple complementary statistics for the detection
of a cryptically introduced population. Through this approach, we
compare expectations under each hypothesis, including timing of
bottleneck, endemism of haplotypes, degree of gene flow, and
levels of genetic diversity and differentiation, to distinguish the
most likely scenario of muskrat colonization. For example, if
muskrats colonized naturally via a land bridge, there would be no
signatures of a recent bottleneck, very high levels of genetic
differentiation with the mainland, and we would likely find at least
one mitochondrial haplotype endemic to AP due to an early
divergence followed by isolation over several thousand years.
Conversely, recurring natural colonization events would be
reflected in low genetic differentiation and a high maintenance
of genetic diversity due to continual gene flow. A human-mediated
colonization in the 1900s would display different signatures than
either natural colonization mechanism, primarily differing in the
timing of the population bottleneck, absence of an endemic
haplotype, and magnitude of gene flow and differentiation with the
mainland.

Materials and Methods

Ethics Statement

This study was approved by the Cornell University Institutional
Animal Care & Use Committee, and operated under IACUC
General Operation of the Mammalogy Collection at Cornell
University protocol #2006-0156. Samples of AP muskrats were
collected on private property owned by the Shoals Marine
Laboratory of Cornell University, under Maine Department of
Inland Fisheries and Wildlife, Wildlife Scientific Collection permit
#2011-349. All AP samples were collected under strict adherence
to American Society of Mammalogy guidelines [16]. Muskrats are
not endangered, and they are regularly harvested for fur in the
states of ME and NH. All sampled individuals on AP were
subsequently released. ME and NH samples were donated by fur-
trappers acting under valid state collection permits.

Sample Collection

Muskrats were non-lethally sampled via tail clips (<1 cm) on
Appledore Island (AP), Isles of Shoals, ME, from June to July 2011
using Havahart live-traps (Figure S1; Table S1). Muskrat houses,
burrows, and latrines were surveyed prior to sampling to ensure
appropriate geographic coverage and to avoid sampling of parent-
offspring within a territory. Mark-recapture studies conducted in
1984 [17] demonstrated similar muskrat habitat use across the
island and suggested a population density of 27+5.5 muskrats/ha,
yielding a tentative population size estimate of 860-1,300
individuals. A total of 43 AP samples were collected and stored
in absolute ethanol.

Members of state trapping associations donated tissue samples
(stored in absolute ethanol) from the mainland (46 from ME and
18 from NH; Figure 1; Table S1). Our sample sizes are consistent
with those used in a study of muskrat microsatellite diversity across
states of the United States (e.g., 36 samples from New York) and
provinces of Canada (e.g., 20 samples from Alberta) [11].
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DNA Extraction and Amplification

A DNeasy Blood & Tissue Kit (Qiagen) was used to extract
DNA from a total of 107 tissue samples. Mitochondrial DNA
sequences of the cytochrome b gene were generated for 79
individuals: 33 from AP, 31 from ME and 15 from NH. Primers
were designed using Primer Select DNASTAR) and a pre-existing
cytochrome b gene sequence, Genbank Accession #AF119277
[18]. PCR amplifications were performed in 10 pL reactions
containing 1 pL template DNA, 1 U of platinum 7Taq polymerase,
1 uL PCR buffer, 2 mM MgCly, 0.2 uM of each primer (OzbFW
5'CACTCATTCATCGACCTCCCAACS'; OzbREV 5'TGGG-
TATGAAGATAATGATAATGGCAAAGTA3') and 0.2 mM
dNTP. PCR reactions included an initial denaturation at 94°C
for 5 minutes, followed by 35 cycles of 94°C for 15 seconds, 50°C
for 15 seconds, and 72°C for 1 minute, with a final extension of
72°C for 5 minutes. PCR products were cleaned using ExoSAP-
IT and CleanSEQ) (Agencourt), and amplified using a Big Dye
Cycle Sequencing kit (Applied Biosystems). Sequencing was
performed using an Applied Biosystems 3730 DNA Analyzer at
the Life Sciences Core Laboratories Center at Cornell University
(http://cores.lifesciences.cornell.edu/brcinfo/).

Eight primer pairs were used to PCR amplify autosomal
microsatellite loci (0206, 0208, 0222, 0227, 0230, Oz41, 0z43,
0z44; [19]) from a total of 85 individuals: 34 from AP, 33 from
ME, and 18 from NH. Multiplexed reactions were carried out in
10 pL. volumes containing approximately 1 uL. template DNA,
5 uLType-It 2Xx master mix, 1 pL. of multiplexed primer mix
(containing 0.2 pM of each primer) and 3 pL. RNAse-free water.
Reaction conditions included an initial denaturation of 95°C for
5 minutes, 28 cycles of 95°C for 30 seconds, 60°C for 1 minute,
72°C for 30 seconds, and a final eclongation at 60°C for
30 minutes. Amplified products were verified on a 2% agarose
gel. Successful amplifications were prepared for analysis with
formamide and LIZ ladder, and were run on an Applied
Biosystems 3730 DNA Analyzer at the Life Sciences Core
Laboratories Center at Cornell University (http://cores.
lifesciences.cornell.edu/brcinfo/).

Mitochondrial DNA Analyses

Amplification resulted in 872 base pairs of cytochrome b
sequence. Sequences were assembled and aligned using Codon-
Code Aligner v.3.7.1 (CodonCode Corporation, Dedham, MA).
Tajima’s D [20], Fu’s F [21], and measures of genetic diversity
(haplotype number, number of segregating sites, nucleotide
diversity (m), haplotype diversity) were calculated using DnaSP
v.5 [22]. DnaSP was also used to produce mismatch distributions,
which display the frequency and distribution of pairwise genetic
differences between individuals [23]. The observed data were
compared to expected distributions for populations at demo-
graphic equilibrium and expansion. Harpending’s raggedness
statistic, 7, was calculated to determine the goodness of fit of the
data for each expected distribution [23]. A population in
demographic equilibrium is expected to have a ragged L-shaped
distribution reflecting the stochastic shape of gene trees.

jModelTest [24] was used to determine the appropriate model
of evolution and associated parameters for phylogenetic analysis. A
neighbor-joining tree using jModelTest’s suggested HKY85 [25]+1
parameters, bootstrapped for 1,000 iterations, was created in
PAUP* v.4 [26]. TCS v.1.21 [27] was used to create a minimum
spanning haplotype network through statistical parsimony analy-
sis, where the combined probability of joining the most similar
haplotypes is >95%.
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Microsatellite DNA Analyses

Microsatellite alleles were sized and analyzed using GENE-
MAPPER v.4 (Applied Biosystems). MICRO-CHECKER v.2.2.3
[28] was used to detect the presence of null alleles, allelic dropout
and stuttering with a 95% confidence interval. Locus 0z22 was
found to have a high frequency of null alleles and was removed
from further analysis. Allele frequencies and number, pairwise
differentiation (Fsr), and observed (H,) and expected (H,)
heterozygosity were calculated using MSA v.4.05 [29]. GENE-
POP v.4.1.3 [30] was used to detect deviations from Hardy-
Weinberg equilibrium and the presence of linkage disequilibrium,
and to calculate pairwise Rhogt. The measure Rhogr is similar to
Fsr, but takes allele size into account and has been suggested to be
a more accurate estimate of population differentiation under
microsatellite evolution conditions [31].

Population structure was assessed using the Bayesian clustering
method STRUCTURE v.2.3 [32]. The program was first run for
each putative subpopulation number (K), for K=1-10 in 10
independent runs with an initial burn-in period of 5,000 followed
by 50,000 Markov Chain Monte Carlo (MCMC) iterations under
an admixture model. The most probable K was approximated by
comparing the likelihood (LnP(D)) with different second derivative
values of K and selecting the largest AK value, following the
Evanno method [33]. This resulted in K =2 as the most probable
K. STRUCTURE was then re-run independently with K =2 and
K =3 for 10 independent runs with an initial burn-in period of
50,000 followed by 500,000 MCMC iterations under a model of
correlated allele frequencies. The output from these simulations
was then summarized by STRUCTURE HARVESTER online
[34] and CLUMPP [35], and graphically displayed using
DISTRUCT [36].

We implemented two approaches in evaluating past bottlenecks,
as commonly used in conservation genetic studies: BOTTLE-
NECK and M-ratio. The software BOTTLENECK v.1.2.02 [37]
was used to assess possible genetic bottlenecks by assuming that
excess H, relative to Heq (heterozygosity relative to that expected
at equilibrium, given the number of alleles), is a signal of a recent
decrease 1n effective population size. One thousand independent
simulations were run assuming an infinite alleles model (IAM) [38]
and a step-wise mutation model (SMM) [39]. We also ran these
simulations using a two-phase mutation model (TPM) [40], which
is thought to be intermediate between SMM and IAM, and
implements variable proportions of SMM. We tested three
different proportions of SMM using this TPM model: 10, 50,
and 70%. Piry et al. [37] recognize that IAM and SMM represent
two extremes and that the true model of mutation for most loci
likely lies in-between them, although it has been suggested that
SMM is a more appropriate model for microsatellite evolution
[41]. We performed a Wilcoxon signed-rank test [42], a sign test,
and an analysis of allele frequency mode shifts [43].

The M-ratio method as implemented in M P VAL [44] was
used as an alternative method of assessing the probability of a
historic bottleneck. The M-ratio is defined as M =k/r, the mean
ratio of the number of alleles (k) to the size range of those alleles (r)
per locus, for a sample of microsatellite loci. The significance of
this ratio was determined by comparing the observed M-ratio to a
simulated population with the same mutational model and sample
size in the program CRITICAL M [44]. This program generates a
critical value, M., which was set at the lower 5% tail of the
distribution. An observed M-ratio that falls below this M,
constitutes strong evidence that a bottleneck has occurred.

The input of three TPM (two-phase mutation model) param-
eters is necessary for the calculation of M: ps (frequency of single

step mutations), A, (the size of non one-step changes) and 0
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(=4N.p). The value of p;=0.88 was taken from [44]. Because no
species-specific values exist for muskrats for these parameters and
M, can be sensitive to A, and ©, values for A, were varied
between 2.8 (value obtained from a review by [44]) and 3.5
(default value) [44]. A range of pre-bottleneck 8 values were
estimated using two long-term estimator equations (e.g., as done in
[45]), given the microsatellite heterozygosity values for the
mainland and island and p=35.0x10"* mutations/locus/genera-
tion [46].

He
Ne=4,u(17He) (1)
_ (1—1 e)2_1
Ne—”%—'u (2)

Equation 1 assumes IAM [47] and Equation 2 assumes SMM
[39], thus providing estimates for the two extremes of the mutation
process. For independent comparison, we generated maximum
likelihood estimates of 8 using the program MIGRATE [48].

Results

Mitochondrial DNA

Twelve polymorphic nucleotide sites were detected in 872 bp of
cytochrome b sequence in the 79 individuals analyzed, resulting in
11 unique cytochrome b haplotypes, A-K (Table 1). The AP
population consistently exhibited lower levels of genetic diversity
as compared with the mainland populations of ME and NH
(Table 2). Neither Tajima’s D nor Fu’s I was significantly positive
or negative, although AP exhibited strongly positive values
(Table 2). A positive Tajima’s D signifies a recent bottleneck or
balancing selection; similarly, a positive Fu’s F; indicates a
deficiency of alleles from a recent bottleneck.

Mismatch distributions plotted for mainland sequences (ME and
NH were pooled, as microsatellite analyses revealed little
population subdivision) corresponded to a model for expected
values of demographic stability, as suggested by the small value of
r=0.06 (Figure 2A). Conversely, for the AP sample, a value of
7 =0.67 and a bimodal distribution suggested a poor fit to a model
of demographic stability (Figure 2B).

The TCS statistical parsimony network revealed relationships
among haplotypes identical to those portrayed by a neighbor-
joining tree (Figure 3; Figure S2). Despite multiple analyses
revealing little differentiation between ME and NH and the fact
that political boundaries are frequently not biologically meaning-
ful, we retain these states as population units when showing levels
of genetic variation, in addition to a combined “mainland”, to
display phylogeographic relationships within the mainland,
facilitate data sharing with state wildlife agencies, and allow for
comparison with data from previous studies of Canada and other
US states [11]. Two haplotypes (F and J) occur at high frequency
in our total sample and represent the two haplotypes present on
AP. I is the most common and widely distributed haplotype, with
individuals from ME, AP, and NH. J was found in the majority of
AP muskrats and in NH muskrats from the coastline. No
haplotypes were endemic to AP. Phylogenetic clustering of
haplotypes by geographic origin was not evident, but the
frequency of a given haplotype varied in geographic distribution
between ME and NH. Haplotypes F and J show no evidence of
geographic structure within AP (Figure S1).
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Figure 2. Mismatch distribution for A. the mainland popula-
tion, ME and NH pooled, and B. AP only. Frequency is represented
on the vertical axis. Solid gray lines indicate expected values and blue
circles represent observed values. The expected frequency is based on a
constant population size and demographic equilibrium. Raggedness
statistics, r=0.0592 and 0.6729 for A. and B., respectively.
doi:10.1371/journal.pone.0111856.9002

Microsatellite DNA

Null alleles and inconsistent peak morphology were present in
one locus, 0z22, and this locus was not included in further
analyses. Ninety-four alleles were detected at 7 microsatellite loci
for 85 muskrats. No significant deviation from Hardy-Weinberg
was found (P >0.05 for each locus across each population), and
there was likewise no evidence of linkage disequilibrium (P >0.05
for each locus pair across all populations). The AP population
exhibited the fewest number of alleles per locus, lowest H. and H,,,
and lacked private alleles (Table 3). A Fisher’s exact G-test
revealed that allele frequencies per locus and across all loci are
significantly different between AP as compared with ME and NH
(P<<0.0001). Little pairwise differentiation between ME and NH
was found, with Fgr=0.028 (Table 4). Conversely, high levels of
differentiation were detected in pairwise comparisons of ME and
NH with AP (Fsr=0.149-0.166; P<<0.0001) (Table 4). Values of
pairwise Rhogr (Table S2), displayed a pattern consistent with all
values of Fgr.

Applying the Evanno method [33], the most probable number
of population clusters in STRUCTURE was determined to be
K =2 (Figure S3). These two clusters corresponded to AP as a
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Figure 3. TCS haplotype network for mitochondrial cyto-
chrome b haplotypes. Size of circles is proportional to the number
of individuals with that haplotype, where the largest circle depicts 25+
individuals and the smallest depicts one individual. Letters correspond
to haplotypes described in Table 1. Each node represents a 1-bp
change in nucleotide sequence, and hashes along a node represent
probable missing haplotypes. Light blue shows AP, dark blue shows NH,
and dark pink shows ME. Note that haplotype J is only found in AP and
the coastal port of Portsmouth, NH.
doi:10.1371/journal.pone.0111856.9003
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cluster separate from the mainland regions of ME and NH pooled
(Figure 4A). A hypothesis testing ME and NH as distinct clusters
with K = 3 revealed very little evidence of differentiation across the
mainland (Figure 4B). AP was found to be a distinct cluster in both
K=2and K=3.

Analysis of potential bottlenecks using BOTTLENECK pro-
duced equivocal outcomes, with results differing between use of
the infinite alleles model (IAM) [38], step-wise mutation model
(SMM) [39], and two-phase mutation model (TPM) [40]. Both a
sign and Wilcoxon test rejected a neutral model for heterozygosity
excess for simulations under IAM, but did not for SMM or TPM
(Table S3). No mode shift was detected, and there was a normal L-
shaped distribution of allele frequencies.

M-ratio analyses and simulations produced significant evidence
for a historical bottleneck. Estimations of N, for the current island
population drawn from Equations 1 and 2 ranged from 720-1237
individuals, a value within the upper bound of estimates from past
mark-recapture studies [17]. MIGRATE generated 0 values
within this range (1.4-1.7) for microsatellite data. All observed
M-ratio values were below the critical simulated value, M, when
A,=2.8 (Table 5). Consistent with the fact that increasing values
of A, are known to strongly erode the bottleneck signature [44],
fewer M-ratios fell below the simulated M. when Agz 3.5;
however, the majority were still smaller than M., and all were
smaller than the average simulated M-ratio, M.

Discussion

Multiple Lines of Evidence

The genetic data reported here are congruent with anecdotes
suggesting that humans introduced muskrats in the early 1900s for
the purposes of fur harvest. Although on their own, these data are
not sufficient to unequivocally warrant an “introduced” status,
several other lines of independent evidence support such a
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designation. Morphologically, AP muskrats have slightly narrower
crania than mainland muskrats [17], but overall size and
morphological variability are very similar, suggesting that this
population has not evolved in isolation over a long period of time.
Muskrats do not appear in the zooarchaeological record within the
Isles of Shoals until approximately 80—-100 years ago (N. Hamilton
personal communication), despite the presence of human artifacts
and even Norway rat bones several hundred years earlier [8-9].
Interviews conducted in the 1980s with local fishermen and
trappers suggest that muskrats were already present on AP in the
1930s [17].

Comparison with other insular mammal populations of land
bridge islands in the northern Gulf of ME also supports a human-
mediated introduction. From a source pool of ~33 species of
mammals native to the state of ME, only muskrats are present on
AP. Crowell [49] found that island area and isolation explain the
most variation in species richness for coastal islands in the
northern Gulf of ME, where there are indeed native muskrat
populations. However, those islands are orders of magnitude
larger than AP and are also far closer to a mainland source pool.
For example, the island Gran Manan is a similar distance from a
mainland area (10 km), but is several hundred times larger than
AP, and harbors relictual populations of only 4 mammalian
species, including voles, mice, and chipmunks; it does not harbor
muskrats. Within coastal islands closer to the source pool, the
smallest islands marginally comparable to AP only have voles;
overall, we see distinctive, nonrandom patterns of species
composition, where small islands contain a nested subset of
mammal species found on larger islands [49]. This implies that if
mammals have colonized AP naturally via land bridge, we would
see the smallest subset, such as voles and mice; instead, we see only
muskrats, suggesting a muskrat-specific process.

Crowell [49] concludes his comprehensive study of 24 land
bridge coastal islands by suggesting that that there is strong
evidence that most mammals are able to cross salt-water barriers
0.5-1.5 km wide. Given the swimming ability of semiaquatic
rodents such as beavers and muskrats, it is no surprise that they
can cross even wider water barriers of up to a maximum of 5 km
[49]. However, AP is 11 km from a mainland source pool, thus
arguing against sustained migration or a natural dispersal event
and consistent with the high levels of genetic differentiation
between the mainland and AP. Biogeographic expectations are
consistent with our genetic data, as AP lacks any private alleles or
unique haplotypes suggesting that the population has not had
sufficient time to generate endemic insular variants.

Genetic Diversity

Founder events involve a subsample of the individuals from a
source population, resulting in decreased genetic variation and
increased divergence between source and founder populations
[50]. Both cytochrome b sequences and microsatellite data of AP
muskrats revealed consistently lower levels of genetic diversity as
compared to the mainland source. Both ME and NH exhibited
levels of heterozygosity comparable to those found for muskrats
inhabiting nearby regions of NY, Quebec and New Brunswick,
with H,=0.68-0.83 [11]; the average H, was 0.54 for the AP
muskrats.

Population Differentiation

As evidenced from the lack of phylogeographic grouping within
the haplotype genealogies and the STRUCTURE results,
muskrats in ME and NH show no evidence of geographic
structure, presumably reflecting ongoing gene flow. The Bayesian
clustering analysis performed using STRUCTURE suggests that
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Table 4. Fst values calculated for microsatellite DNA at seven loci, P<<0.0001 for all pairwise comparisons.

AP ME NH Mainland
AP = 0.166 0.155 0.149
ME 0.166 — 0.028 —
NH 0.155 0.028 — —
Mainland 0.149 — — —

Mainland is ME and NH combined as a single population.
doi:10.1371/journal.pone.0111856.t004

AP is a cluster distinct from the mainland regions, discrediting the
hypothesis of recent gene flow that would result from continued
migration by swimming. This was confirmed by significant,
elevated pairwise Fgr values.

Evidence of a Bottleneck

Both mitochondrial and microsatellite DNA markers were used
to assess evidence for a recent bottleneck associated with a human-
mediated colonization of AP. Using mitochondrial markers, we
found that Fu’s F [21] and Tajima’s D [20] for AP sequences were
not significantly different from zero. However, both exhibited
large positive values, which would suggest a demographic
contraction, particularly due to a bottleneck [51]. Other studies
of historic bottlenecks have found similar positive, yet non-
significant values. For example, Weber et al [52] calculated F, and
D values for a fur seal population that underwent a known
bottleneck in the 19" century due to overhunting. They reported
values for I of 4.423 and D of 1.35, although neither was
significant. These values, derived from a species with a known
historic bottleneck, are similar to those reported here for muskrats:
F,=5.007, D =1.35. The mismatch distribution for AP resulted in
arejection of a constant population size, as interpreted from a high
raggedness statistic [23] and a bimodal distribution; Weber et al
[52] also report a bimodal distribution in fur seals.

The program BOTTLENECK produced ambiguous results.
During a founder event, rare alleles are more likely to be lost than
common variants [47]. This allows for bottleneck detection by two
methods: identifying a temporary excess of heterozygosity (relative

A. K=2

Mainland

Appledore
B. K=3

1 l 1

Appledore

ME NH

Figure 4. Assignment of individuals to clusters using STRUC-
TURE and displayed with DISTRUCT, with A. K=2 and B. K=3.
K=2 is the true value of K (Figure S3), with K=3 provided for
comparison. Individuals are grouped by region sampled, with K=2
including ME and NH as a single “mainland” cluster. Y axis represents
percentage of ancestry in each cluster.

doi:10.1371/journal.pone.0111856.9004
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to that expected, given the number of alleles) and a departure from
an L-shaped allele frequency distribution [43]. Simulations run
assuming IAM indicated the presence of a bottleneck, but more
conservative simulations using SMM and TPM were not
significant. No departure from an L-shaped allele frequency
distribution was detected.

The power of BOTTLENECK s analyses is largely dependent
on the generation time of the focal species and the size of the
effective founding population, N.. Heterozygosity excess is a
transient signature only detectable for 0.2-4.0(N.) generations
after a bottleneck event [53]. Detection of heterozygosity excess
may be hindered due to population-specific processes, such as
explosive population growth following an initial colonization
event, which would diminish the loss of rare alleles and prevent
drastic reduction of H.q. Indeed, populations with an explosive
growth rate can still experience overall reductions in genetic
diversity but not display heterozygosity excess due to a bottleneck
[50]. If a study evaluating a potentially introduced species, such as
this one, employed only this technique, it could erroneously
suggest the absence of a bottleneck, obscuring the detection of a
cryptic introduction that occurred in historic (within the last few
hundred years) but not recent times [2].

A combined approach that includes analyzing M-ratios, allele
frequency shifts, and heterozygosity excess can provide windows
into population decline and recovery across different timescales
and thus provide a method of comparison for hypotheses of
bottleneck timing. Heterozygosity excess and allele frequency
distributions recover faster than the M-ratio [44]. For a population
that has experienced historic declines, such as the bottleneck in the
early 1900s for muskrats, we would expect to see a low, significant
M-ratio juxtaposed with non-significant heterozygosity excess and
allele frequency shifts— this is exactly the result reported here.
Conversely, a recent bottleneck, such as if muskrats were
introduced very recently in 1990, would show significant
signatures in both slowly and rapidly recovering measures [54].

Source Population

Mitochondrial DNA revealed 11 distinct haplotypes found in 79
muskrats, and only 2, F and J, on AP. From haplotypes alone, it is
possible that the AP muskrats are either (1) solely from the NH
coastline, where both haplotypes F and J co-occur; or (2) from both
ME and NH, with the island’s I lineage coming from ME (given
the high frequency of the I haplotype in ME). The coastal area of
NH is the only region sampled that contains the 2 haplotypes also
present on AP, making it the most probable source population
(however, we stress such haplotype data are suggestive but not
conclusive). In addition, this coastal area is a major shipping,
fishing, and naval shipyard (Portsmouth, NH), with high levels of
boat traffic to the Isles of Shoals. Although we recognize that the
distinction between ME and NH is politically and economically,
rather than biologically, meaningful, retaining such a distinction
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between state-lines with different human dynamics (such as
differing shipping routes and local economies) allows us to glean
further insight into the human dimension of the muskrat
colonization event.

An intentional introduction in the early 1900s is consistent with
the genetic data presented here. In her observations on the Isles of
Shoals’ natural history, Celia Thaxter presciently contemplated
“how the [Norway] rats came here first is not known; probably
some old ship imported them” [55]. The accidental and
intentional translocation of numerous species has resulted in novel

b
0.4356
0.444

0.4335
0.4171
0.4014
0.4068
0.4226
0.4265
0.4337

island communities, often to the detriment of endemic species, and
may go undetected due to slight morphological or ecological
divergence upon colonization. While there are numerous reasons
to exercise caution when reconstructing the past trajectories of
introduced species using limited genetic data [56], genetic data
when contextualized appropriately, as in this case, can be seen as
one of many lines of independent evidence supporting an
introduced status. Although muskrats in wetland areas are often
destructive to human industry, the muskrats introduced to AP do
not appear to have any urgent negative impacts on human

M.,o"
0.5183
0.5318
0.5281
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0.515

0.5169
0.5481
0.5545
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activities or native fauna, including the populations of colonial
ground-nesting birds; therefore, no eradication actions are
currently proposed. However, whether detrimental effects do arise
from a growing muskrat population (particularly due to a lack of
natural predators), decisions regarding muskrat removal will not
be impeded by the question of if the AP muskrats are an endemic
island subspecies in need of protection, as based on our study it is
clear that they are instead non-native visitors to the Isles of Shoals.
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Supporting Information

Figure S1 Map of Appledore Island and muskrat
sampling locations. Red circles are haplotype ], blue circles
are haplotype F, and purple circles are microsatellite data only.
Sampling was conducted in thoroughly surveyed muskrat habitat;
areas of the island that did not yield samples were occupied by

0.604

0.6206
0.6189
0.6053
0.6009
0.5958
0.6065
0.6113
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Mavga

highly aggressive nesting seabirds (which are a significant deterrent
to muskrats), lacked appropriate vegetation, or were not in close
proximity to fresh water. The results of our habitat use surveys
were congruent with those of a 1984 study [17]. Basemap sources:
ESRI, USGS.

(TTF)

Figure 2 Neighbor-joining tree of all haplotypes (872
base pairs of cytochrome b) using HKY85+I parameters,
made in PAUP* v.4. Letters correspond to haplotypes, with
specimen IDs in parentheses. Geographic information for each
specimen can be found in Table S1.

(TIF)

Figure S3 AK plot for STRUCTURE data. The value of AK
peaks strongly at K=2 (341.2816), declines abruptly to K=3
(3.6114), and continues to decline for values K =4 and greater.

(TIF)
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Table S1 List of all specimens used in this study, their
mitochondrial haplotype, and their geographic coordi-

1.5
0.02

nates. * indicates specimen only yielded microsatellite data. See
Table 1 for Genbank IDs for each haplotype.
(DOCX)

Table S2 Results of pairwise Rhogr for microsatellite
DNA at seven loci. Mainland is ME and NH combined as a
single population.

(DOCX)

Ag value of 2.8;

Ag value of 3.5.
doi:10.1371/journal.pone.0111856.t005

M.,q is average simulated M-ratio value for a given set of parameters and empirical microsatellite data; M is the critical value. M,,q and M. were generated for A4 values of 2.8 and 3.5.

Table 5. Summary of parameters used in M-ratio analyses used to detect significant reductions in population size.
* indicates N, values within the range calculated with long-term estimators.

10000
5000*
2000*
1000*

Ne
750%
500
100
50
10
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Table S3 Results of sign and Wilcoxon sign-rank tests
from BOTTLENECK simulations under an infinite
alleles model (IAM), step-wise mutation model (SMM),
and two-phase mutation model (TPM). A significant P value
indicates excess heterozygosity, indicative of a bottleneck. *For
TPM, we report only 10% SMM values as illustrative of our TPM
results. All results for TPM regardless of proportion of SMM in the
model (10%, 50%, 70% SMM) were P>0.05 and non-significant.
a=P<0.05, b=P<0.01, ¢ =P<0.005.

(DOCX)

Acknowledgments

We thank B. McGuire and J. Searle for advice regarding field techniques
and S. Bogdanowicz for assistance with molecular techniques. Staff at the

References
1. Whittaker R]J, Fernandez-Palacios JM (2007) Island biogeography: ecology,

evolution, and conservation. Oxford: Oxford University Press.

2. Avery JD, Fonseca DM, Campagne P, Lockwood JL (2013) Cryptic
introductions and the interpretation of island biodiversity. Molecular Ecology
22:2313-2324.

3. Blackburn TM, Cassey P, Duncan RP, Evans KL, Gaston KJ (2004) Avian
extinction and mammalian introductions on oceanic islands. Science 305:1955—
1958.

4. Jones HP, Tershy BR, Zavaleta ES, Croll DA, Keitt BS, et al. (2008) Severity of
the effects of invasive rats on seabirds: a global review. Conservation Biology
2:16-26.

5. Cook JA, Eddingsaas AA, Loxterman JL, Ebbert S, MacDonald SO (2010)
Insular arctic ground squirrels (Spermophilus parryii) of the North Pacific:
indigenous or exotic? Journal of Mammalogy 91:1401-1412.

6. Helgen KM, Maldonado JE, Wilson DE, Buckner SD (2008) Molecular
confirmation of the origin and invasive status of the West Indian raccoons.
Journal of Mammalogy 89:282-291.

7. Long J (2003) Introduced mammals of the world: their history, distribution, and
influence. CSIRO Publishing: Australia.

8. Harrington F (1988) Archaeology at the Isles of Shoals. Context 6:13-16.

9. Harrington F (1990) Preliminary report on the 1990 field season of the Isles of
Shoals Archaeology Project. Report on file at the Maine Historic Preservation
Commission, Augusta, Maine.

10. Simberloff D (2009) Rats are not the only introduced rodents producing
ecosystem impacts on islands. Biological Invasions 11:1735-1742.

11. Laurence S, Coltman DW, Gorrell JC, Schulte-Hostedde AI (2011) Genetic
structure of muskrat (Ondatra zibethicus) and its concordance with taxonomy in
North America. Journal of Heredity 102:688-696.

12. Nicols WF, Nicols VC (2008) The land use history, flora, and natural
communities of the Isles of Shoals, Rye, New Hampshire and Kittery, Maine.
Rhodora 110:245-295.

13. Manville RH (1942) Notes on the mammals of Mt. Desert Island, Maine.
Journal of Mammalogy 23:391-398.

14. Borror AC (2009) Borror’s species checklist for the Isles of Shoals archipelago,
May 2009 edition. Shoals Marine Laboratory.

15. Bloom AL (1963) Late-Pleistocene fluctuations of sea level and postglacial crustal
rebound in coastal Maine. American Journal of Science 261:862-879.

16. Sikes RS, Gannon LW, Animal Care and Use Committee of the American
Society of Mammalogists (2011) Guidelines of the American Society of
Mammalogists for the use of wild mammals in research. Journal of Mammalogy

92:235-253.

17. Lyman E (1984) A comparison between island and mainland populations of the
muskrat (Ondatra zibethicus). Master’s Thesis, University of New Hampshire,
Us.

18. Conroy CJ, Cook JA (1999) MtDNA evidence for repeated pulses of speciation
within arvicoline and murid rodents. Journal of Mammalian Evolution 6:221
245.

19. Laurence S, Bewick AJ, Coltman DW, Davis CS, Elasser SC, et al. (2009)
Isolation and characterization of polymorphic microsatellite loci in muskrat,
Ondatra zibethicus. Molecular Ecology Resources 9:654-657.

20. Tajima F (1989) Statistical method for testing the neutral mutation hypothesis by
DNA polymorphism. Genetics 123:585-595.

21. Fu Y-X (1997) Statistical tests of neutrality of mutations against population
growth, hitchhiking and background selection. Genetics 147:915-925.

22. Librado P, Rozas J (2009) DnaSP v5: A software for comprehensive analysis of
DNA polymorphism data. Bioinformatics 25:1451-1452.

23. Rogers AR, Harpending H (1992) Populations growth makes waves in the
distribution of pairwise genetic differences. Molecular Biology and Evolution
9:552-569.

24. Posada D (2008) jModelTest: phylogenetic model averaging. Molecular Biology
and Evolution 25:1253-1256.

PLOS ONE | www.plosone.org

A Cryptic Introduction of Insular Muskrats

Shoals Marine Laboratory facilitated work on Appledore Island. C.
Koenigs aided in fieldwork. N. Hamilton provided unpublished data on
muskrat zooarchaeological remains. We especially thank the trappers of
ME and NH who shared muskrat samples: A. Pinkham, A. Vashon, B.
Tripp, J. Sewell, K. Marden, L. Torr, M. Cooper, P. Debow, R. Canarr,
and W. Anderson. C. Aquadro, B. McGuire, K. Peay, and N. Rosenberg
offered insightful commentary on drafts of this manuscript. We also thank
three anonymous reviewers for their thoughtful critiques and suggestions.

Author Contributions

Conceived and designed the experiments: AMM RGH. Performed the
experiments: AMM. Analyzed the data: AMM. Contributed reagents/
materials/analysis tools: AMM RGH. Wrote the paper: AMM RGH.

25. Hasegawa M, Kishino H, Yano T (1985) Dating of human-ape splitting by a
molecular clock of mitochondrial DNA. Journal of Molecular Evolution 22:160—
174.

26. Swofford DL (2003) PAUP*. Phylogenetic Analysis Using Parsimony (*and
Other Methods). Version 4. Sinauer Associates, Sunderland, Massachusetts.

27. Clement M, Posada D, Crandall KA (2000) TCS: a computer program to
estimate gene genealogies. Molecular Ecology 9:1657-1659.

28. Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004) MICRO-
CHECKER: software for identifying and correcting genotyping errors in
microsatellite data. Molecular Ecology Notes 4:535-538.

29. Dieringer D, Schlétterer C (2003) Microsatellite analyser (MSA): a platform
independent analysis tool for large microsatellite data sets. Molecular Ecology
Notes 3:167-169.

30. Rousset F (2008) Genepop’007: a complete reimplementation of the Genepop
software for Windows and Linux. Molecular Ecology Resources 8:103-106.

31. Slatkin M (1996) A measure of population subdivision based on microsatellite
allele frequencies. Genetics 139:457-462.

32. Pritchard JK, Stephens M, Donnelly P (2000) Inference of population structure
using multilocus genotype data. Genetics 155:945-959.

33. Evanno G, Regnaut S, Goudet J (2005) Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Molecular
Ecology 14:2611-2620.

34. Earl DA, vonHoldt BM (2012) STRUCTURE HARVESTER: a website and
program for visualizing STRUCTURE output and implementing the Evanno
method. Conservation Genetics Resources 4:359-361.

35. Jakobsson M, Rosenberg NA (2007) CLUMPP: a cluster matching and
permutation program for dealing with label switching and multimodality in
analysis of population structure. Bioinformatics, 23: 1801-1806.

36. Rosenberg NA (2004) DISTRUCT: a program for the graphical display of
population structure. Molecular Ecology Notes 4:137-138.

37. Piry S, Luikart G, Cornuet JM (1999) BOTTLENECK: a computer program for
detecting recent reductions in the effective population size using allele frequency
data. Journal of Heredity 90:502-503.

38. Kimura M, Crow JF (1964) The number of alleles that can be maintained in a
finite population. Genetics 49:725-738.

39. Ohta T, Kimura M (1973) A model of mutation appropriate to estimate the
number of electrophoretically detectable alleles in a finite population. Genetical
Research 22:201-204.

40. Di Rienzo A, Peterson AC, Garza JC, Valdes AM, Slatkin M, et al. (1994)
Mutational processes of simple sequence repeat loci in human populations.
Proceedings of the National Academy of Sciences 91:3166-3170.

41. Jarne P, Lagoda PJL (1996) Microsatellites, from molecules to populations and
back. Trends in Ecology & Evolution 11:424-429.

42. Cornuet JM, Luikart G (1996) Description and power analysis of two tests for
detecting recent population bottlenecks from allele frequency data. Genetics
144:2001-2014.

43. Luikart G, Allendorf FW, Cornuet JM, Sherwin WB (1998) Distortion of allele
frequency distributions provides a test for recent population bottlenecks. Journal
of Heredity 89:238-247.

44. Garza JC, Williamson EG (2001) Detection of reduction in population size using
data from microsatellite loci. Molecular Ecology 10:305-318.

45. Marshall JC, Kingsbury BA, Minchella DJ (2009) Microsatellite variation,
population structure, and bottlenecks in the threatened copperbelly water snake.
Conservation Genetics 10:465-476.

46. Weber JL, Wong C (1993) Mutation of human short tandem repeats. Human
Molecular Genetics 2:1123-1128.

47. Hartl DL, Clark AG (1989) Principles of population genetics. Sinauer Associates,
Sunderland, Massachusetts.

48. Beerli P, Palczewski M (2010) Unified framework to evaluate panmixia and
migration direction among multiple sampling locations. Genetics 185: 313-326.

October 2014 | Volume 9 | Issue 10 | €111856



49.

50.

51.

Crowell KL (1986) A comparison of relict versus equilibrium models for insular
mammals of the Gulf of Maine. Biological Journal of the Linnean Society 28:37—
64

Nei M, Mruyama T, Chakraborty R (1975) The bottleneck effect and genetic
variability in populations. Evolution 29:1-10.

Schneider S, Excoffier L (1999) Estimation of past demographic parameters
from the distribution of pairwise differences when the mutation rates vary among
sites: application to human mitochondrial DNA. Genetics 152:1079-1089.

. Weber DS, Stewart BS, Lehman N (2004) Genetic consequences of a severe

population bottleneck in the Guadalupe Fur Seal (Arctocephalus townsendi).
Journal of Heredity 95:144-153.

PLOS ONE | www.plosone.org

1

53.

54.

A Cryptic Introduction of Insular Muskrats

Luikart G, Cornuet JM (1998) Empirical evaluation of a test for identifying
recently bottlenecked populations from allele frequency data. Conservation
Biology 12:228-237.

Spear SF, Peterson CR, Matocq MD, Storfer A (2006) Molecular evidence for
historical and recent population size reductions of tiger salamanders (Ambystoma
tigrinum) in Yellowstone National Park. Conservation Genetics 7:605-611.

. Thaxter C (1873) Among the Isles of Shoals. Reprint by Randall Publisher,

1994.

5. Barun A, Niemiller ML, Fitzpatrick BM, Fordyce JA, Simberloff D (2013) Can

genetic data confirm or refute historical records? The island invasion of the small
Indian mongoose (Herpestes auropunctatus) Biological Invasions 15:2243-2251.

October 2014 | Volume 9 | Issue 10 | €111856



