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ABSTRACT. – With populations declining across their geographic range, the spotted turtle
(Clemmys guttata) is currently a species of conservation concern. Though broadly distributed,
the species is particularly enigmatic at its southern periphery, and many aspects of its ecology
and population biology in this portion of the range have either just recently been described or
are currently unknown. One of the current knowledge gaps is a robust assessment of the popula-
tion genetics of the southern populations. We collected tissue samples from 204 spotted turtles
from 5 sites across South Carolina, Georgia, and Florida and used 11 microsatellite loci to inves-
tigate the genetic diversity and population structure in these populations. We found that south-
ern populations exhibited low, but significant, population differentiation (mean FST¼ 0.062) and
each site clustered as its own genetic group. Genetic diversity across sites was comparable to esti-
mates reported for northern populations. Net effective population sizes were generally robust
and no populations showed indication of recent bottlenecks. Our results suggest that populations
inhabiting relatively intact environments do not appear to face immediate threats from past loss
of genetic diversity. However, continued monitoring, both demographic and genetic, of this long-
lived species is an important management goal to insure that continued global changes do not
threaten population viability.
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Biodiversity is a term used to encompass the diver-
sity of species, the genetic variation they possess, and the
ecosystems that they form. Currently, the world is experi-
encing rapid declines in the number of species at rates
unprecedented in human history (Gugerli et al. 2008;
Ceballos et al. 2015; Cafaro et al. 2022). The loss of
genetic variation has been demonstrated to have serious
implications on the persistence of species (Spielman et al.
2004; Gugerli et al. 2008; Allentoft and O’Brien 2010) as
genetic diversity is an important component for the long-
term survival and adaptive potential of wild populations
(Forest et al. 2007). The field of conservation genetics
arose, in part, to evaluate, address, and mitigate these
issues (Hedrick 2001). In particular, conservation genetics
incorporates tools from the field of population genetics to
quantify levels of genetic variation and characterize geo-
graphic patterns of genetic structure that may arise from
nonrandom mating, population bottlenecks, physical barri-
ers between populations (including habitat fragmentation),
and other limitations to gene flow.

The southeastern United States is a global biodiver-
sity hotspot (Noss et al. 2015) that includes a diverse tur-
tle assemblage (Buhlmann et al. 2009). However, turtles
are among the most imperiled vertebrate groups on the
planet (Lovich et al. 2018). Among their major threats
are habitat fragmentation, degradation, and alteration as
well as their collection from the wild (Moll and Moll
2004; Beaudry et al. 2008; Buchanan et al. 2019a;
Howell and Seigel 2019), all of which can lead to popu-
lation declines. Because turtles exhibit a life history
characterized by delayed sexual maturity coupled with
high adult survivorship (Congdon et al. 1994), turtle
populations can be especially sensitive to the loss of
even a small number of adults (Howell et al. 2019).
Smaller turtle populations are more susceptible to the
loss of genetic diversity due to genetic drift, and in
extreme cases, bottleneck effects (Luikart et al. 1998;
Kuo and Janzen 2004). Because the loss of genetic
diversity can affect the long-term survival of a species
(Lande and Shannon 1996; Lai et al 2019), an important



aspect of turtle conservation should be an evaluation of
both demographic and genetic viability.

One turtle species that has experienced range-wide
declines in recent years is the spotted turtle (Clemmys gut-
tata). Spotted turtles are small freshwater turtles with a
geographic distribution that ranges across most of the east-
ern United States, from Florida to Maine, and stretches into
parts of the Midwest, the Great Lakes region, and south-
eastern Canada (Ernst and Lovich 2009). Like many turtle
species, spotted turtle populations face a myriad of threats,
particularly in the form of habitat destruction and fragmen-
tation (Beaudry et al. 2008; Buchanan et al. 2019a, 2019b;
Howell and Seigel 2019), increased predation from human-
subsidized predators (Browne and Hecnar 2007), and col-
lection for the pet trade (Buhlmann and Gibbons 1997;
Meylan 2006). Relatively high risk of extinction has been
documented even in populations inhabiting pristine envi-
ronments (Enneson and Litzgus 2009) and anthropogenic
disturbances can increase the risks of population declines
(Beaudry et al. 2008; Howell and Seigel 2019). Because of
the many threats that spotted turtles face, the species was
petitioned for federal listing under the US Endangered Spe-
cies Act in 2012. The US Fish and Wildlife Service (2015)
suggested that there is information enough to indicate the
species may warrant federal listing. The species is already
listed as Endangered on the International Union for Conser-
vation of Nature Red List (van Dijk 2011) and as Endan-
gered in Canada (Browne and Hecnar 2007). Range-wide
status assessments for the species are currently underway in
the US portion of the range, including widespread survey
work, genetic analyses, and population modeling, for the
forthcoming listing determination scheduled for 2023.

Despite the species’ broad geographic distribution,
until recently most studies of the spotted turtle have been
conducted in the northern half of its range. For instance,
studies of reproductive biology (Ernst 1970; Litzgus and
Brooks 1998), ecology (Litzgus and Brooks 2000; Litzgus
et al. 1999; Ernst 1976), habitat use (Beaudry et al. 2009;
Rasmussen and Litzgus 2010), and population genetics
(Davy and Murphy 2014; Anthonysamy et al. 2018;
Buchanan et al. 2019b) have been conducted in popula-
tions in the northern or midwestern United States and
southern Canada. The work conducted by Litzgus and
Mousseau (2003, 2004a, 2004b) at a site in South Caro-
lina is the one notable exception. Recently, we have
described several aspects of spotted turtle ecology using
data from 2 Georgia populations and opportunistic obser-
vations from Florida (Chandler et al. 2019, 2020, 2022).
However, there remain important gaps in our understand-
ing of the ecology and status of the spotted turtle in the
southern portion of its range. Perhaps most notable is the
absence of an evaluation of the genetic diversity of turtles
in this region.

Spotted turtles inhabit a variety of wetland types, typ-
ically characterized by shallow water depths and abundant
vegetation (Milam and Melvin 2001; Rasmussen and
Litzgus 2010). Some of these habitats are ephemeral and

spotted turtles, especially in the southern portion of their
range, are known to spend long periods on land when
wetlands dry (Litzgus and Brooks 2000; Rowe et al.
2013; Chandler et al. 2020). Historically, populations
may have inherently experienced some levels of isolation
due to the ephemeral, discontinuous nature of wetland
habitats, but these systems have become increasingly iso-
lated over time as wetlands have been drained for devel-
opment or converted to other uses and an increasingly
dense road network has bisected the landscape (Buchanan
et al. 2019a). The loss and fragmentation by roads of
these small wetlands may reduce the probability of suc-
cessful dispersal of turtles on the landscape (Gibbs 1993;
Carter et al. 2000).

Despite the general conservation concern for spotted
turtles, few genetic studies have been conducted (Parker
and Whiteman 1993; Davy and Murphy 2014; Anthonys-
amy et al. 2018; Buchanan et al. 2019b; Scoville 2019).
Here, we present the first assessment of population genet-
ics in spotted turtles in the southern portion of their range.
Our goals were to 1) evaluate the population genetic
structure of the spotted turtle at focal sites in Florida,
Georgia, and South Carolina; 2) compare metrics of
genetic diversity among sites as well as to other published
studies from northern portions of the species’ range; and 3)
characterize the demographic history of the southern popu-
lations by testing them for historic bottleneck events and
estimating effective population sizes. We used the same
microsatellite loci as those used to investigate the popula-
tion genetics of the spotted turtle in southern Canada
(Davy and Murphy 2014) and some of the same loci as
Buchanan et al. (2019b). By using the same microsatellite
loci, we can draw inferences on the genetic diversity of the
species at the southern and northern aspects of its range.
The data presented here increase our understanding of the
genetic health of southern populations and will aid in future
conservation and management of these populations.

METHODS

Study Sites. — We collected spotted turtle genetic
samples from individuals at sites in Florida, Georgia, and
South Carolina (Fig. 1). We have withheld specific loca-
tion information throughout because of collecting con-
cerns in this species. In Georgia, we studied turtles at 2
sites that were approximately 145 km apart. Spotted tur-
tles were typically located in shallow wetlands that were
adjacent to flowing streams or rivers. These wetlands
were often ephemeral in nature and consisted of both nat-
urally occurring and manmade wetlands that were inter-
spersed within the surrounding uplands, creating a
discontinuous wetland complex at both sites (see details
in Chandler et al. 2019, 2020). In Florida, we studied tur-
tles at 2 sites located approximately 50 km apart and 250
km south of the nearest Georgia site, both consisting of
shallow water pools with thick detritus-muck soils
embedded in large swamp and floodplain complexes fed
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and drained by small, low-gradient streams (see details
in Chandler et al. 2022). In South Carolina, we sampled
turtles at a single site (located approximately 160 km
from the nearest Georgia site) that consisted of a large
wetland complex interspersed around several flowing
creeks. This site contained larger areas of open and flow-
ing water than the other sites that were sampled during
this study.

Sample Collection. — We collected tissue samples
for genetic analyses as part of ongoing research and moni-
toring projects across these 5 study sites from 2014 to
2019 (not every site was sampled in every year). Spotted
turtles were captured in the spring (typically February–
May) of each year using a combination of aquatic traps
baited with sardines and visual encounter surveys. Survey
effort varied across years, but we generally attempted to
capture as many turtles as possible in each season over a
1- to 3-wk period. Once captured, we processed all turtles,
recording morphometric data, sex, and shell notch code
for future identification. We collected a single tissue sam-
ple from each captured individual that primarily consisted
of a small tail tip. In rare cases where a tail tip could not
be collected, we collected either a small section of web-
bing from between the toes or shell shavings from the

carapace. We placed all tissue samples in 95% ethanol
and stored them in the freezer prior to genetic analyses.

Molecular Methods. — Total genomic DNA was
extracted from tissue samples or blood samples with a
DNeasy Tissue Kit (QIAGEN Inc). A polymerase chain
reaction was used to amplify the 11 microsatellite loci
(GmuD79, GmuD121, GmuD107, GmuA19, GmuD55,
GmuD87, GmuD88, GmuB08, GmuD16, GmuD21,
GmuD114) identified by King and Julian (2004) following
the cycling parameters of Davy and Murphy (2014), who
used these same loci to characterize genetic structure in C.
guttata populations near the species’ northernmost distribu-
tion. Amplifications were conducted in a total volume of
12.5 ll using 7.76 ll of dH2O, 1.25 ll of 103 standard
Taq (Mg-free) buffer (New England Biolabs), 0.75 ll of 2
mM dNTPs, 0.75 ll of 25 mM MgCl2, 0.25 units of Taq
polymerase (New England Biolabs), 0.4 ll of 10 mM
M13 tailed forward (Boutin-Ganache et al. 2001) and
reverse primers, 0.09 ll of 1 lM labeled M-13 primer
(LI-COR Co), and 20–50 ng of DNA template. Microsat-
ellite alleles were visualized on a polyacrylamide gel
using a LI-COR 4300 DNA analyzer. Alleles were sized
using GeneProfiler ver. 4.05 (LI-COR Co). Each gel
included internal standards as well as turtles of known

Figure 1. Counties where spotted turtle (Clemmys guttata) genetic samples were collected from 2014 to 2019.
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genotypes to facilitate accurate genotyping. Those turtles
missing . 20% of their microsatellite genotype data were
excluded from analyses.

Each locus was tested for Hardy-Weinberg equilib-
rium (HWE) and linkage disequilibrium (LD) using the
genepop package in R v. 3.6.1 (Rousset 2008; Rousset
et al. 2020). A sequential Bonferroni correction was applied
to the alpha value to account for multiple comparisons
(Rice 1989). Loci were checked for null alleles and large-
allele dropout using micro-checker v. 2.2.3 (Oosterhout
et al. 2004). We used GenAlEx v. 6.503 (Peakall and
Smouse 2006) to calculate observed (HO) and expected
(HE) levels of heterozygosity. Allelic richness (AR) and pri-
vate allelic richness (PAR) were calculated by rarefaction in
HP-Rare v. 1.0 (Kalinowski 2004, 2005) to account for
unequal sample sizes across sites. The inbreeding coeffi-
cient (FIS) for each site was calculated using the package
“hierfstat” (Goudet 2005) with 95% confidence intervals
determined by 10,000 bootstrap replicates. We used analy-
sis of variance (ANOVA) or Wilcoxon Rank Sum tests, if
ANOVA assumptions of normality and equal variances
were not met, to evaluate whether there were significant dif-
ferences in allelic richness and levels of heterozygosity
across southern US populations, as well as between south-
ern US and Ontario populations, using metrics published in
Davy and Murphy (2014). All analyses were performed in
the “stats” package built into R v. 3.6.3 (R Core Team
2022) with an alpha value of 0.05. We used FSTAT v.
2.9.3 to calculate pairwise fixation index (FST) values for
sites (h, the unbiased estimator of FST; Weir and Cocker-
ham 1984), with significance testing using 10,000 permuta-
tions of the data and a Bonferroni correction for multiple
comparisons. An analysis of molecular variance (AMOVA;
Excoffier et al. 1992) was used to examine how genetic var-
iation was distributed within and among the 5 sites. This
analysis was performed with Arlequin 3.5 (Excoffier and
Lischer 2010), and statistical significance was determined
by bootstrapping with 16,000 permutations.

We used STRUCTURE v 2.3.4 (Pritchard et al. 2000)
to determine the number of discrete populations (K) of
Clemmys across sites in South Carolina (1), Georgia (2),
and Florida (2). We tested values of K from 1 to 6 using a
model of admixed ancestry and assuming correlated allele
frequencies between groups using population location as a
prior (Hubisz et al. 2009). The program STRUCTURE is
sensitive to uneven sampling across groups (Wang et al.
2017) and because our sampling across sites was uneven,
we used a smaller alpha value than the default (1/�K,
which we estimated as 0.5 for this analysis). For each value
of K, we ran 20 replicates with 750,000 Markov chain
Monte Carlo iterations and a burn-in set at 75,000. We
selected the best value of K by examining the log-likeli-
hood values for each K, the DK method (Evanno et al.
2005) and the estimators (MedMeaK, MaxMeaK, Med-
MedK, MaxMedK) described by Puechmaille (2016) as
calculated by the online program StructureSelector (Li and
Liu 2018). StructureSelector averaged the 20 runs for the

best value of K using Clumpak (Kopelman et al. 2015) and
we visualized the average ancestry coefficient (q) for each
individual with Distruct v. 1.1 (Rosenberg 2004). Because
the DK method detects the uppermost level of population
structure (Evanno et al. 2005), we used a hierarchical
approach and ran subsequent and separate STRUCTURE
runs on groups identified in the original analysis using the
same parameters (Vähä et al. 2007).

To evaluate relatedness or kinship of turtles at a site,
we used the program COLONY v. 2.0 (Jones and Wang
2010). COLONY uses a maximum likelihood method to
determine full- or half-sibling relationships based on the
allele frequencies present at a given site and without
knowledge of parental genotypes. The program identifies
potential dyads of siblings or half-siblings along with an
associated probability score. We used a threshold proba-
bility of 0.9 for both sibship and half-sibship assignments.

We used 2 methods to test for potential population
bottlenecks at each site. The first method used the pro-
gram BOTTLENECK (Piry et al. 1999). We tested for
heterozygote excess (Cornuet and Luikart 1996) using the
2-phased model of mutation with parameters set to 95%
single-step mutation and 5% multistep mutation, as rec-
ommended for studies with , 20 microsatellite loci (Piry
et al. 1999). A Wilcoxon Rank Sum test evaluated the sig-
nificance of the heterozygote excess. The second method
was the M-ratio test (Garza and Williamson 2001), which
compares the number of alleles with their size distribu-
tion. We used the recommended parameters suggested in
Garza and Williamson (2001): a proportion of 1-step
mutations of 90%, an average size of non–1-step muta-
tions of 3.5, and a value of 10 for h. The critical value of
M was calculated from the 95% threshold of 10,000 simu-
lations of an equilibrium population for each of the 5
sites. Lastly, we calculated the effective population size
(Ne) for each site using NeEstimator v. 2.01. The program
uses a bias correction (Waples 2006) of the linkage dis-
equilibrium method (Hill 1981) with 95% confidence
intervals estimated by jackknifing. Mating was assumed
to be random and alleles with frequencies less than 0.02
were excluded from the analysis.

RESULTS

From 2014 to 2019, we collected tissue samples from
204 spotted turtles across 5sites in Georgia, Florida, and
South Carolina. By state, the sample sizes were as fol-
lows: South Carolina (SC-1, n¼ 15), Georgia (GA-1,
n¼ 74; GA-2, n¼ 37), and Florida (FL-1, n¼ 58; FL-2,
n¼ 20). Only 1 locus (Gmu21) showed consistent devia-
tions from HWE and LD and it was excluded from subse-
quent analyses. Two loci showed evidence of large-allele
dropout, but not for all populations. Only 4 turtles were
missing data for . 20% of their loci (2 from GA-1, and 1
from GA-2 and FL-2), thus all subsequent analyses were
performed across the remaining 200 C. guttata at 10
microsatellite loci.

CHELONIAN CONSERVATION AND BIOLOGY, Volume 22, Number 2 – 2023130



Genetic diversity metrics averaged across loci were
similar across sites (Table 1 and Supplemental Table S1;
S1; all supplemental material is available at http://dx.doi.
org/10.2744/CCB-1560.1.s1). Mean allelic richness per
site ranged generally between 5 and 6 alleles per site,
except for the FL-1 site, which was the only site with an
average allelic richness , 5. Mean private allelic richness
was , 1 across all sites, but the South Carolina site
tended to have more private alleles, on average, than other
sites, while the Florida sites had fewer. Average levels of
expected and observed heterozygosity across sites were
more consistent, all ranging between 0.61 and 0.72. Aver-
age FIS values were all close to 0 (from 0.034 to 0.053)
with the 95% confidence intervals all overlapping 0 except
for FL-2 (Table 1). None of the differences in average alle-
lic richness, private allelic richness, or observed and
expected heterozygosity across southern sites were signifi-
cant (AR, F¼ 0.26, p¼ 0.902; PAR, v

2¼ 3.12, p¼ 0.538;
HO, F¼ 0.258, p¼ 0.903; HE, F¼ 0.552, p¼ 0.699), nor
were they significantly different when compared with
Canadian sites (AR, F¼ 0.23, p¼ 0.95; HO, F¼ 0.428,
p¼ 0.827; HE, F¼ 0.941, p¼ 0.462). Pairwise FST values
for our populations ranged from 0.032 to 0.077 (mean¼
0.0636 0.008 SD) and were all significantly different from 0
after adjusting for multiple comparisons. These values of FST
tended to be higher between the 2 Florida sites and all other
sites, with few exceptions (Table 2). The AMOVA revealed
that most of the genetic variation was found within sites
(94.6%), but a significant (p, 0.0001) amount represented dif-
ferences among sites (5.4%).

The STRUCTURE analysis also revealed patterns of
genetic structure among sites. A DK analysis initially
found a K of 2 across all populations with site FL-2 fall-
ing out as a discrete population (Fig. 2 and Supplemental
Fig. S1) but with a secondary peak at a DK of 5,

suggesting further hierarchical structuring. For DK¼ 2,
the average ancestry score (q) for group 1 (sites SC-1
through FL-1) was 0.966 0.03 SD, while the average q
score for individuals in the FL-2 site was 0.86 0.09 SD.
The log-likelihood plot began to plateau at K¼ 5, which
agreed with the secondary DK peak (Supplemental Fig. S1).
The second STRUCTURE analysis, excluding the FL-2
population, identified each of the 4 remaining sites as repre-
senting their own genetic groups (Fig. 2). The average q
scores for these groups were as follows: SC-1¼ 0.906 0.02
SD; GA-1¼ 0.956 0.02 SD; GA-2¼ 0.766 0.06 SD;
FL-1¼ 0.716 0.17 SD. The Puechmaille (2016) estimators
agreed with the selection of the best value of K.

Three sites (GA-1, GA-2, and FL-2) met the recom-
mended assumptions of BOTTLENECK (. 29 individu-
als at 10 loci; Piry et al. 1999). None of these 3 sites
showed a significant excess of heterozygosity, suggesting
that these populations have not undergone a bottleneck
event. Furthermore, the M-ratio tests also did not detect
evidence of historic bottleneck events with average M
ratio values ranging from 0.76 (GA-2) to 0.91 (SC-1).
Estimates of Ne ranged from 31.8 to 122.6 (Table 1). The
South Carolina site yielded a negative estimate of Ne,
which the software interprets as infinite. This result can
stem from a large population size at a site or from a lim-
ited number of samples. When it does occur, the lower
end of the 95% confidence interval can be used to approx-
imate Ne (Waples and Do 2008). Only the 2 sites with the
largest sample sizes (GA-1 and FL-2) produced bounded

Table 1. Number of turtles sampled (n), alleles (Na), allelic richness (AR), private allelic richness expected heterozygosity (HE),
observed heterozygosity (HO), and inbreeding coefficient (FIS, with 95% confidence intervals [95% CIs]) averaged across loci for
200 spotted turtles (Clemmys guttata) genotyped at 10 microsatellite loci. Also reported are effective population size (Ne) estimates
and 95% confidence intervals as calculated by NeEstimator (lowest allele frequency used ¼ 0.02).

Site n Na AR PAR HE HO FIS 95% CI Ne 95% CI

SC-1 15 5.7 5.67 0.93 0.684 0.696 0.034 �0.12–0.17 1 66.6–1
GA-1 72 7 5.34 0.37 0.666 0.665 0.010 �0.06–0.07 100.2 52.3–352.9
GA-2 36 6.6 5.38 0.61 0.644 0.621 0.053 �0.003–0.11 122.6 34.9–1
FL-1 20 4.9 4.65 0.19 0.622 0.610 0.049 �0.07–0.19 31.8 11.1–1
FL-2 57 6.5 5.37 0.14 0.719 0.687 0.053 0.004–0.12 96.6 55.6–254.1

Table 2. Pairwise fixation index (FST) derived from 10 micro-
satellite loci across 5 southeastern sites across 3 states. All val-
ues were significantly different from 0.

SC-1 GA-1 GA-2 FL-1

SC-1 — — — —
GA-1 0.045 — — —
GA-2 0.038 0.032 — —
FL-1 0.073 0.077 0.041 —
FL-2 0.056 0.066 0.064 0.075

Figure 2. STRUCTURE bar plots of individual assignment
probabilities for each inferred genetic cluster. Above shows
high level of population structure at a K of 2, and below shows
a K of 4 for remaining populations when FL-2 was excluded
from analysis.
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confidence intervals. Kinship analyses of each population
did not detect any sibling or half-sibling dyads above the
0.9 probability threshold.

DISCUSSION

This study was the first population genetic assess-
ment for spotted turtle populations in the southern portion
of their range, including samples from Florida, Georgia,
and South Carolina. Our results indicate that all 5 popu-
lations included in this study were significantly differ-
entiated from one another and that heterozygosity was
relatively high across all populations. Furthermore, sites
lacked evidence for genetic bottlenecks and generally
possessed similar estimates of Ne. These results are
broadly similar to those from other studies of freshwater
turtle species native to the eastern United States (Tessier
et al. 2005; Mockford et al. 2007; Buchanan et al.
2019b; Liebgold et al. 2023).

The STRUCTURE analysis indicated an initial split
of K¼ 2 populations, but subsequent analysis suggested
that each population clusters as its own genetic group. These
groups reflected moderate (although not insignificant) levels
of population differentiation (average FST¼ 0.063; Wright
1965; Men et al. 2017). Among populations, the first major
split in population structure was found between the FL-2
site and all other sites. Interestingly, the largest pairwise
FST value for FL-2 was actually FL-1 (Table 2), suggest-
ing that it may not be geographic proximity driving some
differentiation among population and that there may be
other cryptic historical barriers responsible for the genetic
differentiation of these populations, as seen in genetic
studies of other Florida taxa (Clark et al 1999; Gaillard
et al. 2017).

The results of our study are comparable to analyses
by Davy and Murphy (2014), who evaluated the popula-
tion genetics of spotted turtles across a comparable spatial
scale in southern Canada, as well as to Buchanan et al.
(2019b) in Rhode Island. Davy and Murphy (2014) also
recovered a K¼ 2 with additional substructure that was
also not explained by site proximity or isolation, and
Buchanan et al. (2019b) found evidence K from 1 to 3
depending on subset analysis. In our study, we used the
same microsatellite loci (Davy and Murphy 2014), or
many of the same loci (Buchanan et al. 2019b), which
allows us to make comparisons between the southern and
northern populations. In species that span a wide breadth
of latitude, there is generally an inverse relationship in
allelic diversity and latitude (Schmitt et al 2002; Schmitt
2007). However, when comparing our dataset to Davy
and Murphy (2014) and Buchanan et al. (2019b), this pat-
tern does not appear to apply to the spotted turtle. The
overall mean for number of alleles across southern popu-
lations is 6.14, and when rarefied across populations, it
ranges from 4.65 to 5.67 (Table 1). Davy and Murphy
(2014) had similar allelic richness across regions (6.75 in
southwestern Ontario and 6.11 in southeastern Ontario)

and across sites (3.18–4.49 in southwestern Ontario and
3.34–4.1 in southeastern Ontario), while Buchanan et al.
(2019b), who used additional loci, found an allelic rich-
ness of 8.59 in their study area, with a mean richness of
4.78–4.97 across sites. Typically for species that have
undergone rapid, postglacial (i.e., post-Pleistocene) expan-
sion, allelic diversity is higher at southern latitudes that
served as refugia rather than at northern latitudes where
the species has recently expanded (Schmitt et al. 2002;
Schmitt 2007; Flight et al. 2012). This result could sug-
gest high connectivity and high levels of gene flow dur-
ing their postglacial expansion, or perhaps the core
range or refugia of the species was located more cen-
trally. Levels of heterozygosity, too, were similar
between Canadian, Rhode Island, and southern popula-
tions. In southwestern Ontario populations, the mean
expected and observed heterozygosities were 0.728 and
0.679, respectively; in southeastern Ontario popula-
tions the mean expected and observed heterozygosities
were 0.707 and 0.718, respectively; and in Rhode
Island mean expected and observed heterozygosities
were 0.68 and 0.66, respectively. The mean expected
and observed heterozygosities across southern popula-
tions were 0.667 and 0.656, respectively, which did not
differ significantly from values published in Davy and
Murphy (2014).

We were able to obtain estimates of effective popula-
tion size (Ne) for 4 of the 5 sites. The lowest effective
population size was for the FL-1 site, which is also the
site with the lowest allelic richness when corrected for
population size. This site is isolated in nature and
although it is the longest monitored site in Florida, only
20 turtles have been detected despite intensive surveys.
BOTTLENECK did detect a genetic bottleneck at this
site, but this site did not meet the assumptions of the anal-
ysis (i.e., , 29 samples; Piry et al. 1999). Therefore, it is
not yet possible to determine if the bottleneck is genuine
or a consequence of limited sample size. Other sites pro-
duced more robust estimates of population size and did
not exhibit signs of genetic bottlenecks (Table 1). Esti-
mates of Ne . 100 are equivalent or larger than most
other published estimates of total population size for spot-
ted turtle populations across their range (Milam and Mel-
vin 2001; Litzgus and Mousseau 2004a; Enneson and
Litzgus 2009; Buchanan et al. 2019b; Howell and Seigel
2019). However, Davy and Murphy (2014) suggest cau-
tious interpretation of these estimates in long-lived spe-
cies, which can retain genetic variation even in the face of
recent demographic declines (Kuo and Janzen 2004;
Lipp�e et al. 2006; Ennen et al. 2011; Pittman et al. 2011).
Thus, continued demographic monitoring of these popula-
tions that ultimately generates robust estimates of abun-
dance or population growth rate and assess the effects of
potential threats to population viability are an important
management goal.

The spotted turtle is a species of high conservation
concern throughout its range and our data indicate that the

CHELONIAN CONSERVATION AND BIOLOGY, Volume 22, Number 2 – 2023132



southern populations exhibit similar levels of genetic dif-
ferentiation and allelic richness as was found in other
populations. The southern populations also are no excep-
tion to the threats faced by other spotted turtle populations
range-wide. Fragmentation and isolation of populations
are pernicious threats to the species and threaten to reduce
levels of heterozygosity and increase inbreeding depres-
sion. These risks are exemplified in this study: site FL-1
is a small wetland complex isolated by roads with no
obvious corridors for dispersal. The genetic data pre-
sented in the present study corroborate the survey data
and suggest that this is a small population that may have
experienced a recent genetic bottleneck. However, a limi-
tation of the present study was the inability to directly
compare the differentiation between northern and south-
ern populations. Even across the sites in the southeastern
United States, our analyses indicate each site is its own
genetic group that is demographically and geographically
independent of all others. These results are not too sur-
prising given their geographic distance from one another.

The present study highlights the need for a compre-
hensive range-wide assessment of the population genetics
of the spotted turtle. The genetic data presented herein
provide a cursory rather than mechanistic understanding
of the genetic variation present in southeastern spotted
turtle populations. Furthermore, sampling for this study
took place where turtles were known to occur. Future
research should focus on systematic or a priori hypothe-
sis-driven sampling to identify and genotype additional
populations to provide a higher-resolution picture of the
species’ genetic health in the southeastern United States.

ACKNOWLEDGMENTS

We thank the many people who assisted with this
project, including Z. Cava, A. Greene, A. Grosse, H. Hall,
B. Harris, M. Holden, D. Hutto, C. Jenkins, P. Moler, M.
Moore, M. Musselman, C. Thompson, W. Vaigneur, T.
Wantman, B. Williams, and L. Williams. Logistical and
financial assistance were provided by the US Fish and
Wildlife Service, the Georgia Department of Natural
Resources, the South Carolina Department of Natural
Resources, and the Spotted Turtle Working Group.
Research in Georgia was carried out under Georgia DNR
scientific collecting permits (numbers 29-WJH-15-130,
29-WJH-16-21, 115579244, 353660973, and 119101898).
South Carolina work was carried out under a scientific
collecting permit issued by the South Carolina DNR
(number SC-13-2019). Florida work was carried out by
Florida Fish and Wildlife Conservation Commission staff.
All methods described in this article were reviewed and
approved by University of Southern Mississippi Institutional
Animal Care and Use Committee protocol 17101202.

LITERATURE CITED

ALLENTOFT, M.E. AND O’BRIEN, J. 2010. Global amphibian
declines, loss of genetic diversity and fitness: a review. Diver-
sity 2:47–71.

ANTHONYSAMY, W.J.B., DRESLIK, M.J., DOUGLAS, M.R., THOMPSON,
D., KLUT, G.M., KUHNS, A.R., MAUGER, D., KIRK, D.,
GLOWACKI, G.A., AND DOUGLAS, M.E. 2018. Population genetic
evaluations within a co-distributed taxonomic group: a multi-
species approach to conservation planning. Animal Conserva-
tion 21:137–147.

BEAUDRY, F., DEMAYNADIER, P.G., AND HUNTER, M.L. 2008. Iden-
tifying road mortality threat at multiple spatial scales for
semi-aquatic turtles. Biological Conservation 141:2550–2563.

BEAUDRY, F., DEMAYNADIER, P.G., AND HUNTER, M. L. 2009. Sea-
sonally dynamic habitat use by spotted (Clemmys guttata) and
Blanding’s turtles (Emydoidea blandingii) in Maine. Journal
of Herpetology 43:636–645.

BOUTIN-GANACHE, I., RAPOSO, M., RAYMOND, M., AND DESCHEPPER,
C.F. 2001. M13-Tailed primers improve the readability and
usability of microsatellite analyses performed with two differ-
ent allele-sizing methods. BioTechniques 31:25–28.

BROWNE, C.L. AND HECNAR, S.J. 2007. Species loss and shifting
population structure of freshwater turtles despite habitat pro-
tection. Biological Conservation 138:421–429.

BUCHANAN, S.W., BUFFUM, B., PUGGIONI, G., AND KARRAKER, N.E.
2019a. Occupancy of freshwater turtles across a gradient of
altered landscapes. The Journal of Wildlife Management
83:435–445.

BUCHANAN, S.W., KOLBE, J.J., WEGENER, J.E., ATUTUBO, J.R., AND

KARRAKER, N.E. 2019b. A comparison of the population genetic
structure and diversity between a common (Chrysemys p.
picta) and an endangered (Clemmys guttata) freshwater turtle.
Diversity 11:99.

BUHLMANN, K.A., AKRE, T.S.B., IVERSON, J.B., KARAPATAKIS, D.,
MITTERMEIER, R.A., GEORGES, A., RHODIN, A.G.J., VAN DIJK,
P.P., AND GIBBONS, J.W. 2009. A global analysis of tortoise
and freshwater turtle distributions with identification of prior-
ity conservation areas. Chelonian Conservation and Biology
8:116–149.

BUHLMANN, K.A. AND GIBBONS, J.W. 1997. Imperiled aquatic rep-
tiles of the southeastern United States: historical review and
current conservation status. In: Benz, G.W. and Collins, D.E.
(Eds.). Aquatic Fauna in Peril: The Southeastern Perspective.
Decatur, GA: Lenz Design & Communications, pp. 201–233.

CAFARO, P., HANSSON, P., AND GÖTMARK, F. 2022. Overpopulation
is a major cause of biodiversity loss and smaller human popu-
lations are necessary to preserve what is left. Biological Con-
servation 272:109646.

CARTER, S.L., HAAS, C.A., AND MITCHELL, J.C. 2000. Movements
and activity of bog turtles (Clemmys muhlenbergii) in south-
western Virginia. Journal of Herpetology 34:75–80.

CEBALLOS, G., EHRLICH, P.R., BARNOSKY, A.D., GARCÍA, A.,
PRINGLE, R.M., AND PALMER, T.M. 2015. Accelerated modern
human-induced species losses: entering the sixth mass extinc-
tion. Science Advances 1:e1400253.

CHANDLER, H.C., STEGENGA, B.S., AND MAYS, J.D. 2022. Com-
pensating for small body size: the reproductive ecology of
southern spotted turtle (Clemmys guttata) populations. Ichthy-
ology & Herpetology 110:268–277.

CHANDLER, H.C., STEGENGA, B.S., AND STEVENSON, D.J. 2019.
Movement and space use in southern populations of spotted
turtles (Clemmys guttata). Southeastern Naturalist 18:602–
618.

CHANDLER, H.C., STEGENGA, B.S., AND STEVENSON, D.J. 2020.
Thermal ecology of spotted turtles (Clemmys guttata) in two
southern populations. Copeia 108:737–745.

CLARK, A.M., BOWEN, B.W., AND BRANCH, L.C. 1999. Effects
of natural habitat fragmentation on an endemic scrub lizard
(Sceloporus woodi): an historical perspective based on a

BROWN ET AL.— Spotted Turtle Population Genetics 133



mitochondrial DNA gene genealogy. Molecular Ecology
8:1093–1104.

CONGDON, J.D., DUNHAM, A.E., AND VAN LOBEN SELS, R.C. 1994.
Demographics of common snapping turtles (Chelydra serpen-
tina): implications for conservation and management of long-
lived organisms. American Zoologist 34:397–408.

CORNUET, J.M. AND LUIKART, G. 1996. Description and power
analysis of two tests for detecting recent population bottle-
necks from allele frequency data. Genetics 144:2001–2014.

DAVY, C.M. AND MURPHY, R.W. 2014. Conservation genetics of
the endangered spotted turtle (Clemmys guttata) illustrate the
risks of “bottleneck tests.” Canadian Journal of Zoology
92:149–162.

ENNEN, J.R., BIRKHEAD, R.D., KREISER, B.R., GAILLARD, D.L.,
QUALLS, C.P., AND LOVICH, J.E. 2011. The effects of isolation
on the demography and genetic diversity of long-lived spe-
cies: implications for conservation and management of the
gopher tortoise (Gopherus polyphemus). Herpetological Con-
servation and Biology 6:202–214.

ENNESON, J.J. AND LITZGUS, J.D. 2009. Stochastic and spatially
explicit population viability analyses for an endangered fresh-
water turtle, Clemmys guttata. Canadian Journal of Zoology
87:1241–1254.

ERNST, C.H. 1970. Reproduction in Clemmys guttata. Herpeto-
logica 26:228–232.

ERNST, C.H. 1976. Ecology of the spotted turtle, Clemmys gut-
tata (Reptilia, Testudines, Testudinidae), in southeastern
Pennsylvania. Journal of Herpetology 10:25–33.

ERNST, C.H. AND LOVICH, J.E. 2009. Turtles of the United States
and Canada. Baltimore, MD: Johns Hopkins University Press,
841 pp.

EVANNO, G., REGNAUT, S., AND GOUDET, J. 2005. Detecting the
number of clusters of individuals using the software structure:
a simulation study. Molecular Ecology 14:2611–2620.

EXCOFFIER, L. AND LISCHER, H. E. L. 2010. Arlequin suite ver 3.5:
a new series of programs to perform population genetics anal-
yses under Linux and Windows. Molecular Ecology
Resources 10:564–567.

EXCOFFIER, L., SMOUSE P. E., AND QUATTRO J. M. 1992. Analysis
of molecular variance inferred from metric distances among
DNA haplotypes: an application to human mitochondrial
DNA restriction data. Genetics 131:479–491.

FLIGHT, P.A., O’BRIEN, M.A., SCHMIDT, P.S., AND RAND, D.M.
2012. Genetic structure and the North American postglacial
expansion of the barnacle, Semibalanus balanoides. Journal
of Heredity 103:153–165.

FOREST, F., GRENYER, R., ROUGET, M., DAVIES, T.J., COWLING, R.M.,
FAITH, D.P., BALMFORD, A., MANNING, J.C., PROCHES�, S� ., VAN DER

BANK, M., REEVES, G., HEDDERSON, T.A.J., AND SAVOLAINEN, V.
2007. Preserving the evolutionary potential of floras in biodi-
versity hotspots. Nature 445:757–760.

GAILLARD, D., ENNEN, J.R., KREISER, B.R., QUALLS, C.P., SWEAT,
S.C., BIRKHEAD, R., TUBERVILLE, T.D., ARESCO, M., MCCOY,
E.D., AND MUSHINSKY, H.R. 2017. Range-wide and regional
patterns of population structure and genetic diversity in the
gopher tortoise. Journal of Fish and Wildlife Management
8:497–512.

GARZA, J.C. AND WILLIAMSON, E.G. 2001. Detection of reduction
in population size using data from microsatellite loci. Molecu-
lar Ecology 10:305–318.

GIBBS, J.P. 1993. Importance of small wetlands for the persis-
tence of local populations of wetland-associated animals.
Wetlands 13:25–31.

GOUDET, J. 2005. Hierfstat, a package for R to compute and test
hierarchical F-statistics. Molecular Ecology Notes 5:184–
186.

GUGERLI, F., ENGLISCH, T., NIKLFELD, H., TRIBSCH, A., MIREK, Z.,
RONIKIER, M., ZIMMERMANN, N.E., HOLDEREGGER, R., AND

TABERLET, P. 2008. Relationships among levels of biodiversity
and the relevance of intraspecific diversity in conservation —

a project synopsis. Perspectives in Plant Ecology, Evolution
and Systematics 10:259–281.

HEDRICK, P.W. 2001. Conservation genetics: where are we now?
Trends in Ecology & Evolution 16:629–636.

HILL, W.G. 1981. Estimation of effective population size from
data on linkage disequilibrium. Genetics Research 38:209–
216.

HOWELL, H.J., LEGERE, R.H., JR., HOLLAND, D.S., AND SEIGEL,
R.A. 2019. Long-term turtle declines: protected is a verb, not
an outcome. Copeia 107:493–501.

HOWELL, H.J. AND SEIGEL, R.A. 2019. The effects of road mortal-
ity on small, isolated turtle populations. Journal of Herpetol-
ogy 53:39–46.

HUBISZ, M.J., FALUSH, D., STEPHENS, M., AND PRITCHARD, J.K.
2009. Inferring weak population structure with the assistance
of sample group information. Molecular Ecology Resources
9:1322–1332.

JONES, O.R. AND WANG, J. 2010. COLONY: a program for par-
entage and sibship inference from multilocus genotype data.
Molecular Ecology Resources 10:551–555.

KALINOWSKI, S.T. 2004. Counting alleles with rarefaction: private
alleles and hierarchical sampling designs. Conservation
Genetics 5:539–543.

KALINOWSKI, S.T. 2005. HP-Rare 1.0: a computer program for
performing rarefaction on measures of allelic richness. Molec-
ular Ecology Notes 5:187–189.

KING, T.L. AND JULIAN, S.E. 2004. Conservation of microsatellite
DNA flanking sequence across 13 emydid genera assayed
with novel bog turtle (Glyptemys muhlenbergii) loci. Conser-
vation Genetics 5:719–725.

KOPELMAN, N.M., MAYZEL, J., JAKOBSSON, M., ROSENBERG,
N.A., AND MAYROSE, I. 2015. Clumpak: a program for identi-
fying clustering modes and packaging population structure
inferences across K. Molecular Ecology Resources 15:1179–
1191.

KUO, C.H. AND JANZEN, F.J. 2004. Genetic effects of a persistent
bottleneck on a natural population of ornate box turtles (Ter-
rapene ornata). Conservation Genetics 5:425–437.

LAI, Y.T., YEUNG, C.K.L., OMLAND, K.E., PANG, E.L., HAO, Y.,
LIAO, B.Y., CAO, H.F., ZHANG, B.W., YEH, C.F., HUNG, C.M.,
HUNG, H.Y., YANG, M.Y., LIANG, W., HSU, Y.C., YAO, C.T.,
DONG, L., LIN, K., AND LI, S.H. 2019. Standing genetic varia-
tion as the predominant source for adaptation of a songbird.
Proceedings of the National Academy of Sciences of the
United States of America 116:2152–2157.

LANDE, R. AND SHANNON, S. 1996. The role of genetic variation
in adaptation and population persistence in a changing envi-
ronment. Evolution 50:434–437.

LI, Y.L. AND LIU, J.X. 2018. StructureSelector: a web-based soft-
ware to select and visualize the optimal number of clusters
using multiple methods. Molecular Ecology Resources 18:176–
177.

LIEBGOLD, E.B., DICKEY, M.J., LAMB, S.M., HOWELL, H.J., AND

RANSOM, T.S. 2023. (Not) far from home: no sex bias in dis-
persal, but limited genetic patch size, in an endangered spe-
cies, the spotted turtle (Clemmys guttata). Ecology and
Evolution 13:e9734.

CHELONIAN CONSERVATION AND BIOLOGY, Volume 22, Number 2 – 2023134



LIPPÉ, C., DUMONT, P., AND BERNATCHEZ, L. 2006. High genetic
diversity and no inbreeding in the endangered copper red-
horse,Moxostoma hubbsi (Catostomidae, Pisces): the positive
sides of a long generation time. Molecular Ecology 15:1769–
1780.

LITZGUS, J.D. AND BROOKS, R.J. 1998. Reproduction in a northern
population of Clemmys guttata. Journal of Herpetology
32:252–259.

LITZGUS, J.D. AND BROOKS, R.J. 2000. Habitat and temperature
selection of Clemmys guttata in a northern population. Journal
of Herpetology 34:178–185.

LITZGUS, J.D., COSTANZO, J.P., BROOKS, R.J., AND LEE, R.E. 1999.
Phenology and ecology of hibernation in spotted turtles
(Clemmys guttata) near the northern limit of their range.
Canadian Journal of Zoology 77:1348–1357.

LITZGUS, J.D. AND MOUSSEAU, T.A. 2003. Multiple clutching in
southern spotted turtles, Clemmys guttata. Journal of Herpe-
tology 37:17–23.

LITZGUS, J.D. AND MOUSSEAU, T.A. 2004a. Demography of a
southern population of the spotted turtle (Clemmys guttata).
Southeastern Naturalist 3:391–400.

LITZGUS, J.D. AND MOUSSEAU, T.A. 2004b. Home range and sea-
sonal activity of southern spotted turtles (Clemmys guttata):
implications for management. Copeia 2004:804–817.

LOVICH, J.E., ENNEN, J.R., AGHA, M., AND GIBBONS, J.W. 2018.
Where have all the turtles gone, and why does it matter? Bio-
Science 68:771–781.

LUIKART, G., ALLENDORF, F., CORNUET, J.M., AND SHERWIN, W.
1998. Distortion of allele frequency distributions provides a
test for recent population bottlenecks. Journal of Heredity
89:238–247.

MEN, Q., XUE, G., MU, D., HU, Q., AND HUANG, M. 2017. Mito-
chondrial DNA markers reveal high genetic diversity and
strong genetic differentiation in populations of Dendrolimus
kikuchii Matsumura (Lepidoptera: Lasiocampidae). PLoS ONE
12:e0179706.

MEYLAN, P.A. 2006. Clemmys guttata—spotted turtle. Biology
and conservation of Florida turtles. Chelonian Research
Monographs 3:226–234.

MILAM, J.C. AND MELVIN, S.M. 2001. Density, habitat use, move-
ments, and conservation of spotted turtles (Clemmys guttata)
in Massachusetts. Journal of Herpetology 35:418–427.

MOCKFORD, S.W., HERMAN, T.B., SNYDER, M., AND WRIGHT, J.M.
2007. Conservation genetics of Blanding’s turtle and its appli-
cation in the identification of evolutionarily significant units.
Conservation Genetics 8:209–219.

MOLL, D. AND MOLL, E.O. 2004. The Ecology, Exploitation and
Conservation of River Turtles. New York: Oxford University
Press, 408 pp.

NOSS, R.F., PLATT, W.J., SORRIE, B.A., WEAKLEY, A.S., MEANS, D.B.,
COSTANZA, J., AND PEET, R.K. 2015. How global biodiversity
hotspots may go unrecognized: lessons from the North Amer-
ican coastal plain. Diversity and Distributions 21:236–244.

OOSTERHOUT, C.V., HUTCHINSON, W.F., WILLS, D.P.M., AND

SHIPLEY, P. 2004. micro-checker: software for identifying and
correcting genotyping errors in microsatellite data. Molecular
Ecology Notes 4:535–538.

PARKER, P.G. AND WHITEMAN, H.H. 1993. Genetic diversity in
fragmented populations of Clemmys guttata and Chrysemys
picta marginata as shown by DNA fingerprinting. Copeia
1993:841–846.

PEAKALL, R. AND SMOUSE, P.E. 2006. GenAlEx 6: genetic analy-
sis in Excel. Population genetic software for teaching and
research. Molecular Ecology Notes 6:288–295.

PIRY, S., LUIKART, G., AND CORNUET, J.M. 1999. Computer note.
BOTTLENECK: a computer program for detecting recent
reductions in the effective size using allele frequency data.
Journal of Heredity 90:502–503.

PITTMAN, S.E., KING, T.L., FAURBY, S., AND DORCAS, M.E. 2011.
Demographic and genetic status of an isolated population of
bog turtles (Glyptemys muhlenbergii): implications for man-
aging small populations of long-lived animals. Conservation
Genetics 12:1589–1601.

PRITCHARD, J.K., STEPHENS, M., AND DONNELLY, P. 2000. Infer-
ence of population structure using multilocus genotype data.
Genetics 155:945–959.

PUECHMAILLE, S.J. 2016. The program structure does not reliably
recover the correct population structure when sampling is
uneven: subsampling and new estimators alleviate the prob-
lem. Molecular Ecology Resources 16:608–627.

RASMUSSEN, M.L. AND LITZGUS, J.D. 2010. Habitat selection and
movement patterns of spotted turtles (Clemmys guttata): effects
of spatial and temporal scales of analyses. Copeia 2010:86–96.

R CORE TEAM. 2022. R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/.

RICE, W.R. 1989. Analyzing tables of statistical tests. Evolution
43:223–225.

ROSENBERG, N.A. 2004. Distruct: a program for the graphical display
of population structure. Molecular Ecology Notes 4:137–138.

ROUSSET, F. 2008. genepop’007: a complete re-implementation
of the genepop software for Windows and Linux. Molecular
Ecology Resources 8:103–106.

ROUSSET, F., LOPEZ, J., AND BELKHIR, K. 2020. Package ‘genepop.’
R package version 1. https://cran.r-project.org/web/packages/
genepop/index.html.

ROWE, J.W., GRADEL, J.R., AND BUNCE, C.F. 2013. Effects of
weather conditions and drought on activity of spotted turtles
(Clemmys guttata) in a southwestern Michigan wetland.
American Midland Naturalist 169:97–110.

SCHMITT, T. 2007. Molecular biogeography of Europe: Pleisto-
cene cycles and postglacial trends. Frontiers in Zoology 4:11.

SCHMITT, T., GIEßL, A., AND SEITZ, A. 2002. Postglacial colonisa-
tion of western Central Europe by Polyommatus coridon
(Poda 1761) (Lepidoptera: Lycaenidae): evidence from popu-
lation genetics. Heredity 88:26–34.

SCOVILLE, T.J. 2019. Genetic diversity of spotted turtle (Clemmys
guttata) populations in a fragmented landscape. MS Thesis,
Purdue University, West Lafayette, IN.

SPIELMAN, D., BROOK, B.W., BRISCOE, D.A., AND FRANKHAM, R.
2004. Does inbreeding and loss of genetic diversity decrease
disease resistance? Conservation Genetics 5:439–448.

TESSIER, N., PAQUETTE, S.R., AND LAPOINTE, F.J. 2005. Conserva-
tion genetics of the wood turtle (Glyptemys insculpta) in Que-
bec, Canada. Canadian Journal of Zoology 83:765–772.

US FISH AND WILDLIFE SERVICE. 2015. Endangered and threatened
wildlife and plants: 90-day findings on 25 petitions. Federal
Register 80:56423–56432.

VÄHÄ, J.P., ERKINARO, J., NIEMELÄ, E., AND PRIMMER, C.R. 2007.
Life-history and habitat features influence the within-river
genetic structure of Atlantic salmon. Molecular Ecology
16:2638–2654.

VAN DIJK, P.P. 2011. Clemmys guttata. The IUCN Red List of
Threatened Species 2011: e.T4968A97411228. doi: 10.2305/
IUCN.UK.2011-1.RLTS.T4968A11103766.en.

WANG, Q., YU, Y., YUAN, J., ZHANG, X., HUANG, H., LI, F., AND XIANG,
J. 2017. Effects of marker density and population structure on
the genomic prediction accuracy for growth trait in Pacific white
shrimp Litopenaeus vannamei. BMCGenetics 18:45.

BROWN ET AL.— Spotted Turtle Population Genetics 135



WAPLES, R.S. 2006. A bias correction for estimates of effective
population size based on linkage disequilibrium at unlinked
gene loci. Conservation Genetics 7:167.

WAPLES, R.S. AND DO, C. 2008. LNDE: a program for estimating
effective population size from data on linkage disequilib-
rium: computer programs. Molecular Ecology Resources
8:753–756.

WEIR, B.S. AND COCKERHAM, C.C. 1984. Estimating F-statistics
for the analysis of population structure. Evolution 38:1358–
1370.

WRIGHT, S. 1965. The interpretation of population structure by
F-statistics with special regard to systems of mating. Evolu-
tion 19:395–420.

Received: 22 August 2022

Revised and Accepted: 16 January 2023

Published Online: 17 January 2024

Handling Editor: Peter V. Lindeman

CHELONIAN CONSERVATION AND BIOLOGY, Volume 22, Number 2 – 2023136



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /FlateEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects false
	/LockDistillerParams false
	/ImageMemory 1048576
	/DownsampleMonoImages false
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /None
	/SyntheticBoldness 1.0
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth 8
	/OtherNamespaces [
		<<
			/IncludeSlug false
			/CropImagesToFrames true
			/IncludeNonPrinting false
			/OmitPlacedBitmaps false
			/AsReaderSpreads false
			/Namespace [
				(Adobe)
				(InDesign)
				(4.0)
			]
			/FlattenerIgnoreSpreadOverrides false
			/OmitPlacedEPS false
			/OmitPlacedPDF false
			/SimulateOverprint /Legacy
			/IncludeGuidesGrids false
			/ErrorControl /WarnAndContinue
		>>
		<<
			/IncludeProfiles false
			/AddBleedMarks false
			/ConvertColors /ConvertToCMYK
			/IncludeLayers false
			/FormElements false
			/FlattenerPreset <<
				/PresetSelector /MediumResolution
			>>
			/IncludeInteractive false
			/AddColorBars false
			/DestinationProfileSelector /DocumentCMYK
			/MultimediaHandling /UseObjectSettings
			/UseDocumentBleed false
			/AddCropMarks false
			/PreserveEditing true
			/PDFXOutputIntentProfileSelector /DocumentCMYK
			/DestinationProfileName ()
			/UntaggedRGBHandling /UseDocumentProfile
			/GenerateStructure false
			/AddRegMarks false
			/Namespace [
				(Adobe)
				(CreativeSuite)
				(2.0)
			]
			/Downsample16BitImages true
			/IncludeHyperlinks false
			/IncludeBookmarks false
			/AddPageInfo false
			/UntaggedCMYKHandling /LeaveUntagged
		>>
	]
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		26.9
		26.9
		26.9
		26.9
	]
	/AutoFilterGrayImages false
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages false
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		26.9
		26.9
		26.9
		26.9
	]
	/CompatibilityLevel 1.4
	/MonoImageResolution 300
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Error
	/PreserveOPIComments false
	/AutoPositionEPSFiles false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile (None)
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/Namespace [
		(Adobe)
		(Common)
		(1.0)
	]
	/AutoFilterColorImages false
	/DownsampleGrayImages false
	/GrayImageDict <<
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/QFactor 0.76
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName (http://www.color.org)
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.0
	/ColorImageDepth 8
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 30
		/TileWidth 256
	>>
	/TransferFunctionInfo /Apply
	/ColorImageFilter /FlateEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/PDFX1a:2003
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox false
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/NOR <>
		/DEU <>
		/SVE <>
		/ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
		/DAN <>
		/ITA <>
		/PTB <>
		/JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
		/FRA <>
		/NLD <>
		/SUO <>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			2.0
			1.0
			1.0
			2.0
		]
		/QFactor 0.76
		/VSamples [
			2.0
			1.0
			1.0
			2.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts false
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError false
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		2400
		2400
	]
>>
setpagedevice


