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Abstract

Understanding the spatial distribution of genetic diversity and structure in endangered species is
vital for effective conservation management. This research discusses the results of an initial
analysis of the genetic structure and variation of the spotted turtle (Clemmys guttata), a species
of conservation interest. The study sampled 913 individuals from 78 unique locales across 16
states in the eastern portion of the species' range. Utilizing ddRADSeq, a de hovo genome
assembly was developed to identify nearly 20,000 potential loci. A total of 926 were selected for
this analysis. Results revealed no spatial clustering of genetic diversity or structure, which is
unexpected for turtles. However, a gradual south-to-north reduction in heterozygosity, indicative
of a relictual pattern left by post-Pleistocene range expansion, was found. Estimates of genetic
differentiation were low, suggesting minimal population structuring. Although no structural
clustering was observed, weak isolation by distance was noted, likely due to limitations in
dispersal distance relative to the spatial extent of the sampling area. Future work would benefit
from augmenting the dataset with samples from the rest of the species distribution and
developing a whole-genome reconstruction to aid in population assignment, phylogeographic
analysis, and investigation of adaptive genetic variance. These findings provide valuable insights

for creating a comprehensive conservation strategy for spotted turtles.



Introduction

The distribution of spatial genetic structure within a species is a complex outcome of
demographic, biogeographic, and ecological forces all acting upon its population structure
(Walker & Avise, 1998). Landscape composition and configuration could impact a species
population distribution and gene flow by isolating or restraining movement between habitat
patches (Bouchard et al., 2019). Natural processes and conditions, such as climate change,
glacial retreats, and river networks, can moderate the geographical distribution of a species
(Bouchard et al., 2019). These forces and the confounding effects of anthropogenic activities can
lead to genetic erosion by creating heterogeneous connectivity patterns. Consequently,
identifying genetic subdivisions within existing populations is crucial for conservation strategies.
Resulting changes in genetic diversity and structure—such as census size, allelic and genotypic
diversity, and the amount of standing genetic structure — are of concern for threatened species
and are essential factors to consider when developing effective management plans.

Genetic diversity plays a limiting role in how a species or population may react to
environmental, ecological, or evolutionary selection. Genetic diversity is broadly defined as the
amount of variation and can be measured at the level of the individual, the population, or any
larger spatial extent (Balkenhol et al., 2015). It is estimated at the allelic, genotypic, or genomic
scale. At an individual locus, the allelic level, the number of variant alleles in the total count, or
as a frequency-based metric can provide localized estimates of the magnitude of raw diversity
present. At the genetic locus, diversity quantifies how alleles are paired within genotypes. Both
allelic and genotypic diversity define the raw material upon which selection pressures may

operate and the extent to which the species can respond. At large spatial scales, diversity can also



be measured at sampling locales and populations and even across the entire species distribution,
allowing for the determination of spatially relevant hotspots and areas of conservation concern.

When populations experience a reduction in diversity, their ability to respond to changing
environmental conditions decreases. This reduction in diversity limits the range of traits
available within the population, making it less likely that individuals possess the genetic
variations necessary to survive and reproduce in new or changing conditions; the rate of
evolutionary change is directly proportional to the amount of diversity present (Fisher, 1930).
One consequence of low diversity is inbreeding, leading to an increase in homozygosity and a
decrease in heterozygosity. Inbreeding can result in the expression of deleterious phenotypes,
decreasing offspring’s reproductive fitness (Buchanan et al., 2019). Genetic diversity provides
valuable insight into different populations' genetic makeup and evolutionary/demographic
history and conservation strategies, helping to inform efforts to preserve biodiversity and manage
endangered species.

In addition to diversity, genetic structure quantifies among-site differentiation and is
primarily shaped by historical demography and ongoing connectivity patterns. Measures of
spatial genetic structure are defined as the non-random distribution of variation among
individuals within populations (Rosetti & Remis, 2012). When populations mate entirely
randomly, there will be no discernible differences in allele frequencies among strata (Balkenhol
et al., 2015). Conversely, when populations have restricted connectivity, they may become
increasingly differentiated due to genetic drift. The rate of gene flow can constrain differences
between these temporal changes, and its magnitude will determine the strength of the co-

variation. Essentially, disconnected populations become independent of each other. Through



drift, they follow individual evolutionary trajectories, which may have profound implications for
population persistence and the probability of species extinction.

The most common metrics used to quantify population-level structure are derived from
Wright’s Fst, which partitions the total genetic variance into two additive components: variation
within sampling locations and variation between them (Wright, 1931; Wright, 1949). Values of
Fst close to zero indicate that populations may share genetic material through either high levels of
ongoing gene flow or a history of recent divergence, meaning that populations have only recently

separated. Populations can lose genetic diversity but still maintain their structure. With

restrictions in genetic connectivity, within-site variation may remain the same, but drift would
lead to an increase in among-site variation, thus increasing Fst. In extreme cases, where drift has
led to the fixation of alleles, Fst=1, at different populations, it suggests complete isolation. As a
result, Fst is often used as an inversely proportional indication of the magnitude of connectivity.
At smaller spatial scales, one of the drivers of structure may be landscape heterogeneity and how
it impacts individual movement patterns (Balkenhol et al., 2015). When landscapes change due
to natural or anthropogenic forces, there may be disruptions in previously established
connectivity patterns. We would expect organisms occupying these fragments to exhibit higher
genetic divergence among subdivided populations, particularly if populations have a small
effective population size (Nunney, 1991; Rosenbaum et al., 2007).

Species, such as turtles, whose life-history traits include small populations, longevity, and
limited dispersal, often have genetic signatures of low at-site genetic diversity and limited
interpopulation genetic exchange (Shaffer & Breden, 1989). Because of their slow reproductive
rates and limited dispersal, genetic diversity can remain relatively stable within populations,

making it possible for them to mask declines in genetic diversity for decades or even centuries



after severe population decline (Buchanan et al., 2019). For example, in Canadian populations of
Blanding’s turtles (Emydoidea blandingii), Mockford et al. (2005) revealed significant genetic
structure (Fst = 0.042-0.124; p < 0.05) in pairwise comparisons between groups. Populations
exhibited isolation by physical distance as the principal determinant of spatial structure,
suggesting that the structure of this turtle species pre-dated human influence on the local
landscape. Similarly, in a study done by Latch et al. (2011), they discovered that desert tortoises
(Gopherus agassizii) exhibited weak but significant genetic structure (Fst = 0.0046, p = 0.002),
hypothesizing that either the groups are the result of a recent separation or there are ongoing high
levels of gene flow. The landscape genetic analysis identified that both natural (slope) and
anthropogenic (roads) landscapes significantly influence the gene flow within these local
populations, with gene flow predominantly influenced by the landscape's slope. The spatial
genetic structure can be reduced with increased connectivity, whereas isolation, because of
distance or properties of the landscape, will allow populations to diverge independently. In the
face of rapid environmental change, understanding the spatial genetic structure of a species is
essential, enabling the matching of management and ecological scales with the spatial and
temporal dynamics of ecological processes, which is especially important in long-lived and late-
maturing species.

The spotted turtle (Clemmys guttata; Schneider, 1792) is a species of conservation
concern due to habitat fragmentation, degradation, and loss. It is also a species found in the
illegal pet trade (Dijk, 2011). This species is a small (carapace length up to 14.3 cm) member of
the North American Family of freshwater turtles, occupying a wide variety of shallow,
unpolluted wetland habitats and the surrounding upland areas. They occur in disjunct populations

ranging from the Atlantic coastal lowlands and foothills from southern Maine southwards to



northern Florida and from south Ontario westward along the southern shores of the Great Lakes
(Figure 1; Dijk, 2011). Since this species occupies a specialized ecological niche in habitats that
are comparatively rare and biologically diverse, coupled with their low vagility (individuals
rarely travel > 2 km per year), longevity (30 years), and high fidelity to individual wetlands, they
are more likely to experience low levels of gene flow and thus sensitive to localized extinction

(Gibbons et al., 2000).
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Figure 1: Species distribution of the Spotted Turtle. Left: The red dots identify sampling locations for broad-scale
genetic analyses. Right: Spotted Turtle distribution in North America. The range includes portions of southern
Ontario and Quebec and areas south of the Great Lakes in Michigan, Ohio, Indiana, and New York. The range
extends down the eastern seaboard from Maine to Florida, extending approximately 200 km inland. From
Environment and Climate Change Canada (2018).




For the Spotted Turtle, characterization of both the spatial distribution of genetic
variation and the underlying connectivity network that maintains genetic diversity and structure
can be invaluable information for supporting ongoing conservation efforts. There has been
limited analysis of the spatial distribution of genetic variation within this species. In a study by
Davy & Murphy (2014), the heterozygosity and allelic richness of spotted turtle populations in
Canada (Southwest Ontario: Ho = 0.679, He = 0.728, A = 6.75; Southeastern Ontario: He =
0.718, Hy=0.707, A = 6.11) were comparable to those observed in larger, sympatric populations.
They also found that variations within populations accounted for 91.79% of the variation in the
data (AMOVA: ®st=0.082, p <0.0001; n.b., st is a multilocus corollary of Fs). Weak but
significant variation occurred among the different populations of turtles (Oct = 0.038, p <
0.0001) and among sites (®sc = 0.046, p < 0.0001). Additionally, populations showed isolation
by distance, consistent with ongoing genetic connectivity, although limited by spatial dispersal.
Similarly, Buchanan et al. (2019) found low estimates of single-locus (Fst = 0.014) and multi-
locus (@ st = 0.021) among-population structures and ascribed it to population decline.

Conservation genetics provides fundamental information for effective planning of
conservation management through the integration of genetic analyses that quantify genetic
diversity, uncover evidence of fragmentation, determine the spatial genetic structure, and
estimate rates of gene flow. This study aimed to examine the spatial distribution of the diversity
and structure of the spotted turtle, Clemmys guttata, from locales throughout the eastern portion
of their range. To do this, we worked to develop a comprehensive library of single nucleotide
polymorphisms (SNPs) to be used as genome-wide markers. These markers allow for estimating
the amount of allelic and genotypic diversity within and among populations and identifying

unique subpopulations and the spatial connectivity network of these populations. These estimates



will aid in determining if there are spatial components to how genetic variance is positioned
across the landscape and if any diversity hotspots would be of higher conservation value, guiding

proposed conservation area networks. The results of this work can be used to provide valuable

insights for future conservation planning.



Methods

DNA Collection and Extraction

Individual state wildlife agencies from the eastern seaboard states and commonwealths
collected and sampled C. guttata. The samples were then sent to the Dyer Laboratory at Virginia
Commonwealth University as tissue or blood samples. The sampling organization handled all
collecting permits and IACUC protocols. In total, 1643 samples were collected.

Genomic DNA was extracted from scale tips and blood stored in ethanol using the
DNeasy Blood and Tissue kit (Qiagen, Boston, MA). A modified protocol was followed for
extracting DNA from both blood and tissue. For blood stored in ethanol, the ethanol was spun,
pipetted, and dried out of the blood. The blood was then incubated in a 180 ul Buffer ATL and
20 pl proteinase K solution overnight at 56°C until complete lysis. For tissue samples, the
standard protocol was followed except for extending the lysis step to a minimum of 6 hours to
increase yield. Following lysis, the DNA extraction procedure adhered to the manufacturer’s
protocol. All samples were eluted with ultrapure water and stored until further analysis. The

concentrations of all samples were standardized before the creation of the sequencing libraries.

Library Preparation and Sequencing
To produce the genetic libraries of C. guttata, a modified version of the ddRADseq

protocol from Parchman et al. (2012) was used to generate anonymous single nucleotide
polymorphic loci for sequencing on the IHlumina NovoSeq platform. Our genomic DNA was
digested with two restriction enzymes, EcoRI and Msel, resulting in a large set of random
genomic fragments with sticky ends bearing uniqgue DNA sequences. Adapter oligonucleotides
containing custom ten base pair (bp) barcodes, which allow individuals to be uniquely identified,

were ligated onto the digested fragment ends using T4-ligase (Figure 2). Once barcoded, the



ligated fragments of DNA were amplified using normal polymerase chain reaction (PCR).
Individuals with unique barcodes were pooled together in sets of 96 samples. A total of 10 plates
were created. Individual locales were randomized among the three libraries to minimize plate-
level biases. Pooled libraries were then size-selected using a Bluepippen 300-400bp 2% DF

cassette to contain fragments in the approximate range of 300-500bp.
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Figure 2: A.) Double digestion of genomic C. guttata DNA using the restriction enzymes EcoRI
and Msel. B.) Ligation of adaptors to genomic fragments created from digestion. Adapter
primers for EcoRI and Msel (in blue) with unique sequence barcodes for each individual (in
red), and restriction enzyme cut sites (in green). Image from Parchman et al. (2012).

Single-end sequencing with one multiplexed library was performed by Novogene
Corporation using the Illumina NovaSeq platform. All bioinformatic processes were conducted
on the Huff cluster at Virginia Commonwealth University’s High-Performance Computing Core.
After sequencing, reads were de-multiplexed and partitioned using STACKS (Catchen et al.,
2013). The resulting de-multiplexed FASTQ files were processed in the dDocent bioinformatics
pipeline (Puritz et al., 2014). No reference genome exists for C. guttata, so a de novo reference
assembly was developed to identify variable genetic markers. A random subset of reads per
individual was selected based on a set of criteria: the absence of insertion or deletion patterns,

strictly 2-allele sites, individual quality scores exceeding 20, minor allele frequencies exceeding
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5% across individuals, and sequencing depth per individual. The number of reads per individual
was too large for analysis. A random subset of sequencing reads was determined and extracted
for each sample that could be mapped onto the reference assembly using bwa Li & Durbin
(2009). Individual SNPs were called using FreeBayes (Garrison & Marth (2012)) and all
variable sites were converted to minor allele counts for the subsequent genetic analysis. Overall,
913 individuals were retained for the analysis of the eastern portion of the spotted turtle’s range,

which were sampled from 16 states and 78 locales (Table 1).

Table 1: Sample sizes and locales for individual turtles yielding SNP genotypes by state. A total of 960 samples from
16 states were used for the spatial genetic analysis for the Spotted Turtle eastern seaboard range.

State Sites Samples
CT 2 23
DE g 97
FL 2 36
GA 2 36
MA 12 118
MD ES 54
ME 10 134
NC 3 51
NH 3 31
NJ 6 69
NY g 64
PA 2 12

RI 4 40
SC 1 12
VA 10 112
WV 2 24

Genetic Diversity

Several parameters were employed to assess the genetic diversity of this species.
Estimates of allelic diversity, genotypic diversity, and the average heterozygosity per individual
were utilized to quantify measures of genetic diversity. At the allelic level, the effective allelic
diversity (Ae) was chosen to refer to the number of different alleles present at a particular locus

within a population, weighted by their frequencies. It considers both the number of alleles (allele

11



richness) and their relative abundance in the population. Genotypic diversity was used to
measure how alleles are arranged within genotypes within populations and across the entire
species. To do this, we looked at both the observed heterozygosity (Ho), the proportion of
individuals in a population that are heterozygous at a particular locus, and the expected
heterozygosity (He), the probability that two randomly chosen alleles from the population will be
different at a given locus. The average heterozygosity (Hi), the fraction of all loci in an
individual that are heterozygous, was used to provide a summary statistic of genetic diversity
that reflects the overall proportion of heterozygous individuals in the population. These analyses
were conducted on the R statistical analysis platform using the package gstudio (Dyer 2022).
Analyzing these parameters both at specific sites and across broader spatial scales aids
conservation management efforts. This approach helps identify specific areas with heightened
genetic diversity, enabling targeted conservation actions to preserve and enhance genetic health

within populations as they exhibit greater resilience to environmental changes.

Population Structure

To quantify and describe the extent of the genetic structure of the spotted turtle, multiple
complementary methods were used to provide insights into the evolutionary processes that
influence the structure of genetic variation within and among populations. Genetic structure was
estimated using Weir & Cockerham’s (1984) estimator 6 (for Fst) for single locus estimates and
extended to multi-locus estimates using @ st (Excoffier et al., 1992). A principal component
analysis (PCA) of multi-locus genotypes following the methods described by Patterson et al.
(2006) was conducted to further assess the spatial distribution of diversity and structure.

The presence of natural clusters of populations due to historical vicariance within our

data was identified through a historical admixture model using the clustering program



STRUCTURE (Pritchard et al. (2000), which identifies natural partitions in the data. The number
of relevant partitions (K) was assessed through simulations using 50,000 burn-in generations and
100,000 Markov Chain Monte Carlo (MCMC) steps per iteration. Ten replicates were rerun for
each value of K, and the most likely number of clusters (K) was determined by following the
guidelines of Evanno et al. (2005). We then quantified genetic divergence from the natural
clusters identified, providing estimates of inter-population connectivity. In addition to
characterizing natural clustering, the overall structure (Fst) was described using multi-locus F-
statistics using the gstudio package (Dyer, 2017). We then conducted a hierarchical analysis
of molecular variance (AMOVA) to quantify the partitioning of genetic variance within and
among sampled sites and genetic clusters in the vegan package (Oksanen et al., 2022.). Lastly,
we examined the extent to which genetic differentiation was spatially arranged under a model of
Isolation by Distance. For this, we converted the measure of among-population structure using
Fst /(1 - Fst) and then fit it to a log-transformed model of inter-population physical distance.
The magnitude of the interaction and significance were evaluated using a standard Mantel test

(1,000 permutations) in the R package adegenet (Jombart, 2008).
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Results

Overall Genetic Diversity and Structure

The genetic diversity and structure analysis encompassed 913 sampling locales (sites),
utilizing 926 SNP loci. Regardless of sampling locale, allelic and genotypic diversity both
exhibit left-skewed distributions, indicative of low genetic variation (mean He = 0.088, median
He = 0.034; Figure 3A & 3B). The mean expected heterozygosity of 0.088 indicates the average
level of genetic diversity across the population, with higher values suggesting more genetic
variability and lower values suggesting lower genetic variability. The median expected
heterozygosity of 0.03 represents the middle value in the dataset, signifying that a substantial
portion of the population exhibits lower genetic diversity. The distribution of single-locus
genetic structure, measured as @, for each locus, reveals low levels of inter-local differentiation
(mean =0.0294, median =0.0290; Figure 3C). These distributions align with previous

observations in spotted turtle populations, highlighting low genetic diversity and structure.
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Figure 3: Genetic diversity and structure analysis for the eastern range of the spotted turtle. Analyses were done for
(A) the distribution of effective allelic diversity, (B) the distribution of genotypic diversity as measured by observed
(Ho) and expected (He) heterozygosity, and (C) the distribution of single locus genetic structure (6).

Informative Loci of Genetic Diversity and Structure

To explore loci with spatial signals, we selected a subset from the initial set of 926 loci
that have some spatial structuring across the landscape. Employing a conservative approach, loci
exhibiting significant levels of inter-local differentiation, having 8 => 0.05, were explicitly
chosen (Figure 4C; Table S.1). The top 50 most informative loci from this selection were then
separated for subsequent analysis. The distribution of allelic diversity and genotypic diversity

were calculated. The results revealed a higher level of genetic variation (mean He = 0.110,



median He =0.050; Figure 4A & 4B) compared to the assessment involving all 926 loci. This
suggests that regions with greater genetic structure also exhibit higher genetic variation.
Further analysis of the spotted turtle's genetic structure was done by applying an
evolutionary model of historical admixture to determine if there is a natural clustering of
individuals. The appropriate number of clusters was determined using the 6K method proposed
by Evanno et al. (2005). Notably, no better representation of the data was found than that of no
sub-clustering (K = 1; Figure S.1). Posterior log-likelihood for K=2 and beyond sharply
declined. These results do not indicate the presence of any distinct genetic clusters in this

species.
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of genotypic diversity as measured by observed (H,) and expected (He) heterozygosity across the 50 most
informative loci, and (C) the distribution of single locus genetic structure (8) across the 50 most informative loci.

Spatial Distribution of Genetic Diversity and Structure

By partitioning the data based on individual locales, one can assess the distribution of
diversity and structure patterns across the landscape. Within the sampled locales, estimates for
locale-specific parameters for allelic and genotypic diversity measures were calculated for the
subset of informative loci. The results revealed that two particular loci exhibit both longitudinal
and latitudinal gradients in diversity (Table 2), indicating variations in diversity as one traverses

the landscape. Both allelic and genotypic diversity have significant negative correlations for both
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latitude and longitude, suggesting that there are discernible changes in the genetic makeup at
these specific loci as you move across different geographical coordinates.

The analysis of additive multilocus genetic structure via an analysis of Molecular
Variance for our informative loci revealed a statistically significant result (p < 0.05) of similarly
low levels of differentiation (Table 3). Merely 1% of the observed genetic variation is attributed
to individuals sampled from alternative populations. This suggests that, while there is a
significant difference, the overall genetic variation among individuals from different populations
is relatively modest, with most of the genetic variation residing within populations rather than

between them.

Table 2: Spatial distribution of allelic and genotypic measures of diversity. Two loci were found to reduce genetic
diversity across the landscape at both the latitudinal and longitudinal levels, as seen by their significant negative
values.

Spatial Locus Ho He Ae HoP HeP AeP

Latitude Loc.1064.105 -0.36994 -0.36672 -0.37099 0.00086 0.00096 0.00083
Loc.5995.25 -0.33702 -0.33971 -0.33460 0.00255 0.00234 0.00275

Longitude |Loc.1064.105 -0.26695 -0.26658 -0.26612 0.01815 0.01831 0.01852
Loc.5995.25 -0.35765 -0.35663 -0.35834 0.00131 0.00135 0.00128

1€



Table 3: Analysis of Molecular Variance (AMOVA) table for the multi-locus genetic differences among populations
for the top 50 most informative loci. Findings show significant results (p < 0.05) of low levels of differentiation.

df SSD MSD Phi Prob
Pop 77 19.347690 [ 0.251269 0.012 0.048
Error 631 142.774450| 0.226267
Total 708 162.122140| 0.228986

Isolation by Distance

To detect the occurrence of isolation by distance, a pairwise ®@st from Excoffier et al.
(1992) was computed and transformed as @ / (1 - @). These transformed values were compared
to pairwise physical separation (great circle distance). A significant positive correlation was
identified (Pearson p = 0.117, P = 0.001; note the significance tested via permutation; Figure
6). Upon closer examination of the data within the 0-20 km range, there appears to be a notable
and statistically significant positive pattern of isolation by distance (Pearson p = 0.311; Figure
S.2). However, beyond distances of 20 km, the observed isolation by distance seems to occur

randomly.
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of isolation by distance, a pairwise @st was calculated. A significant positive correlation was identified (Pearson p
=0.117, P=0.001, note that the significance tested via permutation).
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Discussion

Conservation Genetics

This research aimed to analyze the spatial genetic variation among spotted turtles across
the eastern portion of their current population distribution. Despite facing significant challenges
such as habitat fragmentation and loss, populations of C. guttata have preserved both their
demographic and genetic “integrity” across the entire range. This resilience is particularly
evident in the retention of heterozygosity and genetic structure. Previous studies conducted by
Davey & Murphy (2014) and Buchanan et al. (2019) have highlighted similarly low levels of
genetic structure (Fst = 0.038 and Fst = 0.014, respectively) in smaller, more localized
populations of spotted turtles with much more confined spatial distributions. Building upon these
findings, our study extends this understanding to a broader context of the entire eastern seaboard
range. Consistently, we found that across this expansive geographical area, genetic structure
remains relatively low (Fst = 0.04 across the entire genome; Table S.2, and Fst = 0.012 for loci
with spatial signal; Table 3).

The observed low genetic structure indicates some combination of an active exchange of
genetic material among populations through ongoing levels of gene flow or relatively short times
since divergence. Factors such as migration, dispersal, and occasional interbreeding between
neighboring populations likely facilitate this gene flow. These processes allow genetic material
to move across different sites within the species’ range, promoting a relatively even distribution
of genetic variation across the region. There could also be historical trends in gene flow, as seen
in E. blandingii, that likely underlie modern population structure due to a degree of connectivity
from the past that would act to minimize differentiation across the landscape (Guinto et al.,

2023). This limited yet continuous exchange of individuals over multiple generations or
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historical gene flow would result in this genetic homogeneity, as suggested in studies of other
freshwater turtles (Kiester et al., 1982; Scribner et al., 1986). Ultimately, this contributes to the
spotted turtle species' overall genetic resilience and adaptability.

In addition, our investigation revealed a weak association of inter-locale differentiation,
primarily attributed to spatial isolation, with no partitioning between populations due in large
part to admixture. The observed association of inter-locale differentiation being weak suggests
that while spatial isolation influences genetic diversity, it may not be the sole determinant of
population differentiation. Other factors, such as historical events and contemporary ecological
processes, such as glaciation, likely interact with spatial isolation to shape genetic patterns across
populations. The weak partitioning across populations suggests that while there may have been
instances of introgression or gene flow between populations in the past, the extent of genetic
mixing has not been sufficient to remove population-specific genetic signatures completely. This
means that gene flow has not been strong or frequent enough to erase the genetic differences
accumulated between populations over time. These observations underscore the intricate
interplay of spatial dynamics and historical factors shaping this species’ genetic makeup and
population dynamics.

The majority of genetic variation observed in the spotted turtle is due to variation within
populations, with little contribution to variation between populations (Table 3). The low inter-
population variation may stem from various, sometimes mutually exclusive, mechanisms. One
possibility is that the effective population sizes of existing populations are large enough to
compensate for the diversifying influence of genetic drift. Additionally, while isolation by
distance implies some limitations on dispersal potential, it may not be sufficient to result in

spatial segregation across the landscape. This study reveals a complete absence of spatial



partition among the eastern extent of the species’ range, indicating sufficient connectivity among
sampled populations to resist genetic drift. Whether analyzed through historical admixture
models or multi-locus frequency spectra, the absence of nested structure further supports this
notion. Notably, no apparent sources of vicariance in the landscape have created sharp
discontinuities in the genetic structure. Another factor contributing to low genetic variation could
be the slow rates of molecular evolution associated with the species’ long generation time
(Shaffer et al., 2013), estimated at around 25 years. The divergence time hypothesis suggests that
evolutionary rates may not be slow but that recently evolved species have not had adequate time
to accumulate polymorphisms (Jordan et al., 2019).

Climatic fluctuations, such as ice ages, interglacial periods, tectonic movements, and sea-
level shifts, have led to profound changes in habitats and species distribution—the most recent of
which is the Pleistocene, which ended roughly 11,000 years ago. Low genetic diversity is not
uncommon in species inhabiting historically glaciated regions (Rosenbaum et al., 2007), which is
hypothesized to be impacted by loss of overall diversity during range expansion. In our data, we
observed a pattern of multilocus individual heterozygosity, which varies along a latitudinal
gradient (Table 2). Specifically, we found that regions in the south exhibit higher genetic
diversity than their north counterparts. This pattern aligns closely with post-pleistocence
expansion models proposed by Hewitt (1999). It is comparable to patterns of genetic variation
across other North American herpetofauna that depend on an aquatic environment (Weisrock,
2000). According to these models, populations in northern latitudes are expected to exhibit
reduced genetic diversity and appear comparatively “younger” in evolutionary terms due to their
recent expansion. As species undergo directional range expansion in response to changing

environmental conditions, it is expected that measures of genetic diversity will decline alone the
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spatial axis of expansion. This phenomenon arises because the leading edge of the expansion
recruits individuals predominantly from that edge rather than from random locations across the
species distribution. In the case of the spotted turtle, as populations expanded northward, they
experienced a reduction in local genetic diversity. This provides a nice set of hypotheses for
subsequent testing of phylogeographic patterns using a more complete data set that includes the
western portion of the species range.

Regardless of the sampling locale, our analysis reveals consistent patterns of low but
significant genetic variation within spotted turtle populations (mean He = 0.088, median He =
0.034; Figure 3A & 3B). Such a disparity between the values suggests there may be a skewness
or asymmetry in the distribution of genetic variation within the population. Several factors could
contribute to this observed pattern. Adding to the rapid expansion, historical events such as
population bottlenecks, founder effects, or genetic drive may have led to the differential
accumulation of genetic variation across different population segments. Additionally,
environmental factors such as habitat fragmentation, limited dispersal abilities, or selective
pressures may have also influenced the distribution of genetic diversity within the population.
Given the rapid pace of human-induced landscape changes relative to post-Pleistocene range
expansion, ongoing monitoring and conservation efforts are crucial to assess if further loss of
diversity among populations is occurring.

Despite the observed low levels of genetic structure, our analysis reveals evidence of
restricted dispersal potential among populations, as indicated by isolation by distance (IBD).
This suggests that genetic differentiation between pairs of populations tends to increase with
greater geographic separation (Wright, 1938). Implying that populations are effectively isolated

from one another at specific spatial scales. In the case of the spotted turtle, our findings suggest
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that between distances of 0 to 20 km, there is a clear indication of IBD (Figure 6). As the
geographic distance between populations increases within this range, their genetic differences
also tend to increase. Individuals within closer proximity exhibit more genetic similarity than
those farther apart due to barriers to dispersal or other ecological factors that prevent genetic
exchange. However, beyond distances of 20 km, the observed pattern of IBD becomes more
random, and as a result, the relationship between genetic and physical separation reaches an
asymptote. This implies that, within shorter distances, geographic barriers or localized factors
play a role in shaping genetic differentiation. In comparison, at greater distances, other factors

might contribute to a more random distribution of genetic variation.

Conservation Implications

Understanding the mechanisms that promote gene flow and maintain genetic variation is
critical for conserving and managing threatened and endangered species, such as the spotted
turtle. Genetic structure and diversity provide valuable insights into the connectivity and
resilience of populations, guiding conservation efforts toward preserving habitat connectivity,
managing movement corridors, and mitigating threats like habitat loss and fragmentation. By
identifying isolated populations, conservation efforts can be targeted to promote connectivity and
gene flow, thereby enhancing vulnerable populations' long-term viability and genetic health

across their range.

The limited genetic variability observed within and among spotted turtle populations
highlights critical considerations for conservation strategies. Populations exhibited relatively low
levels of genetic structure and a high degree of genetic homogeneity across the eastern seaboard

range. With no prominent conservation hotspots, these findings underscore the importance of



managing spotted turtle populations as interconnected entities across entire landscapes rather
than focusing solely on individual populations. By adopting a landscape-scale approach,
conservation efforts can better preserve the species' evolutionary potential in response to
changing environmental conditions. Conservation initiatives should prioritize the conservation of
representative populations across diverse geographic, ecoregional, and genetic contexts to
safeguard the species’ genetic diversity and resilience effectively. By conserving populations in
various habitats and regions, we can ensure that the species retains the genetic variability needed

to adapt to future challenges.

When this project started, only populations from the eastern seaboard were being
collected. Based on the findings presented herein, the lack of differentiation and absence of
spatial structure is not particularly informative for conservation and management strategies that
target specific locales for differential conservation efforts. To gain a more comprehensive
understanding of the large-scale, species-level conservation management needs, it is essential to
conduct sampling across the entire range of the species. For instance, if populations from the
Great Lakes region follow a migration path up the western side of the Appalachian Mountains,
we might expect to observe more variations between populations from the Piedmont and Great
Lakes regions (as is seen in Blanding’s turtles). On the contrary, if the Great Lakes populations
are derived from the Piedmont populations, we might anticipate minimal genetic structure and
continued gradients in diversity. Future research endeavors, particularly those utilizing the rest of
the genome sequences initiated in this project, hold immense promise in elucidating the species’
evolutionary history and adaptive potential. Whole-genome sequencing and establishment of a

reference genome would enable the exploration of more intricate patterns of spatial structure and
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local adaptation. These insights will build upon the foundation laid by this study and contribute

significantly to advancing conservation efforts for this species.
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Conclusion

The main goal of this study was to quantify the genetic variation in the spotted turtle
throughout its eastern seaboard range. Our analysis provides insights into spotted turtle
populations' genetic structure and connectivity across this extensive geographic area. Despite the
vast expanse of the eastern seaboard, spotted turtle populations exhibit relatively low levels of
genetic structure, indicating a high degree of genetic homogeneity across their range.
Additionally, our study reveals evidence of restricted dispersal potential among populations, as
indicated by isolation by distance. Suggesting that while gene flow occurs between neighboring
populations, it is limited over larger spatial scales. Overall, our findings contribute to a better
understanding of the spotted turtle's population dynamics and genetic diversity, which is crucial

for informing conservation efforts to preserve this species in its natural habitat.
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Appendix - Supplementary Figures and Tables

Table S.1: The allelic diversity, genotypic diversity, and the single-locus genetic structure for informative loci from
the spotted turtle's eastern seaboard range.

Locus Ae Ho He Theta
Loc.1064.100 1.07676 0.07403 0.07129 0.07910
Loc.1064.105 1.02670 0.02635 0.02600 0.07869
Loc.1064.23 1.25662 0.23087 0.20422 0.07805
Loc.1064.29 1.07407 0.06650 0.06896 0.08834
Loc.1064.51 1.14886 0.13927 0.12957 0.07924
Loc.1064.56 1.46278 0.38394 0.31637 0.07091
Loc.1064.70 1.27653 0.24216 0.21663 0.09009
Loc.1064.86 1.17621 0.15558 0.14981 0.07330
Loc.1064.92 1.03965 0.03890 0.03814 0.08076
Loc.107.61 1.93002 0.78993 0.48187 0.07658
Loc.1151.102 1.02153 0.02130 0.02107 0.06347
Loc.1151.110 1.02274 0.02249 0.02223 0.06338
Loc.1151.114 1.04598 0.04497 0.04396 0.06318
Loc.1151.24 1.91319 0.76805 0.47731 0.11150
Loc.1286.46 1.05203 0.04579 0.04946 0.06401
Loc.131.70 1.27377 0.23775 0.21493 0.06662
Loc.147.24 1.01487 0.00000 0.01465 0.07685
Loc.147.9 1.00741 0.00000 0.00735 0.08046
Loc.18.83 1.67622 0.55594 0.40342 0.06644
Loc.1836.14 1.19331 0.17780 0.16200 0.05876
Loc.1836.141 1.09837 0.09398 0.08956 0.05958
Loc.1836.89 1.04637 0.04535 0.04432 0.05858
Loc.1836.97 1.10261 0.09785 0.09306 0.06313
Loc.2033.11 1.66222 0.53706 0.39839 0.08912
Loc.2033.132 1.96427 0.82625 0.49090 0.06180
Loc.426.86 1.22435 0.20167 0.18324 0.05874
Loc.5995.110 1.12794 0.12071 0.11343 0.06198
Loc.5995.123 1.01928 0.01910 0.01892 0.06308
Loc.5995.126 1.05485 0.05068 0.05200 0.05910
Loc.5995.135 1.04779 0.04121 0.04561 0.05910
Loc.5995.18 1.06327 0.05321 0.05951 0.06567
Loc.5995.2 1.06908 0.06685 0.06461 0.06066
Loc.5995.20 1.05318 0.05184 0.05050 0.06376
Loc.5995.25 1.02906 0.02865 0.02824 0.06243
Loc.5995.3 1.02207 0.02183 0.02159 0.06322
Loc.5995.4 1.05318 0.05184 0.05050 0.06609
Loc.5995.55 1.01097 0.01091 0.01085 0.06313
Loc.5995.57 1.02346 0.02319 0.02292 0.06320
Loc.5995.61 1.06762 0.06548 0.06334 0.06385
Loc.5995.65 1.01097 0.01091 0.01085 0.06317
Loc.5995.67 1.05606 0.04366 0.05308 0.06648
Loc.5995.87 1.05318 0.05184 0.05050 0.06305
Loc.61.26 1.04100 0.04019 0.03938 0.07404
Loc.61.46 1.32919 0.28014 0.24766 0.07356
Loc.61.51 1.00474 0.00473 0.00472 0.07195
Loc.61.53 1.00474 0.00473 0.00472 0.07187
Loc.61.58 1.55740 0.46454 0.35790 0.09843
Loc.61.60 1.09000 0.08156 0.08257 0.06790
Loc.61.8 1.03609 0.03546 0.03483 0.07144
Loc.61.9 1.00237 0.00236 0.00236 0.07192
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differentiation.

Table S.2: Analysis of Molecular Variance (AMOVA) table for the multi-locus genetic differences among
populations for the entire eastern seaboard range. Findings show significant results (p < 0.005) of low levels of

df SSD MSD Phi Prob
Pop 77 1421999 |18467.52| 0.0401 0.004
Error 835 10363310 |12411.15
Total 912 11785309 |12922.49

34




In(Data)

1}

-8000

-9000

-10000

-11000

1 2 3 4 5
Number of Clusters (K)

Figure S.1: STRUCTURE output for further analysis of genetic structure. The likelihood of the data as a function of
the number of partitions. For each level, we reported the median of 10 replicate runs. It was found that there is no
genetic clustering (K = 1).
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Figure S.2: Isolation by distance from 0 -20 km. To detect the occurrence of isolation by distance, a pairwise @st
was calculated. A significant positive correlation was identified (Pearson p = 0.311, P= 0.001, note that the
significance tested via permutation)
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