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Abstract

:

The Blanding’s Turtle (Emydoidea blandingii) is a species in need of conservation across much of its geographic range. A key aspect to conserving a species is understanding the genetic diversity and population structure across the landscape. Several researchers have focused on E. blandingii genetic diversity in the northeastern United States, Canada, and parts of the Midwestern United States; however, little investigation has been carried out on localities within the Great Lakes region of Indiana, Michigan, and Ohio. Understanding genetic trends within this region will assist with conservation planning by documenting levels of genetic variation within and among localities and developing hypotheses that have led to the observed patterns. We used 14 microsatellite loci to characterize the genetic diversity of E. blandingii in 16 localities in Indiana, Ohio, and southeast Michigan (with one northwestern locality). Overall, genetic diversity within localities tended to be high and little differentiation was observed among sample localities. No consistent evidence of bottlenecks was detected, and effective population size (Ne) estimates were generally high, but likely biased by sample size. A minimum of two clusters, and as many as seven clusters in a hierarchical analysis, were identified using three methods for grouping individuals (STRUCTURE, TESS3r, and sPCA). A correlation between geographic distance and genetic differentiation (isolation by distance) was observed. The long lifespan and historic gene flow of E. blandingii is likely responsible for the observed genetic diversity and lack of differentiation between localities. This should not suggest that populations are secure in the Great Lakes Region. Modeling aimed at estimating future genetic variation in populations under realistic demographic scenarios indicates that many localities in the region are likely to be vulnerable to genetic loss in the next 200 years.






Keywords:


Emydoidea blandingii; microsatellite; genetic variation; population structure; migration; effective population size












1. Introduction


Turtles (Testudines) are one of the most imperiled groups of vertebrates [1]. The Blanding’s Turtle (Emydoidea blandingii) is a species in decline that contributes to this trend and has protected status across much of its geographic range [2,3,4]. As a long-lived species with long overlapping generation times, large seasonal movements, and low annual fecundity, the life history and spatial ecology of E. blandingii puts populations at a particular disadvantage in the face of habitat loss and degradation [2,3,5,6]. In addition, E. blandingii exhibit low haplotype and sequence diversity [7], which may limit the potential for genetic adaptability to modified environments.



An important aspect of conservation planning, beyond habitat protection, is to understand the genetic composition and diversity of a species within localized populations as well as across their range. Understanding the local and range-wide genetic diversity of a species can help conservationists inform recovery actions such as reintroductions, repatriations, or translocation and to identify source populations for such actions. Since the effects of conservation actions for E. blandingii can take years to manifest, (because of the delayed rate of population-level changes in allele frequency) it is important for conservationists to have good understanding of the current genetic structure prior to taking management actions to limit potential inbreeding and outbreeding depression [4,8,9].



E. blandingii originated between 5 and 19 million years ago (dating to the Hemiphillian or the Miocene) and have experienced range expansion and contraction associated with glacial cycles, likely causing bottlenecks and founder events in populations, creating regional isolation and population structure [7,10,11,12,13,14]. Currently E. blandingii populations outside of Nebraska are typically small and isolated, with overlapping generations of old reproductive adults [2,6]. Modern population distribution and status is mainly associated with habitat loss and degradation (particularly the drastic reduction in wetlands in the United States that has occurred since the 1700s) [5,15,16,17,18]. Rapid alteration and urbanization of the landscape has left E. blandingii vulnerable to urban adapted mesocarnivores (primarily nest and hatchlings), and seasonal nesting and breeding habitat divided from core habitat [18,19,20,21,22]. Since E. blandingii are known to make large seasonal overland (exceeding 10 km) movements the increased habitat fragmentation will increase the chance of road mortality and reduce geneflow between localities [6,15,22].



Though E. blandingii can remain fertile until death, some localities may have little to no annual recruitment since: juveniles and hatchlings seem to have relatively high mortality rates in comparison to adults, annual fecundity is low, and nest mortality tends to be high [2,19,23,24]. Long-lived individuals in the absence of recruitment may result in “ghost” populations that can last in excess of 80 years and may contribute to the maintenance of genetic diversity despite the loss of gene flow and recruitment. Prior studies examining within population genetic diversity of E. blandingii have reported relatively high levels of observed and expected heterozygosity (HO & HE) across the geographic range [10,25,26,27,28,29,30] and relatively high levels of allelic richness (AR) have been reported from Ontario and Illinois [27,30].



Region-wide microsatellite analyses show that E. blandingii seem to have relatively low levels of differentiation from locality to locality, with higher degrees of differentiation detected east of the Appalachian Mountains compared to west of them [10,25,26,27,28,29,30]. Within the Midwest and Great Lakes regions, these findings all support the south and west glacial retreat followed by north and east recolonization of E. blandingii, resulting in a high degree of gene flow during and after recolonization, ultimately creating a low degree of differentiation [27,28,30,31]. Despite the overall lack of differentiation in the Great Lakes and Midwest (low FST) there is still evidence of population structure through cluster analysis [27,28,30].



Further study is needed to provide additional context for genetic differentiation identified by prior studies. Although the genetic differentiation may be limited in scope, it can still indicate historical trends in gene flow that likely underlie modern population structure [7,10,27,28]. Comparing historical migration with recent migration can be useful in determining where gene flow no longer exists between localities [30,32]. Understanding historic versus recent gene flow can be used to determine where corridors or translocation may be useful in promoting gene flow and maintaining genetic diversity by staving off genetic bottlenecks associated with the fragmentation of populations [30,32].



Little investigation into the population genetic structure and patterns of differentiation of E. blandingii has been conducted within Indiana, Ohio, and Michigan. Two prior studies from Osentoski [33] and McGuire et al. [34] conducted at a local scale within the E.S. George Reserve in Michigan found no evidence of genetic structure using eight microsatellite loci. Our study looks to: (1) examine levels of genetic variation, population clustering, and migration in E. blandingii localities across Indiana, Michigan, and Ohio, to determine if population structure can be detected across the region, and (2) determine how population structure in the Lake Erie region compares to the rest of the Great Lakes and Midwest region as well as the range-wide trends. The results of this investigation can be used to provide more focus towards ongoing species conservation in the Great Lakes region and further our understanding of E. blandingii population structure range wide.




2. Materials and Methods


2.1. Samples and Genotyping


We conducted field sampling from April–August of 2019 to 2021 in the Lake Erie Watershed in southeast Michigan and northern Ohio. Field sampling in Indiana took place from March through July of 2017–2019 and a single locality in 2021. Additional samples from northern Michigan were obtained through a partnership with an ongoing study in the Kingsbury Lab. Trapping was conducted following the Northeast Blanding’s Turtle Working Group trapping protocol [35] (Appendix A). Blood was drawn from the nuchal sinus using IACUC-approved methods, preserved in 95% ethanol, and placed in a standard freezer until extraction. No more than 10% of the blood volume was drawn from any given individual. For samples collected during the 2017–2019 seasons, tail clippings were collected instead of blood.



We extracted DNA from 95 microliters of alcohol-preserved blood and tissue (Appendix A) using the Qiagen DNeasy Blood and Tissue extraction kit (Valencia, CA, USA). Fifteen microsatellite markers and primers were chosen from prior studies to maximize genetic variation and facilitate cross-regional comparison for future study (Table S1). These loci were chosen for their number of alleles, ability to be multiplexed, and high degree of use across regions [36]. These microsatellite markers were developed for a variety of turtle species and have been used on E. blandingii across their geographic range [26,30,37,38,39,40,41,42]. PCR reactions were performed using a Qiagen Multiplex PCR Kit (Valencia, CA, USA) following manufacturer protocol. We then sent PCR products to the Yale DNA Analysis Facility or the Yale Keck DNA Sequencing Lab for fragment analysis. All samples were run on an Applied Biosystems 3730xl 96-Capillary Genetic Analyzer using the GelCo. Liz 500 size standard. We analyzed electropherograms using Geneious v. 11.1.5; all loci were scored and binned based on the expected number of repeats. Each locus was rerun at least once with a replicate sample to establish confidence in allele scoring. For thermocycling conditions, see Appendix A.




2.2. Analysis within Localities


We used GenAlEx 6.5 to check raw data for missing values and export data into different formats [43]. Within sample localities, we tested for deviation from the Hardy Weinberg equilibrium using PopGenReport [44] and linkage equilibrium among all locus pairs in Genepop version 1.1.7 [45]. PopGenReport was further used to determine the relationship between allele numbers and sample size per location, screen for null alleles, identify private alleles, and determine allelic richness with rarefaction [44].



Overall, we collected 492 samples from 49 localities. Initially, we ran PopGenReport with all sites regardless of sample size to assess the relationship between number of alleles and sample size to set a minimum sample size for estimates of allelic richness and the number of private alleles. Some localities had large samples sizes (>70). To avoid bias in estimates of genetic variation in comparison to localities with smaller samples, we randomly sub-sampled these localities to a maximum of thirty individuals [46]. Ultimately, we ran descriptive statistics for all sites with at least ten samples and a maximum of thirty samples. These localities ranged from across northern Indiana into the Lake Erie Marshes of Ohio and southeastern Michigan, with one locality in northwest Michigan (Figure 1). Additionally, we ran these descriptive statistics for the clusters derived from TESS3r to provide a historic perspective in the presence of geneflow (See Table S6).



We used DiveRsity Version 1.9.90 to estimate genetic diversity within sample localities using observed heterozygosity (HO), Nei’s expected heterozygosity (HE), FIS and allelic richness. We tested for differences in allelic richness among sites using a linear mixed model followed by Tukey post-hoc tests of pairwise differences. We also calculated FST and Jost’s D [47] to assess the level of differentiation among sample localities.



BOTTLENECK version 2.2.02 uses each population and loci to examine the expected versus observed heterozygosity relative to the number of individuals and alleles used in each population [48,49,50]. We used BOTTLENECK parameters following Davy and Murphy [51], a study that had similar sample sizes and numbers of locations and loci for a similar long-lived species of turtle. We ran BOTTLENECK using a two-phase model replicated 1000 times to check for evidence of population bottlenecking. Variance in the model was set at 12% and the single-step mutation rate was set at 95%, whereas the multistep mutation rate was set to 5%.



It is important to understand the number of individuals in a population that are contributing to the next generation (effective population size, Ne) [52,53,54]. We used NeEstimator Version 2.1 to assess the effective population size of each site. NeEstimator uses linkage disequilibrium under a molecular co-ancestry method to determine the Ne and also provides jackknifed confidence intervals [55,56]. We ran NeEstimator with the Linkage Disequilibrium random mating model. To evaluate the impact of sample size on Ne estimation, we ran NeEstimator using three different randomly generated sub-samples from the largest site (OH-08): one with 10 individuals (our N cut off), one with 30 individuals (or N max), and one with 77 individuals sampled. Additionally, we ran BOTTLENECK and NeEstimator for the clusters derived from TESS3r to provide a historic perspective in the presence of geneflow (See Table S7).



We also used Bottlesim v. 2.6 to explore the impacts of potential future bottlenecks in the absence of gene flow [57]. Bottlesim was run for our largest census population OH-08 with the following assumptions: initial population size of 200 for all scenarios, a 1:1 sex ratio, dioecy with random mating, and diploid multilocus individuals. Longevity was set to 65, and age of maturity was set to 14 following Anthonysamy et al. [30]. In the first scenario, the population declined 50% over 200 years, and the second scenario saw a 90% population decline. Both scenarios were explored using 1000 replicates.




2.3. Population Structure


Geographic distance has been identified as potential driver of population structuring in E. blandingii [26,28]. We ran a Mantel test using Adegenet [58] in R to test for isolation by distance among pairs of individuals using 9999 permutation and pairwise chord distances [59].



We further investigated population structure using a range of approaches to genetic clustering, including methods implemented in STRUCTURE version 2.3.4 [60], TESS3r version 1.1.0 [61], and Adegenet version 2.1.4 [58]. Population structure analysis is used for identifying populations and management units for a species without relying on sample location a priori. By using multiple methods, concordance in inferred clustering gives higher confidence in attributing results to a biological process. Additionally, genetic clustering is often hierarchical and using multiple methods can help to determine finer scale patterns among broader clustering schemes. Areas of disagreement in clustering between methods can also highlight areas where clear population structure is difficult to discern and may require additional sampling and analysis.



STRUCTURE Version 2.3.4 uses a Bayesian cluster analysis method that relies on Markov Chain Monte Carlo (MCMC) to group individuals into clusters using unlinked genetic markers [43]. STRUCTURE is a model-based approach that uses the frequencies of each allele at each locus to probabilistically assign individuals to a given population/cluster (K) based on shared allelic frequency while also avoiding departure from HWE and LDE within assumed populations [60,62]. Assuming an admixture model within STRUCTURE allows individuals to be assigned to one or more populations by utilizing a Q matrix that compares the proportion of an individual’s genome associated with a given assumed population [60,62]. We ran STRUCTURE 10 times for K values from 1 to 10, where each run had a burn-in of 50,000 proceeded by 100,000 steps. We implemented the LOCPRIOR function in all runs. LOCPRIOR is a function that incorporates sample locations as a priori information, a method that has been shown to assist with the identification of clusters when differentiation is weak [63]. We viewed STRUCTURE results using STRUCTURE Selector [64], which allows the visualization of the STRUCTURE results in a bar graph format using the Puechmaille method (controls for uneven sampling size) and provides graphic representations of the ΔK and MedMeaK/MedMedK selection criteria [65]. Initially we examined the results using a 0.5 threshold level (Figure S2), which is the default; however, since Puechmaille (2016) recommends investigating different threshold levels to assess its effect on clustering, we focused on a 0.8 threshold level. The bar graph displays individual assignment to each given cluster represented by the different colors. Although ΔK methods are commonly presented, MedMeaK/MedMedK is more robust when sampling is uneven [65] and so only those values will be presented here.



TESS3r also implements admixture models and MCMC but incorporates spatial information and autocorrelation into the prior distribution of the Q-matrix by allowing admixture of each individual to change across geographic space (individual ancestry) [62]. Individual variation in admixture also decreases at a regional and local level to allow for clines in all directions [62]. In addition to the Q-matrix, TESS3r also uses a G-matrix that includes the ancestral genotypic frequencies to conduct a combination of matrix factorization and quadratic programing to determine the number of clusters present in the given data set [61]. Francois and Durand [62] have demonstrated that Bayesian approaches that incorporate geographic priors (TESS3r and STRUCTURE LOCPRIOR) are more advantageous at detecting accurate population structure. Additionally, Francois and Durand [62] demonstrated that TESS3r does a better job at capturing the geographic driven clustering than STRUCTURE. TESS3r and STRUCTURE with LOCPRIOR have been shown to effectively predict population structure in organisms that have experienced high degrees of glacial driven expansion and contraction [62]. TESS3r also allows results to be visualized over geographical space as well as in a traditional bar graph format [61]. We ran TESS3r for K = 1 to 10, and the number of clusters (ancestral populations) was determined using cross-validation criteria.



We utilized Adegenet version 2.1.4 to perform a spatial Principal Component Analysis (sPCA) [58]. A sPCA is a spatially explicit multivariate approach to determine genetic structure between populations [66]. sPCA uses a connection network to identify which populations are neighbors and which are not; the neighboring populations are then compared using allelic frequencies [66]. sPCA then uses the spatial autocorrelation and variance of allelic frequencies to search for genetic correlation over geographic space using Moran’s I [67]. We created a connection network using the overlap in home range (2 times the radius) between individuals [68]. We used a regional estimate for home range size of 37 hectares [69]. The sPCA looks to uncover local and global structure, where local structure represents higher genetic differentiation between neighbors in a connection network than between random individuals, and global structure represents the differences between spatial groups or clines [66,70].



An important aspect of understanding observed genetic composition is determining which populations have interacted with each other, and the extent and direction in which gene flow has occurred. Understanding migration patterns can help inform historic and current source-sink dynamics, which may make some populations less stable than others. Since we were primarily interested in movement between populations/management units due to their potential application in conservation, site localities were grouped into the four clusters identified by TESS3r (Table S3). TESS3r was chosen because it produced conservative population clusters, and has been indicated to be most robust for detecting effects of multidirectional clines into clustering compared to STRUCTURE [62].



Migrate version 4.4.3 was used to examine rates of historic migration between clusters to determine the degree to which clusters have historically interacted [71]. Migrate uses a Brownian motion approximation stepwise mutation model as well as Bayesian inference to determine effective population size and past migration rates [71]. Migrate assumes a migration matrix model that uses asymmetric migration rates and assumes different sub-population sizes with population divergence and admixture present. Migrate was run using a Brownian motion model with priors for theta (Θ) set from 0–1000. Simulations used one long chain with sample increments of 200 and recorded 5000 steps per chain after a burn in of 1000 steps. To extend the length of the run and allow for greater convergence, a multiple Markov chain statistical heating scheme was used with four chains with temperatures of 1.00, 1.50, 3.00, and 1,000,000.00, respectively, with the swapping interval set to 1. The long term gene flow estimates from Migrate were then converted to average proportion of migrants using the formula: mi→j = (Mi→j)(μ) so that it would be comparable to the BayesAss estimates [32]. Goldstein et al. [72] provided a mutation rate of 5.6 × 10−4, which was used for μ [32,72]. BayesAss edition 3 (BA3; [73]) was used to examine more recent (the past few generations) levels of migration between the same four TESS3r clusters used in Migrate. BayesAss takes a Bayesian approach to estimating recent migration using MCMC to estimate posterior probabilities [73]. BayesAss allows for population-internal frequencies to deviate from HWE and uses the temporary states of disequilibrium to make inferences about recent population gene flow [73]. Input files for BayesAss were formatted using Formatomatic [74]. BayesAss was initially run with 10,000,000 iterations of the MCMC chain utilizing a burn in of 1,000,000 and a sampling frequency of 1000. These initial parameters did not allow for proper convergence of the Markov Chain, so the number of iterations was increased to 1,000,000,000. Tracer v1.7.2 was used to calculate 95% confidence intervals and to view trace files from BayesAss [75].



The directionality of gene flow and source sink dynamics were calculated for the mean historic migration rate from Migrate and for the mean recent migration rate from BayesAss. Net emigration was calculated by subtracting the total immigration from the total emigration for each cluster.





3. Results


3.1. Tests of Equilibrium


Out of 224 tests of HWE, GmuD40 showed deviation at one locality (OH-17). Because this single locality at one locus is unlikely to impact the multilocus analysis, we retained the locus for subsequent analysis. GmuD28 and GmuD107 (p ≤ 0.0001) showed significant linkage disequilibrium after Bonferroni correction. We removed GmuD28 from further analysis, and GmuD107 was retained.




3.2. Analyses within Localities


One hundred and sixty-nine alleles were detected across the remaining 14 loci, representing 16 sample localities and a total of 313 individuals (Table 1). The number of alleles per locality ranged from 68 to 97 across loci and increased according to the number of individuals sampled (Table 1). The number of alleles by sample size at a location appears to have reached or come close to an asymptote, with sites having around 20 individuals having nearly the same or more alleles than the largest samples (n = 30) (Figure S1). Of the 315 individuals and the 14 microsatellites used, 1.51% of the genotype data was missing. The number of private alleles ranged from 0 to 7 for the sites with at least 10 samples (Table 1). Of the 14 loci used for analysis, GmuD79 was monomorphic and uninformative, leading it to be omitted for analysis, leaving us with 13 informative loci.



Mean allelic richness ranged from 4.01 to 4.84, but there was no statistical difference between localities (Table 1). Observed heterozygosity across sites ranged from 0.58 to 0.65 (Table 1). FIS values indicated no evidence of inbreeding among sites; however, there is potential outbreeding in MI-6 and MI-10 (FIS < 0 for the bootstrapped 95% confidence interval). Overall FST was 0.05 (pairwise FST = −0.01–0.15) and overall D was 0.08 (pairwise D = 0.00–0.17). The FST and D values showed isolation by distance (Table S2).



No bottlenecks were detected in most localities; however, a Wilcoxon test suggested heterozygosity excess in OH09. Conversely, sign tests indicated heterozygosity deficiency in IN01, MI06, OH01, and OH16 (Table 2). Effective population size estimates ranged from 7.9 to ∞ (Pcrit = 0.05) and 8.5 to ∞ (Pcrit = 0.02) (Table 2). However, effective population size estimates decreased with increasing sample size and produced confidence intervals with an upper limit (Table 2 & Table 3).



Projection of genetic variation 200 years into the future showed a ~9% loss of alleles under a constant population size, a ~17% loss of alleles under a 50% population reduction, and a >50% reduction in alleles in a 90% population reduction (Figure 2a). Loss of HO was less than 15% regardless of the effective size loss modeled (Figure 2b).




3.3. Population Structure


The relationship between pairwise geographic and genetic distance (Edwards Chord Distance) was positive (Mantel variance = 0.69, r2 = 0.31, p < 0.0001) (Figure 3 and Figure S5).



Clustering varied depending on assumptions made in the analyses. We viewed the STRUCTURE results under a 0.8 threshold level, which uncovered a K = 4 for the MedMedK and MaxMedK similar to TESS3r, which also identified K = 4 using cross-validation scores (Figure S3). The K = 4 clustering scheme produced by STRUCTURE was very similar to TESS3r in grouping IN01, IN06, IN07 together, MI05, MI06, MI07, MI10, MI15, OH18, OH01 together, and grouping OH06, OH08, OH09, OH13 together (Figure 4a,b). The STRUCTURE K = 4 scheme differed from TESS3r by clustering OH16 on its own and OH17 with OH06-OH13. TESS3r created a more gradual west–east cluster pattern compared to STRUCTURE (Figure 4 and Figure 5). TESS3r clustered OH16 and OH17 together as one cluster apart from all other localities, refining the east to west trend indicated by STRUCTURE (Figure 4a,b).



Since the first two principal component axis of the spatial PCA explained most of the variance, only those principal components were maintained. The first and second principal component explained 55.92% and 7.00% of the spatial genetic structure, respectively. Significant global structure was observed across all localities (r = 0.019, p = 0.007), whereas no local structure was observed (r = 0.009, p = 0.797). With the first two PCA axes retained, two clusters were identified, with all three Indiana localities grouping together along with OH-18, and all the Ohio localities grouping together. The Michigan localities were intermediate in between the Ohio and Indiana localities (Figure 5 and Figure S4).



Mean historic mutation scaled migration rates ranged from 6.90 to 20.20 (or 23.86 and 102.56 individuals per four generations) with the highest rate of average migration being from cluster 2 to cluster 4, and the lowest average migration rate being from cluster 1 to cluster 2 (Figure 5 and Table S4). The mean historic migration rate ranged from 0.0038 to 0.011 and none of the 95% confidence intervals included zero (Table S4). Mean recent migration rates ranged from 0.08 to 0.09; however, all values included zero at the 95% confidence interval, indicating little to no recent migration (Figure 5 and Table S3). For mean historic migration, cluster 2 acted as a source for clusters 1, 3, and 4. Since mean recent migration was not significant, the source sink values were not included here (Table S5).





4. Discussion


4.1. Analyses within Localities


Understanding levels of genetic variation in the context of demographic history and species life history is fundamental to the management of populations [76]. Our examination of genetic variation of E. blandingii across Indiana, Ohio, and Michigan shows high levels of within locality genetic diversity across localities (Table 1) that is comparable to that found in most populations range wide (Table 4). There is not consistent evidence of recent bottlenecks at any locality (Table 2). Some localities showed low p values but had more heterozygosity deficiency than excess, indicating possible outbreeding similar to what Anthonysamy et al. [30] found in Illinois (Table 2). Ohio had a single locality (OH-09) that had a significant p value (<0.05) for the Wilcoxon test but did not show significant excess in the sign test (Table 2). These results are somewhat paradoxical given the fragmentation of habitat and small population sizes that are characteristic of Blanding’s turtle populations outside of Nebraska and Minnesota [6].



There are two interrelated factors that likely account for the high standing levels of genetic variation we observed. First, long and overlapping generations have been shown to reduce the sensitivity of populations to genetic loss following recent population decline in freshwater turtles [25,51,77] and other long-lived species [78]. Blanding’s turtles can live more than 85 years and have generation times of 37 years, both of which are among the longest of any freshwater turtle [2]. These life history characteristics should buffer populations from genetic bottlenecks. Second, gene flow assists with the maintenance of local genetic variation. Our estimates of gene flow suggest that it was higher in the past (Table S4), a result that aligns with previous work on the species [28].



To investigate the future prospect genetic variation, we used genotypes from one of the larger census populations to simulate allelic richness and heterozygosity for 200 years under three scenarios of population change [57]. The model used accounts for overlapping generations in an isolated population of 200 individuals undergoing random genetic drift. We deemed these assumptions appropriate given the low contemporary gene flow, habitat isolation, and typical size of current populations [79]. The results show a steady loss of genetic diversity over 200 years, even with a constant population size. A more likely scenario for many populations is the 90% decline, which results in a loss of half of standing genetic variation. Few juveniles were observed in the field and E. blandingii are long-lived organisms with high nesting mortality; therefore, it is possible that several of the sampled localities may have “ghost” populations consisting of a handful of long-lived adults [80] that see little to no recruitment. This analysis suggests that the currently high levels of genetic variation observed are a misleading measure of genetic security in populations.



Our estimates of effective population size also suggest that populations are small, and at risk of inbreeding depression in the short term (Ne < 50) and loss of evolutionary potential long term (Ne < 500) [81,82]. Before interpreting the results, we recognize that estimates of Ne from a single genetic sample are often biased and have low precision [83], especially in species with overlapping generations [84]. Moreover, we found that the sample size of individuals influenced estimates; lower Ne and greater precision was found with increasing sample size (Table 3). When an Ne estimate was available for a locality (not infinity and requiring both Ne estimates from each Pcrit to meet a size threshold), values were <500 in 7 of 16, and <50 in 3 of 16 localities, respectively (Table 2). Because samples sizes were 30 or less, we anticipate that values are actually lower than these estimates due to the upward bias we observed with a small sample size (Table 3). Further work is needed to refine these estimates and explore the use of effective number of breeders (Nb) per year, a related metric that is more tractable for detecting population decline in species with long generation times [85]. However, the available information indicates that several populations appear to be at immediate risk of inbreeding depression and would benefit from assisted gene flow [82].




4.2. Population Structure


Determination of population structure is important for identifying units for conservation and developing strategies for possible translocation of individuals that reduces the risk of outbreeding depression. We find that genetic differentiation is generally low among localities overall (FST = 0.05, D = 0.08), an observation that reflects most studies conducted at a regional scale (Table 4). Although there was statistically significant pairwise differentiation in several comparisons (Table S2), we did not find strong differences in structure over short distances, as has been reported in some Illinois and New York populations [28,30]. Rather, there was a strong pattern of isolation by distance across localities (Figure 3) with the greatest pairwise differentiation occurring between IN-01 (western most locality) and OH-17 (second most eastern site) (FST = 0.15, D = 0.21, Table S2).



The number of genetic clusters identified through each method ranged from K = 2 to K = 7 (sPCA, STRUCTURE). We observed that higher K values from STRUCTURE are representative of hierarchical clustering or sub-structures that fall within the broader clusters identified by TESS3r. Under multiple schemes we consistently identified clusters including IN-01, IN-06; M-I05, MI-06, MI-07, MI-10, MI-15; and OH-06, OH-08, OH-09, OH-13. This suggests that these groupings might represent historical or ecological significance. Given this result and the observation that differentiation across sites was low as noted above, we interpreted fewer inferred clusters as having greater likelihood of capturing the overall trend of population differentiation.



Despite the overall weak signal for structure regardless of the method employed, our results provide support to prior findings that E. blandingii are not in panmixia across the Midwest and Great Lake Regions (Table 4) [10,26,27,28,29,30]. We follow others in suggesting that the observed pattern of differentiation is due to palaeoecological landscape change that occurred prior to the more recent modifications caused by European settlement over the past 300 years [7,28]. Weak differentiation is likely due to rapid range expansion from southern refugia into formerly glaciated areas once ice began to recede ~15,000 years ago, and subsequent differentiation as major watersheds developed [28,86]. Within our study area, sampling occurred in portions of the Lake Michigan and Lake Erie watersheds [level hydrological unit code 4 (HUC 4), United States Geological Service]. sPCA analysis recovered two groups generally aligned with the watershed boundary (Figure 6) as did TESS3r, but with further sub-structuring within the Lake Erie region (Figure 5). Moreover, our historic or long-term gene flow estimates were relatively high compared to contemporary estimates using BayesAss (Figure 5). This suggests a degree of connectivity in the past which would act to minimize differentiation across the landscape, a pattern that is consistent with other studies of gene flow in the species [28,32]. Additional sampling throughout Michigan would help to better resolve the pattern and allow tests of the historic dispersal of lineages and their pre-settlement connectivity following deglaciation.




4.3. Conservation Implications


Identification of a minimum viable population size is of interest to guide management for individual populations, the most fundamental level at which conservation decisions are made. Although controversial [81,87], the 50/500 [88] rule sets a lower limit for Ne from a genetic perspective for the short-term avoidance of inbreeding depression and long-term risk of genetic drift, respectively. Except for a few notable exceptions, census sizes of Blanding’s Turtle populations tend to number in the tens to hundreds of adults [6,78]. Ne is often much lower than the population census size (Nc) for wild populations (~10–20% across taxonomic groups) since Ne accounts for sex ratio, variation in reproductive success, and variation in population size [54]. However, our best estimate of Ne (137.1 for OH-08) was close to the adult census size (174 assuming a 1:1 sex ratio) estimated by Cross et al. [89] at the locality, giving an Ne/Nc ratio of 0.79. Higher ratios such as these are not uncommon in long-lived taxa with overlapping generations [84,90]. Although it is a single estimate and more work is necessary to establish certainty, the data suggest that Ne/Nc ratios for the species and the census size may reasonably approximate numbers for the minimum viable population size.



Even so, several populations are currently <50 adults (Table 2), the most concerning value for resilience in the immediate future [91]. Using population viability analysis (PVA), King et al., (2021) estimated the minimal initial population size with an extinction probability of <5%, and then used this value to determine that a population size of ≥50 adults was needed to maintain expected heterozygosity of 95% for 100 years under a scenario including catastrophes. A population of this size with at least 100 ha of habitat and a growing or stable population size was considered resilient based on census size [92], resulting in a threshold Ne of ~40 based on the Ne/Nc ratio above. We corroborated these estimates with a modelling approach that uses genetic rather than demographic data to simulate future genetic variation (Figure 3). Under the Bottlesim model, a population dropping to Ne = 100 would retain 98% HO, while a population dropping to Ne = 20 would retain 95% HO and experience a much greater loss in number of alleles over 100 years. It should be noted that this modelling approach does not account for differential reproductive success or survival based on the age of the individuals, environmental stochasticity, or low recruitment, features seen in E. blandingii [2,6,52,93]. Therefore, excluding life stage dynamics in Bottlesim models likely leads to under-estimation of the genetic impacts resulting from population reductions in the absence of gene flow. Given that gene flow is currently restricted in our study area (Table S4) and elsewhere (summarized in King 2023 [92]), the results of PVA and Bottlesim modelling approaches within populations suggest that several populations are at risk of inbreeding depression and that assisted gene flow [82] and/or population augmentation [94,95] is warranted in many cases.



Levels of genetic variation are currently robust within the species across the geographic range (Table 4). This provides an opportunity to strategically manage populations to avoid the expected future loss of genetic variation in small, isolated populations. First, it is necessary to identify large, relatively stable or growing populations that occur in large tracts of suitable habitat [92]. These populations can serve as a source of individuals for translocation to other localities that have habitat sufficient to support viable populations. Our results suggest that genetic structure should be a minor concern for translocation. If possible, source and recipient populations should share the same watershed at the level of HUC 4 (above and [92]). However, the minimal structure between watersheds and the overall history of recolonization following deglaciation suggests that movement of turtles between watersheds will carry little risk of outbreeding depression within phylogeographic regions [7,10]. In this case, we suggest that source and recipient populations are chosen to maximize geographic proximity (isolation by distance) and environmental similarity to avoid possible disruption of co-adapted gene complexes [96].





5. Conclusions


Observed levels of within locality genetic diversity and the lack of bottleneck detection implies a level of genetic security within the Great Lakes Region. However, the observed diversity may be representative of remnant population structure and historic gene flow masking ongoing or developing bottlenecks and a potential forthcoming decline in genetic diversity [25]. Conservation strategies such as head-starting, translocation, and habitat protection can help to combat loss of genetic diversity and prevent future bottlenecks [97,98].



The observed population structure provides an initial basis to guide translocations or head-starting among localities. Since the genetic clusters generally show a weak signal and differentiation between localities was relatively low, the risk for outbreeding depression is likely minimal, though the closest source locality would provide the lowest risk (since IBD was detected) [97,99]. In this scenario, minimum viable population size, population demographics, and risk of disease transmission is more important for determining a source population for translocation [79,100,101,102].



Our findings support the currently reported genetic trends observed in E. blandingii across their range; although genetic differentiation is low between localities, there is genetic structure [10,26,27,28,29,30]. Further sampling and analysis and a range wide scale using microsatellite and genomic markers would help to further understand the genetic trends and historic drivers of population structure within E. blandingii.
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Appendix A


For the first trapping season in Ohio and Michigan, sites were chosen based on current observed or historic presence, along with habitat suitability. For the 2020 and 2021 trapping seasons, localities that fell within a circle with a 15 km radius were grouped into a genetic neighborhood. These genetic neighborhoods were intended to encapsulate the home range, breeding dispersal distance, and hatchling dispersal of E. blandingii at each locality [31,33,34]. We then focused on obtaining a minimum of 10 samples for at least one locality within an area presumed to be within the maximum movement distance of an individual Blanding’s Turtle. Indiana sites were chosen based on historical records [103]. Trapping was conducted using a combination of Hoop traps (~0.8 m diameter) and Promar traps (~0.3–0.5 m diameter).



Before starting extractions, stored blood was centrifuged and air-dried for ~15 min to separate and remove excess ethanol. A Nanodrop spectrophotometer was used to determine the concentration of extracted DNA. If sufficient DNA was not extracted and blood sample remained, the sample was re-extracted.



The 5′ ends of the forward primers were all tagged with universal florescent tails following the methods of Blacket et al., (2012) (6-Fam, NED, PET, or VIC) so that markers could be multiplexed in 5 reactions rather than 15 (Table S1) [36]. The concentration of the forward primers and universal tails differed slightly to optimize allele calls (Table S1).



Thermocycling included a denaturation step at 95 °C for 15 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for 90 s, elongation at 72 °C for 60 s, and final elongation at 72 °C for 30 min. After thermocycling, completed samples were removed and stored at −80 °C. PCR was performed using 2 microliters of DNA (5–50 nanograms per microliter) in a 10-microliter reaction. Gel electrophoresis was performed for at least six samples from each round of PCR on a 2% agarose gel to ensure that amplification took place at expected product lengths.



Population bottlenecks tend to occur when populations experience a large reduction in effective population size, and results in a reduction in the number of alleles present among polymorphic loci [48]. A loss of alleles leads to a direct loss of genetic diversity, which can make a population more vulnerable to environmental change and stochasticity by constraining the available genetic plasticity [104]. When bottlenecks occur, the number of alleles present in a given population tend to drop more quickly than the expected heterozygosity, causing the expected heterozygosity to be greater than the observed heterozygosity (heterozygosity excess) [48].
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Figure 1. Sample localities with at least ten sampled turtles. Map of United States in upper right corner for regional context. Red box indicates the area of focus. 
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Figure 2. (a) Projected change in observed alleles over 200 year period for three different bottleneck scenarios. N = 200–200 projection of observed allele change when population size is stable. N = 200–100 projection of observed allele change when 50% of the population is lost. N = 200–20 projection of observed allele change when 90% of population is lost. (b) Projected change in observed heterozygosity over 200 years for three different bottleneck scenarios. N = 200–200 projection of observed allele change when population size is stable. N = 200–100 projection of observed allele change when 50% of the population is lost. N = 200–20 projection of observed allele change when 90% of population is lost. 
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Figure 3. Regression line for individual genetic distance (chord distance) vs. log geographic distance (km), r2 = 0.31, p < 0.0001. 
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Figure 4. Bar graphs showing inferred clusters by individuals by site different colors represent different clusters. K = 4 inferred from MedMedK and MaxMedK (a); K = 4 inferred from TESS3r (b). STRUCTURE models derived from STRUCTURE using LOCPRIOR. Localities listed from west to east. TESS3r bar graphs showing inferred clusters by individuals by site for K = 4 localities listed from west to east. 
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Figure 5. Inferred clusters from TESS3r displayed over geographic space for K = 4. Each color represents a unique cluster. Note that large portions of Michigan were not sampled, reflecting the separation in the blue cluster. Additionally, this representation of cluster distribution does not show admixture. Figures also shows county-level sample location for the purpose of locality security. Mean historic migration rate is indicated by arrows. Arrows weighted by value denote historic migration calculated through Migrate. 
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Figure 6. Individual structural clines represented over geographic space (locality information excluded). Lagged scores of the original principal scores remove noise, allowing better resolution. Clinal patterns of individual genetic structure indicate an east–west pattern of differentiation. The greater difference in lagged score 1 indicates greater differentiation between individuals. 
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Table 1. Summary of descriptive statistics by locality including number of turtles sampled (N), total number of alleles (A), number of private alleles (PA), mean allelic richness (AR with SE), mean observed heterozygosity (HO with SE), expected heterozygosity (HE with SE), and inbreeding coefficient (FIS includes 95% confidence interval).
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	Site
	State
	County
	N
	A
	PA
	AR
	HO
	HE
	FIS





	IN-01
	IN
	Lake
	12
	70
	4
	4.08 (0.66)
	0.59 (0.09)
	0.56 (0.08)
	−0.06 (−0.16–0.02)



	IN-06
	IN
	Elkhart
	15
	75
	3
	4.27 (0.52)
	0.63 (0.07)
	0.60 (0.07)
	−0.05 (−0.13–0.03)



	IN-07
	IN
	LaGrange
	22
	92
	7
	4.77 (0.39)
	0.64 (0.05)
	0.64 (0.04)
	0.00 (−0.07–0.06)



	MI-05
	MI
	Washtenaw
	20
	84
	1
	4.42 (0.43)
	0.61 (0.05)
	0.61 (0.05)
	−0.01 (−0.08–0.05)



	MI-06
	MI
	Livingston
	16
	86
	3
	4.60 (0.47)
	0.65 (0.06)
	0.63 (0.06)
	−0.03 (−0.09–−0.02)



	MI-07
	MI
	Livingston
	30
	97
	1
	4.84 (0.29)
	0.64 (0.03)
	0.66 (0.03)
	0.03 (−0.01–0.08)



	MI-10
	MI
	Oakland
	11
	74
	0
	4.40 (0.83)
	0.62 (0.10)
	0.61 (0.10)
	−0.01 (−0.11–−0.06)



	MI-15
	MI
	Crawford
	10
	71
	1
	4.32 (0.82)
	0.59 (0.10)
	0.60 (0.09)
	0.03 (−0.08–0.12)



	OH-01
	OH
	Henry
	11
	81
	6
	4.75 (0.71)
	0.58 (0.09)
	0.62 (0.09)
	0.06 (−0.16–0.25)



	OH-06
	OH
	Lucas
	30
	87
	1
	4.44 (0.26)
	0.61 (0.03)
	0.62 (0.03)
	0.03 (−0.02–0.08)



	OH-08
	OH
	Ottawa
	30
	81
	2
	4.22 (0.25)
	0.61 (0.03)
	0.61 (0.03)
	−0.01 (−0.07–0.06)



	OH-09
	OH
	Ottawa
	14
	68
	0
	4.06 (0.53)
	0.64 (0.07)
	0.62 (0.06)
	−0.04 (−0.14–0.03)



	OH-13
	OH
	Ottawa
	21
	88
	0
	4.58 (0.40)
	0.62 (0.05)
	0.63 (0.05)
	0.01 (−0.07–0.09)



	OH-16
	OH
	Erie
	30
	79
	1
	4.12 (0.21)
	0.63 (0.03)
	0.61 (0.03)
	−0.04 (−0.10–0.03)



	OH-17
	OH
	Erie
	29
	76
	2
	4.01 (0.18)
	0.65 (0.03)
	0.62 (0.03)
	−0.04 (−0.11–0.02)



	OH-18
	OH
	Williams
	12
	68
	2
	4.07 (0.59)
	0.58 (0.09)
	0.58 (0.09)
	−0.00 (−0.11–0.09)
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Table 2. Summary of Bottleneck tests and effective population (Ne) at the 0.05 and 0.02 Pcrit values size estimates with 95% confidence intervals. Low p values < 0.05 represent heterozygosity deficiency rather than excess except for OH-09.
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BOTTLENECK

	
Effective Population Size




	
Site

	
Wilcoxon Test

	
Sign Test

	
Mode Shift

	
Ne 0.05

95% CI

	
Ne 0.02

95% CI






	
IN-1

	
p = 0.892

	
p = 0.049

	
none

	
53.3 (15.3–∞)

	
97.5 (23.8–∞)




	
IN-6

	
p = 0.812

	
p = 0.271

	
none

	
450.0 (33.1–∞)

	
∞ (69.0–∞)




	
IN-7

	
p = 0.729

	
p = 0.473

	
none

	
323.9 (55.5–∞)

	
632.7 (83.4–∞)




	
MI-5

	
p = 0.945

	
p = 0.069

	
none

	
71.6 (31.4–∞)

	
730.4 (77.3–∞)




	
MI-6

	
p = 0.996

	
p = 0.002

	
none

	
∞ (53.5–∞)

	
∞ (68.4–∞)




	
MI-7

	
p = 0.596

	
p = 0.157

	
none

	
∞ (448.0–∞)

	
∞ (242.3–∞)




	
MI-10

	
p = 0.607

	
p = 0.452

	
none

	
∞ (44.3–∞)

	
∞ (70.9–∞)




	
MI-15

	
p = 0.793

	
p = 0.224

	
none

	
1770.8 (27.4–∞)

	
1770.8 (27.4–∞)




	
OH-1

	
p = 0.996

	
p = 0.034

	
none

	
7.9 (4.4–13.8)

	
8.5 (5.6–13.3)




	
OH-6

	
p = 0.446

	
p = 0.498

	
none

	
∞ (132.9–∞)

	
350.4 (84.6–∞)




	
OH-8

	
p = 0.607

	
p = 0.477

	
none

	
195.5 (68.1–∞)

	
262.4 (80.3–∞)




	
OH-9

	
p = 0.040

	
p = 0.339

	
none

	
106.2 (25.0–∞)

	
∞ (41.6–∞)




	
OH-13

	
p = 0.473

	
p = 0.521

	
none

	
54.2 (27.9–270.7)

	
202.8 (59.0–∞)




	
OH-16

	
p = 0.905

	
p = 0.042

	
none

	
14.6 (11.1–19.8)

	
22.1 (16.8–30.5)




	
OH-17

	
p = 0.729

	
p = 0.259

	
none

	
10.9 (8.4–14.1)

	
14.0 (10.9–18.4)




	
OH-18

	
p = 0.661

	
p = 0.156

	
none

	
42.1 (14.5–∞)

	
50.1 (18.2–∞)
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Table 3. Comparison of effective population size estimates (Ne) at the 0.05 and 0.02 Pcrit values for site (OH-8) subsampled to different population sizes with 95% confidence intervals.
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	Site
	N
	Ne 0.05

(95% CI)
	Ne 0.02

95% CI





	OH-8
	10
	772.0 (22.7–∞)
	772.0 (22.7–∞)



	OH-8
	30
	195.5 (68.1–∞)
	262.4 (80.3–∞)



	OH-8
	77
	137.1 (87.5–271.8)
	189.1 (121.4–380.9)
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Table 4. Comparison of descriptive statistics for E. blandingii. * HO reported rather than HE.
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	Location
	Pairwise FST
	AR
	HE
	Localities
	Loci
	N
	Reference





	Nova Scotia
	0.04–0.12
	-
	0.45–0.54
	3
	5
	110
	Mockford et al. (2005) [26]



	Rangewide
	0.00–0.47
	-
	0.45–0.71
	12
	5
	200
	Mockford et al. (2007) [10]



	NE, IA, MN, IL
	0.01–0.47
	-
	0.49–0.79
	12
	8
	202
	Sethuraman et al. (2014) [28]



	Ontario
	0.04–0.10
	4.8–5.3
	0.59–0.66
	12
	4
	97
	Davy et al. (2014) [27]



	NY and

southeast Ontario
	0.01–0.38
	
	0.31–0.63
	5
	7
	115
	McCluskey et al. (2016) [29]



	WI
	0.00–0.18
	
	0.59–0.70
	18
	14
	389
	Reid et al. (2017) [37]



	northeast IL
	0.02–0.10
	3.6–3.9
	0.51–0.64 *
	6
	14
	186
	Anthonysamy et al. (2018) [30]



	IN, OH, MI
	0.00–0.15
	4.01–4.84
	0.56–0.66
	16
	14
	313
	This study
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