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Abstract
In the North American longleaf pine (Pinus palustris) ecosystem, the Gopher Tortoise (Gopherus polyphemus) is a key-
stone species that has declined significantly over the last century. Habitat degradation and fragmentation may have caused 
G. polyphemus to become separated into small, isolated local populations that suffer from decreased genetic diversity or 
inbreeding depression. Here we use genome-scale methods to sequence thousands of loci for 336 G. polyphemus individuals 
from 11 sites across southern Alabama to estimate population genetic structure and levels of genetic diversity. We found a 
pattern of isolation by distance among samples, where geographic distance predicted genetic difference. Principal com-
ponents and structure analyses supported the existence of three weak genetic populations comprising individuals from (1) 
Fred T. Stimpson State Game Sanctuary and Perdido Wildlife Management Area, (2) Conecuh National Forest and Solon 
Dixon Forestry Education Center, and (3) Geneva State Forest Wildlife Management Area. We did not observe strong vari-
ation in genetic diversity or effective population size metrics among sampling locations or genetic populations identified by 
population structure analyses. Our results suggest that G. polyphemus historically operated on larger geographic scales than 
those considered by contemporary mark-recapture studies. Absence of variation in population genetic metrics suggests that 
either effects of fragmentation have not manifested themselves, or that the effects are similar across all locations. Given the 
common use of translocations in Gopher Tortoise management, we provide a framework for tortoise translocations based 
on our genomic data.
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Introduction

Habitat loss and degradation are the primary causes of 
global biodiversity declines (Fischer and Lindenmayer 
2007; Pereira et al. 2010; Wilson et al. 2016). Habitat loss 
typically leads to habitat fragmentation, where habitat is 
divided into smaller, more isolated patches surrounded by 
human-influenced landscapes that are unsuitable for many 
native species (Haddad et al. 2015). Fragmented landscapes 
can result in decreased habitat connectivity, wherein plant 
and animal populations experience decreased dispersal 
among patches, diminished reproduction within patches, 
and smaller population sizes through time (Fletcher et al. 
2018). Decreased connectivity and population size can have 
myriad genetic consequences for populations (Templeton 
et  al. 1990), including restrictions or cessation of gene 
flow (Delaney et al. 2010) and decreased genetic diversity 
(Schlaepfer et al. 2018; Lino et al. 2019; González et al. 
2020), loss of diversity via genetic drift (Holderegger and 
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Di Giulio 2010), increased inbreeding depression, reduced 
adaptive potential, and increased frequency of deleterious 
alleles (Keyghobadi 2007). Through an interplay of these 
mechanisms, habitat fragmentation contributes to signifi-
cant negative demographic effects on populations that can 
drive both population extirpation and ultimately even species 
extinctions.

In southeastern North America, habitat loss and degrada-
tion have caused the fire-maintained longleaf pine (Pinus 
palustris) ecosystem—once one of the most extensive eco-
systems in the continent (Landers et al. 1995) and home to 
a global biodiversity hotspot (Noss et al. 2015)—to become 
a highly fragmented matrix that encompasses less than 3% 
of its historical range (Jose et al. 2006). The Gopher Tor-
toise (Gopherus polyphemus) is a keystone species in the 
longleaf pine ecosystem of the Southeastern United States 
(Guyer and Bailey 1993). Gopher Tortoises are relatively 
small (mean adult body mass is approximately 3 kg) com-
pared to the giant tortoises in the family Testudinidae, but 
are extremely long lived, with a generation time around 60 
years (Folt et al. 2021). Its status as a keystone species is 
determined primarily by the burrows that individuals create, 
maintain, and eventually abandon, the presence of which 
increases diversity within longleaf pine forests (Jackson and 
Milstrey 1989; Catano and Stout 2015). Secondarily, Gopher 
Tortoises achieve keystone status through their activities as 
grazers and frugivores, features that increase plant richness 
and diversity in understory plants (Richardson and Stiling 
2019). Therefore, an important objective of managers seek-
ing to conserve the longleaf pine ecosystem is to maximize 
the population persistence of G. polyphemus, a process that 
likely enhances habitat for other members of the rich lon-
gleaf pine biota. However, abundance of G. polyphemus has 
declined (Auffenberg and Franz 1982, McCoy et al. 2006) 
due largely to habitat degradation and fragmentation of the 
longleaf pine ecosystem, which has separated tortoises into 
small, isolated local populations that may suffer increased 
risk of extirpation through negative genetic demographic 
effects (e.g., drift, decreased genetic diversity, inbreeding 
depression) (Ennen et al. 2012; Hedrick and Garcia-Dorado 
2016). However, such extirpation may be difficult to docu-
ment because individual tortoises are long-lived, and habi-
tat patches might remain occupied by the species despite 
a lack of recruitment required for long-term persistence in 
the patch.

Population genetic research on G. polyphemus to date 
has described phylogeographic and population genetic 
structure across the species’ range (Osentoski and Lamb 
1995; Schwartz and Karl 2006; Ennen et al. 2010, 2012; 
Richter et al. 2011; Gaillard et al. 2017), potential effects 
of insular processes on population genetics (Ennen et al. 
2012; Winters et al. 2017), and effects of male body size on 
reproductive success (Moon et al. 2006; White et al. 2018). 

Yuan et  al. (2019) linked relatedness-based inbreeding 
estimates to decreased hatching success of eggs, suggest-
ing that small populations with increased inbreeding might 
experience decreased recruitment relative to larger, more 
genetically diverse populations (Yuan et al. 2019). If so, then 
the widespread fragmentation of tortoises into smaller, less 
connected local populations may increase inbreeding and 
decrease recruitment, contributing to population declines. 
While some recent studies have used mark-recapture meth-
ods to estimate population vital rates and population dynam-
ics in G. polyphemus (Tuberville et al. 2008; Howell et al. 
2020; Goessling et al. 2021; Folt et al. 2021; Hunter and 
Rostal 2021), they did not quantify genetic diversity of popu-
lations nor evaluate whether the populations are experienc-
ing these predicted genetic effects of habitat fragmentation.

Negative effects of habitat fragmentation on populations 
operate at the scale of dispersal (Fletcher et al. 2018), but 
uncertainty in how to measure dispersal and what constitutes 
a population of G. polyphemus challenges our understanding 
of how the species might be influenced by fragmentation. 
One radiotelemetry study demonstrated that adult tortoises 
with established home ranges will occasionally emigrate 
(> 1 km linear distances) from a local population (Eubanks 
et al. 2003). If such populations (sensu Goessling et al. 2021) 
are effectively connected across the landscape by dispersal 
events, then genetic populations (sensu Gaillard et al. 2017) 
may occur over substantially larger areas within which del-
eterious effects of fragmentation may be offset by migration. 
However, to our knowledge no studies have evaluated how or 
to what degree dispersal effectively connects local popula-
tions within and among conservation lands that serve to pre-
vent extirpation of tortoise populations. Further, given the 
long dispersal distances that may connect local populations 
of tortoises through effective migration and gene flow, wide-
spread fragmentation of the upland longleaf pine ecosystem 
may be decreasing genetic connectivity and increasing the 
risk of negative genetic consequences for G. polyphemus 
populations. Therefore, in order to conserve this keystone 
species with such varied connections to diversity in the lon-
gleaf ecosystem, wildlife managers must better understand 
the genetic viability of local populations of G. polyphemus.

Genetic data allow us to measure population connectiv-
ity across wide spatial scales. While mark-recapture stud-
ies may take many years to quantify demographic rates for 
long-lived species (Gibbons and Semlitsch 1982), popula-
tion genetic analysis can integrate the results of migration, 
reproduction, and fragmentation through either structured 
or unstructured populations. While mark-recapture stud-
ies measure contemporary movement (i.e., contemporary 
population structure), population genetic studies can reveal 
both contemporary and historical patterns (i.e., historical 
population structure), depending on the loci and the species’ 
biology. Thus, genetic analysis provides a useful method to 
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determine whether contemporary effects of fragmentation 
are strong enough to disrupt historical connections among 
local populations (Epps and Keyghobadi 2015).

To this end, we used high-throughput methods to 
sequence thousands of genetic loci of 336 G. polyphemus 
individuals from 11 sites across southern Alabama, includ-
ing seven sites within or immediately adjacent to Conecuh 
National Forest, a landscape managed to restore habitat qual-
ity and connectivity, and four sites that are smaller, more 
isolated by habitat fragmentation, and degraded in habitat 
quality. Our objectives were to delimit genetic populations 
of G. polyphemus in southern Alabama using population 
genetic methods and to quantify whether contemporary or 
historic processes better explained observed genetic struc-
ture within or among local populations. Combining our 
genetic data with previous mark-recapture data from the 
same sites (Goessling et al. 2021; Folt et al. 2021) allowed 
us to infer differences between observed genetic, and field-
based estimates of population structure. We predicted that 
contemporary habitat fragmentation would best explain 
observed genetic structure, and that metrics of population 
genetic health (genetic diversity measured by heterozygo-
sity and effective population size) would be greater for local 
populations of tortoises within or adjacent to a large and rel-
atively unfragmented landscape, Conecuh National Forest, 
than for tortoises from sites in more fragmented landscapes.

Methods

Study sites – The study sites (Fig. 1) were chosen within 
key land tracts for G. polyphemus conservation across the 
non-federally protected range of the species in Alabama as 
animals were already being sampled for a study investigat-
ing the occurrence and prevalence of Upper Respiratory 
Tract Disease (URTD; Goessling et al. 2019). As part of 
that study, the original goal was to sample a minimum of 25 
adult tortoises from each site. For some sites, intensive sam-
pling of adjacent individuals was performed for animals that 
had been monitored long-term via capture-mark-recapture 
methods. For all other sites, samples were collected across 
large conservation properties lacking consistent long-term 
sampling efforts.

We outline the sites where we sampled tortoises in greater 
detail in Online Resource 1. Briefly, we sampled at six sites 
in Conecuh National Forest (hereafter Conecuh), a large 
federally managed forest that, since the 1970’s, is being 
restored to have longleaf pine as the dominant overstory spe-
cies (Aresco and Guyer 1999). The six sites that we sampled 
have been studied as part of 30-year mark-recapture studies 
and vary in their demographic trends (Goessling et al. 2021; 
Folt et al. 2021). We also sampled tortoises opportunistically 
that were encountered on roads outside of the six previously 

studied sites. Just north of Conecuh, we sampled tortoises 
at Solon Dixon Forestry Education Center (hereafter Solon 
Dixon). East of Conecuh, we sampled tortoises at Geneva 
State Forest (hereafter Geneva) and Rayonier Tract (here-
after Rayonier). At the time of fieldwork these sites were 
managed separately, but today they are managed together as 
part as the Geneva State Forest Wildlife Management Area. 
These two sites have small pockets of Gopher Tortoise habi-
tat separated by clear cuts, fire-suppressed vegetation or wet-
lands. Much further west, we sampled tortoises at the Per-
dido River Wildlife Management Area (hereafter Perdido) 
and the Fred T. Stimpson State Game Sanctuary (hereafter 
Stimpson). Both these sites have smaller, isolated patches 
of habitat surrounded by wetlands or fire-suppressed areas.

Sample collection 

We collected blood samples (n = 336) from G. polyphemus 
individuals as part of trapping efforts described in Goessling 
et al. (2019) and Folt et al. (2021). We collected blood from 
the subcarapacial sinus using a sterile 25 or 26 ga. needle 
affixed to a sterile pre-heparinized syringe; prior to veni-
puncture, skin was decontaminated with an alcohol wipe. 
We kept blood samples in microcentrifuge tubes on ice 
until they could be centrifuged to separate blood cells from 
plasma. Cells and plasma were then separated and frozen in 
liquid nitrogen before final storage in an ultracold freezer 
at − 80 °C. All blood samples were flash frozen in liquid 
nitrogen within 2 h of collection.

Genomic sequencing

For both objectives, we constructed a restriction-site-associ-
ated-DNA sequencing (RADseq) library to analyze genome-
scale data. We extracted blood samples using DNAeasy kits 
(Qiagen, Hilden, Germany) following standard protocols. 
We verified extraction quality by gel electrophoresis and 
quantified each sample using a Qubit 3.0 Fluorometer (Life 
Technologies, Carlsbad, California). We prepared the RAD-
seq library following a modified 3RAD protocol (Bayona-
Vásquez et al. 2019). The library preparation steps were 
double enzyme digest, adapter ligation, limited cycle PCR, 
and a 1.2 concentration Serapure SpeedBead cleanup (Roh-
land and Reich 2012). In the double enzyme digest mixture, 
we increased the amount of genomic DNA to 10 µL and 
decreased dH20 to 0.5 µL. We used the restriction enzymes 
ClaI, BamHi, and MspI (New England Biolabs, Ipswich, 
Massachusetts) for our digestion. To multiplex each sample, 
we used i5 and i7 iTru adapters and primers as dual inter-
nal indexes (Glenn et al. 2019). Following the SpeedBead 
clean-up, we visualized these libraries on a gel and quanti-
fied their concentrations using a Qubit. We pooled libraries 
to 100 ng/µL in pools of 48 individual libraries, cleaned 



	 Conservation Genetics

them again using SpeedBeads, and eluted the pools to 32 µL. 
We then size-selected the pools to the range of 400–600 bp 
using a Pippin Prep (Sage Science Inc., Beverly, Massachu-
setts). We quantified the final DNA concentration using a 
Qubit and then sent them to Genewiz (Azenta Life Sciences, 
South Plainfield, New Jersey) for sequencing on an Illumina 
NovaSeq lane with 150 bp paired-end reads.

Data filtering, clustering, and genotyping

From the raw sequenced reads, we removed adapter 
sequences, filtered reads, removed PCR duplicates, clustered 
reads into de novo RAD loci, aligned reads to the RAD loci, 

called SNPs, and generated genotype files using ipyrad ver-
sion 0.9.81 (Eaton and Overcast 2020). We used the default 
settings for ipyrad except for the minimum depth required 
to call a base (10X, parameter file line numbers 11 and 12) 
and clustering threshold (parameter file line number 14). 
We tested a variety of clustering thresholds to determine 
which threshold best clustered likely homologous loci, 
while splitting likely paralogous loci (McCartney-Melstad 
et al. 2019). Following McCartney-Melstad et al. (2019) we 
calculated increases in divergence levels among SNPs per 
100 km (changes in the slope of measured isolation by dis-
tance), variance explained by the first four Principal Com-
ponent (PC) axes, and the Pearson’s Correlation Coefficient 

Fig. 1   Map of the study area and sampling locations. a The south-
eastern United States, with the study area indicated by the black 
rectangle. b Sampling locations (black dots) in southern Alabama, 
including Fred T. Stimpson State Game Sanctuary, Perdido Wildlife 
Management Area, Solon Dixon Forestry Education Center, Conecuh 
National Forest (administrative boundary in gray), Rayonier Tract, 

and Geneva State Forest. c Samples from six sites (colored dots) 
within Conecuh National Forest and Solon Dixon Forestry Education 
Center (Solon Dixon); opportunistic samples outside of these sites are 
indicated in red as ‘opportunistic samples’. Satellite map is provided 
by Google through the R package ggmap (Kahle and Wickham 2013)
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between missingness and genetic distance at four clustering 
thresholds: 0.80, 0.85, 0.90, 0.92. We chose the clustering 
threshold that maximized the number of SNPs, minimized 
change in the slope of isolation by distance, maximized vari-
ance explained by the first four PC axes, and minimized the 
correlation between genetic distance and missingness. Using 
these criteria, we created a variant call file (VCF) from ipy-
rad, which we used for subsequent analyses.

Each subsequent analysis is affected differently by miss-
ing data. We explain specific filtering thresholds below. In 
general, we endeavored to maximize the number of SNPs 
included while minimizing the effect of missing data on the 
analysis.

Isolation by distance

Before we began delimiting populations, we first tested for 
isolation by distance (Wright 1943). Isolation by distance 
is a pattern whereby geographically proximate individuals 
tend to have greater genetic similarity than geographically 
distant samples. Animals with limited dispersal and sampled 
across large distances, as in our study, may show strong pat-
terns of isolation by distance. To delimit populations, it is 
important to disentangle the continuous process of isolation 
by distance from discrete patterns that result from barriers 
to gene flow (Novembre and Stephens 2008; Jombart et al. 
2008; Frantz et al. 2009; Bradburd et al. 2018; Dutcher et al. 
2020). To determine whether isolation by distance existed 
in our dataset, we plotted pairwise genetic differentiation 
(π) against geographic distance for all pairs of individuals. 
We calculated pairwise geographic distance from the most 
recent capture locations of each individual and estimated π 
using the ‘snpgdsIBS()’ function with package SNPRelate 
(Zheng et al. 2012) in Program R (R Core Team 2021). We 
used a Mantel test to determine whether pairwise genetic 
distance increased with pairwise geographic distance, using 
the ‘mantel()’ function with 999 permutations in the R pack-
age vegan version 2.6.4 (Oksanen et al. 2022). Although 
Mantel tests are likely more appropriate for pairwise dis-
tance matrices, we also ran a linear regression in R with 
genetic distance as the independent variable and geographic 
distance as the dependent variable for heuristic purposes.

Population structure

Clustering

We used two general methods to delimit population struc-
ture of G. polyphemus. First, we used spatial and non-spa-
tial clustering methods to estimate the number of popula-
tions and pattern of admixture among individuals that best 
described the observed genetic variation. These clustering 
methods assign individuals to a given number of populations 

with no a priori location information. Second, we visualized 
overall population structure using spatial and non-spatial 
PCA. Because these methods have different requirements for 
missing data, we filtered the loci and SNPs accordingly. We 
explain the filtering processes below but report the results 
of these filters in the Results.

We used two clustering methods to determine the most 
likely number of populations and amount of admixture 
among individuals in our dataset. We used both a spatially 
explicit clustering method, conStruct (Bradburd et al. 2018), 
and a non-spatial clustering method, fastSTRU​CTU​RE 
(Raj et al. 2014). conStruct uses a Markov Chain Monte 
Carlo simulation (MCMC) to model the admixture propor-
tions of individuals that best explain the genetic data for 
a given number of populations (K; “layers” in conStruct), 
then tests how well the model explains the dataset. con-
Struct assumes that the relationship between allele fre-
quencies and geographic distance is positive definite, and 
thus requires that there be few missing data. conStruct also 
requires a large training dataset for the MCMC, and thus 
requires many more SNPs than individuals. To this end, we 
filtered the original VCF stringently to accommodate con-
Struct analysis. First, using VCF tools, we only included 
biallelic sites that had less than 10% missing data using the 
program VCFTools (Danecek et al. 2011). We then selected 
a single SNP per RAD locus using the single_snp.py script 
(available at https://​github.​com/​bmich​ander​son/​RAD_​scrip​
ts/) to increase the probability that SNPs in our dataset are 
independent. We then converted this VCF to the ‘Structure’ 
format using PGDSpider (Lischer and Excoffier 2012). 
Finally, we removed all individuals with more than 20% 
missing data. We attempted to include as many individuals 
as possible while maintaining positive definite covariances. 
However, where we still had too many individuals given 
our final number of SNPs, we chose the 10 individuals with 
the highest number of total loci per sampling location to 
ensure our final dataset contained few missing data, while 
still containing individuals from each sampling location. We 
ran the conStruct MCMC for 10,000 iterations, with 90% 
of the data used for model training, ran each value of K for 
10 repetitions, and confirmed chain convergence and mix-
ing before continuing with further analyses (Bradburd et al. 
2018). fastSTRU​CTU​RE also assigns individuals levels of 
admixture from a given number of populations, and tests 
the model’s fit of the dataset, but it does not take geographic 
distance into account. For fastSTRU​CTU​RE, we filtered the 
dataset using the same methods as in conStruct, but used 
slightly less stringent filters: we only included biallelic SNPs 
that had less than 20% missing data, included only a single 
SNP per RAD locus, and did not filter missingness on an 
individual level (Hodel et al. 2017). We ran fastSTRU​CTU​
RE using the logistical prior to better estimate fine-scale 
population structure.

https://github.com/bmichanderson/RAD_scripts/
https://github.com/bmichanderson/RAD_scripts/
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In conStruct, we determined (1) whether a spatial or non-
spatial model best described the data and (2) which value 
of K best described the data using both cross validation and 
layer contributions for conStruct following Bradburd et al. 
(2018). We used the included chooseK.py function in fast-
STRU​CTU​RE to determine which value of K best explained 
the structure in the dataset (Raj et al. 2014).

Because the strict data requirements for conStruct 
resulted in smaller sample sizes compared to the fastSTRU​
CTU​RE analyses (see Results), we visually compared results 
from a non-spatial conStruct model using fewer individuals 
to a fastSTRU​CTU​RE with many more individuals to ensure 
that sub-setting individuals did not affect our conclusions.

To avoid over-interpreting population clustering analyses, 
we used a hierarchical approach and examined structure for 
all K values (Janes et al. 2017; Lawson et al. 2018). We first 
ran conStruct and fastSTRU​CTU​RE on all individuals and 
evaluated support for K values from 1 to 7. We then removed 
the most divergent individuals, performed analyses again, 
and continued this process until it was clear the remaining 
individuals represented a single population (i.e., K = 1 best 
described the dataset).

Principal components analysis

Next, we visualized population structure using PCA. PCA 
derives composite orthogonal independent PC axes that best 
represent the greatest amount of variation in the SNP data-
set, with individuals that are genetically most similar tending 
to cluster closer together. Unlike other methods, the PCA 
does not make assumptions of relatedness, Hardy-Weinberg 
equilibrium, etc., and can provide a relatively unbiased over-
view of genetic structure. We ran the PCA using ipyrad’s 
built-in analysis tools (Eaton and Overcast 2020), which 
imputed the values of missing SNPs to minimize their effect 
on the analysis. For the PCA, we only included one SNP 
per RAD locus, and only included SNPs present in more 
than 50% of individuals. We used the “sampled” method of 
imputation for missing data, which randomly samples geno-
types based on the frequency of alleles across all samples. 
We repeated the PCA for hierarchical structure levels where 
K > 1, as identified by the above fastSTRU​CTU​RE and con-
Struct analyses.

Given evidence of isolation by distance in our data (see 
Results), we also used spatial PCA (sPCA) (Jombart et al. 
2008) with package ‘adegenet’ (Jombart 2008) in R. Our 
sPCA used a spatially-explicit model to disentangle pat-
terns of global allele frequency variation from local pat-
terns and visualized underlying patterns of differentiation 
from a background of isolation by distance. Because sPCA 
is highly sensitive to missing data, we filtered our dataset 
stringently. First, we filtered SNPs to only include biallelic 
SNPs present in 90% of individuals using VCFTools. To 

increase the probability of each SNP being independent, we 
only included one SNP per RAD locus (as above). Next, we 
filtered individuals such that no individual had more than 
40% missing data. To ensure that the amount of missing data 
per individual did not affect our conclusions, we ensured that 
there was no significant linear correlation between missing-
ness per individual and PC1 or PC2. We assessed the cor-
relation between missingness per individual, PC1 and PC2 
by running a linear regression in R. We ran the sPCA with a 
geographic distance connection network consisting of nodes 
connected by a maximal linear geographic distance of 0.05, 
or approximately 5 km, a high upper limit of dispersal in G. 
polyphemus (Eubanks et al. 2003). We repeated the sPCA for 
hierarchical structure levels where K > 1, as identified by the 
above fastSTRU​CTU​RE and conStruct analyses.

Population genetic metrics

For each of the study sites and delimited genetic populations 
from conStruct and sPCA analyses above, we calculated a 
variety of population genetic statistics to determine how 
populations varied in levels of genetic diversity, inbreed-
ing, effective population size, and connectedness. Because 
population statistics, especially FST, are sensitive to missing 
data (Hodel et al. 2017), we filtered the original VCF to only 
include biallelic SNPs present in 85% of individuals, and 
only included one SNP per RAD locus (as above). To esti-
mate genetic diversity, we calculated the observed heterozy-
gosity (HO; Nei 1987) and within population gene diversity 
(i.e., expected heterozygosity, HS; Nei 1987; Goudet 2005) 
using the package ‘hierfstat’ (Goudet 2005) in R. To quan-
tify levels of inbreeding, we calculated within-population 
subdivision (FIS; Nei 1987) using the package ‘hierfstat’ 
(Goudet 2005). We calculated effective population size (Ne) 
in the program NeEstimator (Do et al. 2014) using the bias-
corrected linkage disequilibrium method and reported values 
of Ne with a minor allele frequency cutoff of 0.05 (Waples 
and Do 2010). Finally, as a measure of population connect-
edness or differentiation, we calculated pairwise FST (Weir 
and Goudet 2017), again using the ‘hierfstat’ (Goudet 2005). 
For HO, HS, FIS, and Ne, we grouped individuals by collec-
tion site and by the clusters identified by our population 
structure analyses (see Results). For FST, we only grouped 
individuals by the clusters identified by our structure analy-
ses. We evaluated FST values as low (i.e., little genetic dif-
ferentiation) when FST < 0.05 and moderate when 0.05 > FST 
> 0.15 (Hartl and Clark 1997). For each pairwise cluster 
that we calculated FST, we also ran a permutation test to test 
whether the FST value was significantly higher than what one 
would expect by chance (i.e., if the individuals were ran-
domly grouped). For each pairwise  FST,  we permutated the 
assignments of each individual 1,000 times and calculated 
FST each time. We compared this “null distribution” of FST 
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values to the actual FST value. If the actual FST value was 
higher than the 95% confidence interval of the null distribu-
tion, we considered the FST value significant at α = 0.05. If 
the confidence interval contained 0, and the actual FST value 
was outside of the confidence interval, we could also say 
that the actual FST value was significantly different than 0.

Results

We sequenced 1.05 billion reads from 336 G. polyphemus. 
We determined that the clustering threshold of 0.88 maxi-
mized the number of SNPs, minimized change in the slope 
of isolation by distance, maximized variance explained by 
the first four PC axes, and minimized the correlation between 
genetic distance and missingness. After filtering, clustering, 
and genotyping with ipyrad, our final dataset contained a 
total of 510,648 SNPs on 140,609 RAD loci, although each 
analysis used a much smaller subset of these total SNPs due 
to differences in filtering parameters.

We found a significant relationship between pairwise 
genetic distance of individuals and geographic distance. 
Genetic distance increased linearly with geographic dis-
tance between individuals (Mantel r = 0.55, P = 0.001; 
Fig. 2), indicating an effect of isolation by distance. The 
linear regression between genetic and geographic distance 

is also significant (R2 = 0.36, F = 0.0003, P < 0.001), with a 
slope indicating that genetic distance increases by 1% with 
every 100 km in geographic distance.

fastSTRU​CTU​RE analyses of all individuals (n = 336; 
3095 filtered SNPs) suggested that K = 3 best explained 
structure in the data (Fig. 3a). Examination of the admixture 
proportions at K = 3 (Fig. 3a) revealed that most individuals 
from Conecuh, Solon Dixon, Geneva and Rayonier com-
prised a single genetic population, while individuals from 
Perdido and Stimpson formed a second genetic population. 
A few individuals were diagnosed as coming from a third 
genetic population, mostly in Perdido, Conecuh - Site 2, and 
Rayonier. Overall, there was some, but limited, admixture 
between Perdido + Stimpson and Conecuh + Geneva + Ray-
onier + Solon Dixon. Examination of all the fastSTRU​
CTU​RE plots for these 336 individuals (Online Resource 
2) revealed similar patterns: Perdido+Stimpson was gener-
ally distinct from the other locations, Conecuh+Solon Dixon 
formed a single genetic population; and Geneva + Rayonier 
was sometimes distinct from Conecuh + Solon Dixon.

As Perdido + Stimpson was the most consistently differ-
entiated group, we removed individuals from those groups 
for our next hierarchical analysis. Removal of Perdido and 
Stimpson (n = 280 remaining, 2,717 filtered SNPs, run for 
K = 1 through K = 7) revealed that K = 4 best explained 
the structure in the data. At K = 4, Geneva + Rayonier was 

Fig. 2   Pairwise genetic distance 
by geographic distance for 
Gopher Tortoise (Gopherus 
polyphemus) samples (n = 336; 
56,280 total comparisons). Pair-
wise genetic distance increases 
significantly with geographic 
distance (Mantel r = 0.55, 
P = 0.001). Regression line is 
shown for heuristic purposes
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generally separate from Conecuh + Solon Dixon, but each 
site showed admixture with all four “populations” (Fig. 3c). 
This pattern generally held when examining all other fast-
STRU​CTU​RE plots for this subset (Online Resource 3). 
We also ran fastSTRU​CTU​RE on Conecuh + Solon Dixon 
(n = 225, 4,043 filtered SNPs, K = 1 through K = 5 tested), 
Geneva + Rayonier (n = 55, 7,316 filtered SNPs, K = 1 
through K = 4 tested), and Perdido + Stimpson (n = 56, 472 
filtered SNPs, K = 1 through K = 4 tested). For each of these 
subsets, most individuals comprised a single genetic popula-
tion, even when K > 1 (Online Resource 4).

conStruct analyses required us to subset the dataset of all 
individuals from 336 to 57 individuals, while retaining indi-
viduals from each sampling location (see Methods). Non-
spatial conStruct runs (Online Resource 5a) were similar 
to fastSTRU​CTU​RE results in that, for the most likely K 
(K = 6), most individuals fell into one of two genetic clus-
ters: one comprising individuals from Conecuh + Solon 
Dixon + Geneva + Rayonier and a second comprising indi-
viduals from Perdido + Stimpson. Thus, we concluded that 
reducing the number of individuals from 336 in the fast-
STRU​CTU​RE analysis to 57 in the conStruct had little effect 
on inferences of genetic structure.

conStruct analyses of all individuals (n = 57, 8,422 fil-
tered SNPs, tested at K = 1–7) revealed that the spatial model 
often, but not always, better fit the data than the non-spatial 
model and that the spatial model of K = 6 maximized the 
predictive accuracy of the model (Online Resource 6a). For 
all K values, a single population (K) contributed most to the 
dataset (Online Resource 6c). Accordingly, when plotted at 
K = 6, almost all individuals comprised a single genetic clus-
ter (Fig. 3b). Of the remaining five populations, individuals 
from Perdido + Stimpson had approximately 10% of their 
admixture from one population, a smattering of individuals 
had small amounts of admixture from a second, and most 
individuals had small amount of admixture from the remain-
ing three. Examination of all other values of K revealed a 

similar pattern of most individuals deriving from a single 
genetic population (Online Resource 7a).

As in the fastSTRU​CTU​RE analyses, we next removed 
Perdido + Stimpson individuals. As above, conStruct analy-
ses forced us to reduce the number of individuals in our anal-
ysis from 280 to 90 (see Methods). Non-spatial conStruct 
results (Online Resource 5b) were similar to those from 
fastSTRU​CTU​RE. At the most likely K (K = 7), individuals 
from Geneva+Rayonier comprised a single genetic popula-
tion, and individuals from Conecuh+Solon Dixon formed a 
second population, although they were heavily admixed with 
other locales. Thus, we concluded that reducing the number 
individuals from 280 in the fastSTRU​CTU​RE analysis to 90 
in the conStruct had little effect on conclusions regarding 
genetic structure.

Removing Perdido + Stimpson (n = 90, 3,691 filtered 
SNPs, tested at K = 1–7) revealed that the spatial model 
always outperformed the non-spatial model (Online 
Resource 6d), and that the predictive accuracy of the model 
increased with increasing values of K (Online Resource 6e). 
In general, for all models tested except K = 6, individuals 
formed one population (Online Resource 6f). When plotting 
K = 7, again most individuals formed a single genetic popu-
lation, although there was considerable admixture with other 
populations (Fig. 3d). Individuals in Geneva + Rayonier 
derived from and showed admixture between two genetic 
populations (purple and blue in the figure), although some 
admixture was present for all clusters. Examination of all 
other values of K also revealed most individuals comprise 
a single genetic population even at K = 6, with admixture 
among the remaining populations (Online Resource 7b).

Despite finding that removal of Perdido + Stimpson 
yielded one likely genetic population, we continued subset-
ting as in the fastSTRU​CTU​RE analyses for ease of compar-
ison. conStruct analyses of samples from Stimpson + Per-
dido (n = 20: 6,921 filtered SNPs, tested at K = 1–4), 
Conecuh + Solon Dixon (n = 70: 2,776 filtered SNPs, tested 
at K = 1–5), and Geneva + Rayonier (n = 20, 11,096 filtered 
SNPs, tested at K = 1–4) each likely formed a single genetic 
population based on a combination of their predictive accu-
racy, layer contributions, and visualized admixture propor-
tions (Online Resource 8).

The PCA of all individuals (n = 336, 18,991 SNPs) 
revealed two slightly separate groups (Fig.  4a). The 
first group, Stimpson  +  Perdido, separated from all 
other samples along PC1. The second group, Cone-
cuh + Geneva + Rayonier + Solon Dixon, showed much 
more variation along PC2, rather than PC1. Still, the two 
groups are nearly contiguous in the PCA plot. There was 
considerable variation within Conecuh along PC2. Remov-
ing Stimpson and Perdido (n = 280: 21,327 filtered SNPs) 
revealed that most of the variation in Conecuh was due to 

Fig. 3   Cluster-based population assignment analyses for various sub-
sets of Gopher Tortoise (Gopherus polyphemus) samples from sites 
in southern Alabama. Results from analyses are shown both as a map 
(top) and as a bar plot (bottom) for a all locations using non-spatial 
fastSTRU​CTU​RE, b all locations using spatially explicit conStruct 
analyses. c all locations excluding Perdido and Stimpson using non-
spatial fastSTRU​CTU​RE and d all locations excluding Perdido and 
Stimpson using spatially explicit conStruct (d). Each pie chart or bar 
represents a single individual composed of admixture from differ-
ently colored inferred populations. Sites are: Conecuh National For-
est (Conecuh), Fred T. Stimpson State Game Sanctuary (Stimpson), 
Geneva State Forest (Geneva), Perdido River Wildlife Management 
Area (Perdido), Rayonier Tract (Rayonier), and Solon Dixon Forestry 
Education Center (Solon Dixon). Samples from Conecuh National 
Forest were further divided into six sites (‘Sites 1–6’) and other 
opportunistic samples (‘Other’)

◂
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individuals from Site 4 (Fig. 4c). The other individuals 
generally formed a single group.

sPCA of all individuals (n = 336: 548 filtered SNPs) 
showed the same groups as the PCA, but with greater 
separation among them (Fig. 4b). Additionally, the sPCA 
of all individuals showed differentiation between Cone-
cuh and Geneva + Rayonier, and between Stimpson and 
Perdido. Removing Stimpson and Perdido (n = 278: 1,241 
filtered SNPs) revealed the same two groups (Fig. 4d), 
Conecuh + Solon Dixon and Geneva + Rayonier, but did 
not show the same differentiation for Site 4 as did the 
PCA. The sPCA analysis did show differentiation among 
sites within Conecuh (Fig. 4d) along sPC2. In general, 
individuals from each site clustered together, with maxi-
mal divergence along sPC2 occurring between overlapping 
individuals from Sites 3 and 4 and overlap of individuals 
from Sites 2 and 6. Individuals representing haphazard 
captures along roads connecting the six sites were dis-
tributed along sPC2. While most individuals from Site 5 

clustered near all individuals from Solon Dixon, a few Site 
5 individuals clustered with individuals from Sites 3 and 4.

We calculated a variety of population genetic statistics 
for 336 G. polyphemus individuals using 3095 filtered SNPs 
(Table 1). In general, most sites or genetically identified popu-
lations had similar levels of genetic diversity, little signs of 
inbreeding or outbreeding depression, and low Ne. FST values 
ranged from 0.01 to 0.10, indicating low to moderate genetic 
differentiation across the areas sampled (Hartl and Clark 1997) 
(Table 2). All FST values were significantly different than ran-
dom, corroborating the population structure identified by con-
Struct, and were significantly different from 0.

Discussion

Understanding the spatial scale that connects local popula-
tions through demographic processes is critical to guide con-
servation. For genetic studies across relatively large areas, 
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Fig. 4   Principal components analyses (PCA) and spatial princi-
pal component analyses (sPCA) for all Gopher Tortoises (a and b, 
respectively), and all Gopher Tortoises excluding individuals from 

Perdido and Stimpson (c and d, respectively). Dots represent one 
individual colored by their sampling location. Conecuh in a and b 
includes Sites 1 through 6, and other as shown in plots ( c ,  d)
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isolation by distance is often significant (Rousset 1997; 
Vekemans and Hardy 2004), including for reptiles in south-
eastern North America (e.g., Folt et al. 2019; Nikolakis et al. 
2021). We observed a large-scale pattern of isolation by dis-
tance for G. polyphemus in south Alabama, both within and 
among groups of samples. However, our PCA, sPCA, and 
fastSTRU​CTU​RE analyses of population structure consist-
ently supported three genetic populations (Stimpson + Per-
dido, Conecuh + Solon Dixon, and Geneva + Rayonier) 

albeit with low levels of differentiation among them. Given 
that our samples were often separated by large rivers and 
distances (> 100 km) greater than those regularly traversed 
by a tortoise, we infer that the population structuring we 
observed primarily represents historical genetic populations 
that were structured by both landscape factors and distance.

Our results suggested an historic pattern of well-con-
nected genetic populations over a large, once contiguous, 
longleaf pine ecosystem for G. polyphemus in southern Ala-
bama. Given the low differentiation over large distances, we 
infer that these populations were once connected by effec-
tive dispersal. While previous demographic research on G. 
polyphemus largely focused on studying survival and repro-
duction within local populations (< 1 km2) (Howell et al. 
2020; Goessling et al. 2021; Folt et al. 2021; Hunter and 
Rostal 2021), the genetic populations and isolation by dis-
tance that we identified occurred at relatively large, regional 
scales (> 1,000 km2). Even with small dispersal distances, 
this suggests that G. polyphemus individuals historically 
interacted on substantially larger scales than are documented 
by mark-recapture studies of local populations in contempo-
rary landscapes. Our results are similar to those of Clostio 
et al. (2012), who also found isolation by distance to be an 
important factor across large spatial scales in Gopher Tor-
toises based on analysis of DNA microsatellites. FST values 
from both our study and previous studies (Gaillard et al. 

Table 1   Summary population genetic statistics for Gopher Tortoise 
(Gopherus polyphemus) samples from Southern Alabama collected 
during 2013–2020.  Samples were collected from state or federal 
lands, including Conecuh National Forest (Conecuh), Fred T. Stimp-
son State Game Sanctuary (Stimpson), Geneva State Forest (Geneva), 
Perdido River Wildlife Management Area (Perdido), Rayonier Tract 
(Rayonier), and Solon Dixon Forestry Education Center (Solon 
Dixon). The final three rows represent samples aggregated across 
study locations that were within population genetic groups identi-

fied by STRU​CTU​RE analyses: all samples within Conecuh + Solon 
Dixon, Geneva + Rayonier, and Stimpson + Perdido. Columns are 
population genetic metrics: sample size (n), observed heterozygosity 
(HO), expected heterozygosity (HS), within population subdivision 
(FIS), and effective population size (Ne). 95% confidence intervals for 
metrics are included within parentheses. Ne could not be calculated 
in some instances when there was insufficient variation among sam-
ples to distinguish signal from sampling error

a Includes samples opportunistically collected between Conecuh sites

Location n HO HS FIS Ne

Conecuha 203 0.090 0.092 0.023 89.3 (87.3–91.4)
  Site 1 41 0.089 0.091 0.018 28.3 (27.2–29.5)
  Site 2 12 0.095 0.099 0.035 15.4 (14.3–16.7)
  Site 3 30 0.091 0.089 − 0.026 17.5 (16.9–18.1)
  Site 4 75 0.089 0.090 0.017 23.3 (22.9–23.8)
  Site 5 12 0.088 0.089 0.006 27.7 (23.3–34.0)
  Site 6 22 0.093 0.092 − 0.006 10.6 (10.2–11.0)

Stimpson 27 0.094 0.095 0.009 93.8 (76.6–120.0)
Geneva 22 0.095 0.098 0.029 172.7 (135.3–237.1)
Perdido 29 0.115 0.117 0.017 8.7 (8.4–8.9)
Rayonier 33 0.102 0.103 0.008 85.6 (78.4–94.3)
Solon Dixon 22 0.091 0.092 0.018 203.3 (152.8–301.1)
Conecuh + Solon Dixona 225 0.090 0.092 0.023 112.0 (109.4–114.8)
Geneva + Rayonier 55 0.099 0.101 0.018 208.0 (186.4–234.8)
Stimpson + Perdido 56 0.105 0.109 0.034 46.7 (44.6–49.1)

Table 2   Pairwise FST values between genetic populations identified 
by analyses of population structure. Conecuh + Solon Dixon = sam-
ples from Conecuh National Forest and Solon Dixon Forestry Educa-
tion Center; Geneva + Rayonier = samples from Geneva State For-
est and Rayonier Tract; Perdido + Stimpson = samples from Perdido 
River Wildlife Management Area and Fred T. Stimpson State Game 
Sanctuary. Permutation tests show that all FST values are significantly 
higher than if the individuals were assembled randomly, and signifi-
cantly different than 0

Cone-
cuh + Solon 
Dixon

Geneva + Rayonier Per-
dido + Stimp-
son

Conecuh + Solon 
Dixon

–

Geneva + Rayonier 0.0171 –
Perdido + Stimpson 0.0961 0.1006 –
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2017) demonstrate low to moderate levels of genetic differ-
entiation across > 100 km distances, a pattern that has also 
been documented for Desert Tortoises (Gopherus agassizii) 
(Shaffer et al. 2017; Dutcher et al. 2020).

Rivers often act as barriers to dispersal for terrestrial spe-
cies and drive population genetic structuring for species in 
southeastern North America (Soltis et al. 2006). Two previ-
ous studies suggested that river barriers shaped historical 
population genetic structure for G. polyphemus, with the 
Alabama and Apalachicola drainages causing regional-scale 
genetic structuring of populations in the US Gulf Coastal 
Plain (Ennen et al. 2012; Gaillard et al. 2017). Our data 
refine assessment of river barriers between these two major 
drainages. Our strongest genetic differentiation occurs 
between the two sites west of the Perdido River (Stimp-
son + Perdido) and the other four sites, which are east of 
the Escambia/Conecuh River. This pattern corroborates a 
similar pattern across the Escambia/Conecuh River revealed 
by less-intensive genetic sampling reported in Gaillard 
et al. (2017). We also found genetic differentiation across 
the Yellow River, separating Conecuh + Solon Dixon from 
Geneva + Rayonier. While the magnitude of this genetic 
difference appears smaller than that across the Escambia/
Conecuh River, these results were surprising. These results 
were surprising because the small drainage area of the Yel-
low River (1,300 km2) appears to restrict gene flow in a way 
that the much larger Alabama River (114,000 km2), which 
separates Stimpson from all other sites, does not.

If habitat fragmentation renders areas unpassable by indi-
viduals in contemporary local populations of G. polyphe-
mus, this would interrupt historic metapopulation structure 
of local populations within the genetic populations created 
by river barriers. We expected to find strong evidence of 
such contemporary fragmentation within our samples. How-
ever, with a generation time of approximately 60 years (Folt 
et al. 2021), it may take many generations and thus hundreds 
of years for genetic differentiation to occur (Dutcher et al. 
2023). We observed no strong variation in genetic diversity 
or effective population size among individuals from differ-
ent sampling locations or among populations identified by 
population structure analyses. This was true in larger, well-
managed properties, like Conecuh National Forest, and in 
isolated local populations with smaller census sizes embed-
ded in less- managed landscapes, like Perdido. In fact, we 
observed an overall average HO of ~ 0.10 across all sites. 
This study-wide heterozygosity estimate is lower than other 
studies using microsatellites or highly variable SNP datasets 
that estimated HO of 0.2–0.74 (Sinclair et al. 2010, Richter 
et al. 2011, Elbers et al. 2017, Gaillard et al. 2017). However, 
those studies used loci purposely chosen to be hypervari-
able. Given that RADseq uses restriction enzymes to shear 
and sequence the genome on average once every 4096 base 
pairs (1/46 for a 6 bp restriction enzyme), it is unsurprising 

that our more random sample of the genome shows less 
variation than sites purposely chosen to be hypervariable. 
Given our larger (> 1000 sites) and more random sampling 
of the genome, we suspect that the lower genetic diversity 
we observed may more closely reflect genome-wide diver-
sity. Thus, while it is unclear whether the observed genetic 
diversity is low or high for G. polyphemus given our unique 
data, the genetic diversity metrics were consistent among 
locations. Low variance in genetic diversity among sampling 
locations and populations may suggest that genetic diversity 
simply changes slowly in species with long generation times 
(Dutcher et al. 2023), or that G. polyphemus are experienc-
ing similar genetic demographic conditions across the dif-
ferent study areas in southern Alabama.

After reducing the stronger effects of isolation by dis-
tance and population structure, we did find some evidence of 
genetic differentiation that could be explained by contempo-
rary forces. Our study took advantage of dense sampling of 
individuals at six local populations within Conecuh National 
Forest, a site that has been managed to restore habitat qual-
ity and connectivity through longleaf restoration (Pudner 
et al. 2021). At the extremes of sPC2, sPCA within Cone-
cuh showed some genetic differentiation between Sites 3 + 4 
and Sites 2 + 6. Additionally, one individual caught at Site 
5 clustered closest to Sites 3 + 4. Tortoises in Sites 3 + 4 
and Sites 2 + 6 were separated by a minimum distance of 13 
km and Hwy 137, a major artery for vehicular traffic that is 
a likely contemporary dispersal barrier based on observed 
tortoise fatalities (B.F., J.G., C.G., pers. observ.). Within the 
pairs, Sites 2 and 6 were separated by 2 km and a sparsely 
traveled paved road while Sites 3 and 4 were separated by 
4 km and no obvious contemporary barrier. One possible 
explanation for this differentiation across sPC2 is contem-
porary road barriers and distance. Moreover, an individual 
captured at Site 5, but clustering genetically with Sites 
3 + 4 could indicate migration from Sites 3 + 4 to Site 5, 
approximately 6 km distance. Given the distances between 
genetically distinct sites, locales in Conecuh may experience 
homogenizing gene flow across distances up to 6 km in man-
aged landscapes lacking suspected contemporary barriers. 
Despite no documented migration among sites in over 30 
years of mark recapture studies (Goessling et al. 2021; Folt 
et al. 2021), our incidental captures of tortoises while driv-
ing between sites may also be evidence of contemporary 
gene flow. Alternatively, among other explanations, this dif-
ferentiation within Conecuh could be explained by historical 
connections among populations, or by other unsampled local 
populations that would make these breaks appear more like 
isolation by distance even above 6 km. For example, linear 
local populations along roadsides (Rautsaw et al. 2018) may 
enhance gene flow across managed landscapes.

We also found that genetic diversity did not vary consist-
ently between sites differing in demographic trajectories. 
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Based on demographic models, Folt et al. (2021) found that 
tortoises from Sites 1, 3 and 4 have survival rates that imply 
stable populations, while Sites 2, 5, and 6 have demographic 
rates consistent with declining populations and considerable 
future extinction risk. Despite different apparent trajectories 
of population size in recent decades, estimates of genetic 
diversity did not vary strongly between these two groups of 
sites. Gene flow implied by the sPCA analyses may explain 
why no signature of population bottlenecks was observed 
within the six small local populations, especially those with 
high extinction risk.

We found consistently small estimates of Ne among sam-
pling locations and genetic populations identified by our 
analyses. Although Ne might be best suited to genetic popu-
lations identified in our study (Waples 2022), 30 years of 
field work shows that tortoises interact more at the scale of 
the sampling locations (Goessling et al. 2021; Guyer et al. in 
press). These sites in Conecuh represent the smallest aggre-
gations that might represent local populations (Goessling 
et al. 2021). Estimates of Ne for sites within Conecuh are 
reasonably close to the census population size of adults 
at the sites estimated in a recent study (Folt et al. 2021), 
suggesting that the census population size observed during 
surveys may be similar to the effective population size. How-
ever, at larger spatial scales (e.g., for all of Conecuh National 
Forest), estimated Ne is much less than population size esti-
mates for the entire area (Goessling et al. 2021). Various 
factors can cause different effective and census population 
sizes, including differing sex ratios, fluctuating population 
sizes, or differing numbers of offspring per individual in 
the population (White et al. 2018; Yuan et al. 2019; Waples 
2022). Regardless of the mechanism, we infer that this dis-
crepancy indicates that only a small proportion of individu-
als in Conecuh contribute to the evolutionary trajectory of 
the Conecuh + Solon Dixon population. Despite population 
estimates that suggest between 3,500 and 7,700 individu-
als exist across Conecuh National Forest (Goessling et al. 
2021), our results suggest the population is experiencing 
the same evolutionary pressures as a population with only 
89 individuals.

Our results imply that G. polyphemus once interacted 
across vast areas of southern Alabama. We found that the 
predominant force acting on G. polyphemus genetic struc-
ture is isolation by distance but that three genetic popula-
tions separated by river barriers also exist. Replicate local 
populations for each of these genetic populations are pre-
sent on public lands managed, in part, for wildlife con-
servation. Plans for tortoise conservation might prioritize 
maintenance of these local populations to preserve patterns 
of genetic diversity generated over the evolutionary history 
of the species in the state, as these genetic patterns are 
likely conserved across the species distribution. We found 
no evidence of strong inbreeding, even in local populations 

of small size. At first glance, this is good news. However, 
we note that the long generation times of G. polyphemus 
(Folt et al. 2021), sperm-storage (Moon et al. 2006), and 
avoidance of kin-mating (Yuan et al. 2019) may mask the 
appearance of inbreeding depression for centuries (Soltis 
et al. 2006). Nevertheless, our data provide additional 
evidence that local populations are large enough to main-
tain historical patterns of gene structure. Within Conecuh 
National Forest, migration of individuals across distances 
of at least 6 km appears to assist relatively isolated tortoise 
groups to avoid genetic deterioration expected of small 
populations. Management of existing public lands might 
attempt to match that at Conecuh National Forest to assure 
connectivity of local populations that will allow similar 
levels of apparent migration.

Given the importance of this keystone species in the 
longleaf pine ecosystem, managers often translocate G. 
polyphemus from degraded or developed areas to higher 
quality habitat. Our results inform how translocations 
might occur without disrupting the unique historical 
genetic structure. Isolation by distance is a strong statisti-
cal trend within Alabama and is likely important range 
wide for Gopher Tortoises. Thus, individuals closer to 
each other in space tend to be more closely related geneti-
cally, especially within the three identified genetic popula-
tions. Given the connectedness of these populations, and 
the genetic differences over large distances indicated by 
the isolation by distance, we recommend that managers 
(1) prioritize moving tortoises as short of a distance as 
possible from their original location, and (2) avoid mixing 
among populations. However, if it is necessary, tortoises 
can occasionally be moved among the three populations, 
as this likely occurred historically on rare occasions. We 
suggest that care should be taken to evaluate such translo-
cations before they are made so that contemporary trans-
location mimics historical patterns of gene flow among 
genetic populations and does not genetically homogenize 
important patterns of population genetic structure.

The genetic structure that we observed across popula-
tions in southern Alabama likely reflects a history of high 
dispersal and population connectivity among a relatively 
contiguous longleaf pine landscape. As such, maintaining 
large swaths of suitable habitat will be useful to maintain the 
historic genetic population structure. In cases where that is 
not possible, management to increase migration and popula-
tion connectivity among existing genetic populations, such 
as through the creation of habitat corridors, new manage-
ment areas, and road passages, may be useful not only in 
Alabama, but also across the species range. While the days 
of contiguous longleaf pine savannas across the Southeast-
ern Coastal Plains are gone for now, remnant patterns of that 
historic connectivity remain in the genomes of long-lived 
G. polyphemus.
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