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Abstract

Aquatic, karst and spring endemic organisms have become a focus of conservation efforts as human population densities
and demand for groundwater increase. This is especially true of Texas salamanders in the genus Eurycea that have been
the subject of investigations of patterns of genetic differentiation in order to understand their systematics and to inform
conservation planning. Here we generated data from several thousand single nucleotide polymorphisms (SNPs) to quantify
within- and among-population genetic variation in the northernmost species, Eurycea chisholmensis, the Salado salamander,
which is listed as a federally threatened species. We used approximate Bayesian computation and a method based on linkage
disequilibrium to estimate effective population size, N,. Levels of differentiation were low, but revealed a primary division
between northern and southern populations with no evidence of gene exchange between them. Genetic diversity was similar
across all sampling locations and estimates of N, were largely congruent across the two methods and indicate population
sizes large enough to maintain genetic variation, at least over the short term. These results suggest that two management
units comprise the range of E. chisholmensis but that further sampling in intervening areas is required to precisely delineate,
and determine the nature of, the boundary of these units.

Keywords Genomic differentiation - Gene flow - Population genomics - Approximate Bayesian computation - Eurycea -
Plethodontidae

Introduction constitutes a foundation for management decisions and con-

servation planning (Mills 2012). Local, state, and federal
Quantifying geographic patterns of genetic variation is a  governing authorities rely on the best available science to
necessary and critical first step in investigations of evo-  determine recovery criteria and regulatory actions needed to
lutionary processes. Understanding these patterns also  recover or protect threatened or endangered species. Patterns
of standing genetic variation and differentiation can be used
to delineate units for conservation (e.g. populations, popu-
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is fundamental to the success of these captive programs over
time so that a genetically representative and viable popula-
tion might be released (Frankham 2010). Thus, an under-
standing of the distribution and organization of genetic
variation that can be provided by molecular genetics data is
critical for conservation planning.

Molecular genetics methods also provide estimates of
effective population size (NV,) that are used to parameterize
evolutionary models, or, in combination with age or stage
class data, can be used for indirect estimates of population
size. Estimates of N, can be especially informative for cryp-
tic organisms or species for which direct counts are difficult.
Here we investigate patterns of population genomic variation
in samples of the federally threatened Salado salamander,
Eurycea chisholmensis (Chippindale et al. 2000) to provide
critical information for management decisions.

Salamanders of the subgenus Paedomolge (genus Eury-
cea (Plethodontidae) in Texas are aquatic, neotenic (paedo-
morphic) salamanders that commonly have restricted ranges,
particularly in the Edwards Plateau region of central Texas
(Hillis et al. 2001). This region contains one of the most
diverse groundwater systems in the world that is home to a
large number of locally endemic plant and animal species,
a great many of which are a focus of conservation efforts
(Longley 1981; Hutchins 2018) due to climate variation
and increasing water withdrawls for municipal and com-
mercial use (Lodiciga et al. 2000; National 2015). Several
of the approximately 14 species of Paedomolge are listed
as threatened or endangered by the State of Texas and the
US Fish and Wildlife Service (Devitt et al. 2019). Chip-
pindale et al. (2000) described E. chisholmensis based on
morphology and patterns of allozymic and mitochondrial
genetic variation. This species was identified as part of a
northern group of Paedomolge that occupy spring and cave
sites in the northern segment of the Edwards Plateau. In
the same publication, Chippindale et al. (2000) described
the closely related E. naufragia, called the Georgetown
salamander. The ranges of these two species were, at the
time of their description, not well understood (Chippindale
et al. 2000), with E. chisholmensis known only from near
the city of Salado in Bell County, Texas, and E. naufragia
described from Williamson County, Texas to the south of
Salado Springs. Recent investigations using genotyping-by-
sequencing (GBS) methods to generate population genomics
data for Eurycea across the Edwards Plateau have identified
the North Fork of the San Gabriel (including Lake George-
town) as the boundary between E. naufragia (to the south)
and E. chisholmensis (to the north) (Devitt et al. 2019),
although the two species are closely related (see Figs. 2, 5,
S2, S11 and S12A in Devitt et al. (2019)).

Similar to the other species of Paedomolge, E. chishol-
mensis is associated with karst formations, including spring
openings and caves. As a consequence of their relatively
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low dispersal capacity and habitat limitations (Pierce et al.
2014; Bendik 2017; Gutierrez et al. 2018) they are expected
to exhibit differentiation over short distances or among sites
associated with distinct underground flow patterns (spring
sources) (Lucas et al. 2009). Further, E. chisholmensis is
known to be “elusive” (Chippindale et al. 2000) and difficult
to enumerate. In the few places where salamanders can read-
ily be observed at the surface, density estimates are lower
than 200 individuals (Pierce et al. 2014; Diaz et al. 2015;
Diaz and Warren 2019). Given their elusive nature, threat-
ened status, concerns about potential impacts of changes
in water availability in the Edwards and Trinity Aquifers,
and the potential for local impacts on habitat quality, we
undertook a population genomics investigation of E. chishol-
mensis to explore fine scale population structure and pat-
terns of connectivity among localities. This investigation
of patterns of population genetic variation was designed to
provide a foundation for future management and conserva-
tion plans for E. chisholmensis. We combined relatively
large sample sizes per locality and fine-scale sampling with
a GBS approach to quantify geographic patterns of genetic
variation and estimate effective population sizes for these
salamanders.

Materials and methods
DNA sequencing and data collection

Tail clips were collected during the course of repeated sur-
veys from each of seven spring sites (Fig. 1) as a part of
ecological monitoring activities in 2017 and 2018 (Diaz and
Warren 2019). Samples from 180 salamanders were col-
lected. After capture, a small portion from the distal region
of the tail was removed using sterile equipment. Information
on the sex of individuals was not obtainable because sexual
characteristics were not visible (i.e. individuals were cap-
tured out of breeding season) or individuals were too small
for sex to be determined. Tissue was preserved in 95% EtOH
and DNA was extracted using the DNeasy Blood and Tissue
Kit (Qiagen Inc., Alameda, CA, USA). Reduced representa-
tion genomic libraries were prepared following the meth-
ods of Parchman et al. (2012) and Gompert et al. (2014).
In brief, genomic DNA was digested with the restriction
enzymes EcoR1 and Msel. Illumina adapters with unique
8-10bp individual multiplex identifier (MID) sequences were
ligated to the resulting fragments. Fragments were amplified
with two rounds of PCR using iProof high fidelity polymer-
ase (BioRad, Inc.). PCR products were then pooled. Size
selection of fragments between 300 and 450 bp was per-
formed using a BluePippin (Sage Science Inc., Beverly, MA,
USA) and the resulting fragments were sequenced on one
lane of Illumina HiSeq 2500 (SR 1 x 100) at the University
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Fig. 1 Map of sampling
localities. Larger circles indicate
sampling localities, colors of
circles match those in Fig. 2.
The locality “Salado Downtown
Complex” represents three
spring sites in close proximity:
Anderson Spring, Big Boiling
Spring, and Side Spring

of Texas at Austin Genomic Sequencing and Analysis Facil-
ity (GSAF; Austin, Texas, USA).

We used BowTIE version 1.1.2 (Langmead et al. 2009)
to remove phiX reads. Custom scripts were employed to
remove identifier sequences (MIDs) from each read and
to filter short reads as well as reads that contained Msel
adapter sequence. The resulting 223,337,965 sequence reads
were written to individual files in FASTQ format. Five indi-
viduals produced less than 300,000 reads and were excluded
from further analyses, including one individual each from
Twin Springs, Solana Ranch Spring and Robertson Springs,
and two individuals from Cowan Creek Spring. The reads
from the remaining 175 individuals (Table 1) were filtered
and assembled using the de novo strategy described in the
dDocent variant calling pipeline (Puritz et al. 2014) and CD-
hit (Fu et al. 2012). To streamline the assembly of sequence
reads, we discarded sequence reads with less than four cop-
ies per individual and reads that were shared among fewer
than four individuals. The resulting filtered reads were
assembled with a homology threshold of 90% (other thresh-
olds from 80 to 95% were investigated but produced very
similar assemblies; data not presented). The consensus reads
from this de novo assembly were used as the basis for a
reference-based assembly of all reads using the Burrows-
Wheeler Aligner (Bwa version: 0.7.12) with up to four mis-
matches allowed (preliminary assemblies with from 2 to 6
mismatches allowed produced similar numbers of assem-
bled reads; data not presented). Variable sites, also known
as single nucleotide polymorphisms (SNPs), were identified
using BcrrooLs version 1.9 (Li et al. 2009) using the mpi-
leup and call commands, ignoring indels and retaining vari-
able sites if the posterior probability that the nucleotide was
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invariant was < 0.05. Custom scripts were used for further
filtering to improve data quality that excluded variable sites
with sequence depth less than 350 reads (an average of two
reads per site per individual, 2X) and greater than 38,277
reads (equal to the mean sequence depth across sites plus
two standard deviations; this reduces reads from potentially
paralogous loci), less than at least 20 reads of the alternative
allele, mapping quality less than 30, an absolute value of
the mapping quality rank sum test greater than 2.5, an abso-
lute value of the read position rank sum test greater than 2,
absolute value of the base quality rank sum test greater than
3, minor allele frequency less than 0.05, or missing data for
more than 35 individuals (20% of individuals). To minimize
linkage disequilibrium (LD) among loci, one variable site
per contig was chosen randomly and retained.

Clustering analysis and genotype estimation

The Bayesian clustering algorithm ENTROPY (Gompert
et al. 2014) was used to estimate admixture proportions for
each individual, allele frequencies for each cluster (popu-
lation) and posterior genotype probabilities. ENTROPY is
similar to the STRUCTURE algorithm (Pritchard et al. 2000)
but uses pre-calculated maximum likelihood estimates of
genotypes from BCFTOOLS as input. A series of ENTROPY
models were fit to the data varying the number of a pri-
ori clusters or source populations (k) from two to seven.
For each model run, two MCMC simulations of 330,000
steps were performed with a burnin of 30,000 steps while
retaining values from every 10th step (total of 30,000 steps
for each chain). To assess model performance and check
that the models reached a stable sampling distribution,
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we calculated Gelman and Rubin’s convergence diagnos-
tic and effective sample sizes (Gelman and Rubin 1992;
Brooks and Gelman 1998) for each chain with the package
copa version 0.19-1 in R (Plummer et al. 2006; R Core
Team 2020). We rejected model results when the mean
Gelman and Rubin’s convergence diagnostic across indi-
vidual values of the admixture proportion, g, was greater
than 1.12 (Gelman and Rubin 1992; Brooks and Gelman
1998), mean effective sample size was less than 500, or
when no individuals were assigned to a cluster. Models
for k = 2 and 3 satisfied these criteria, while all other
models failed. Attempts to employ more MCMC steps,
longer burnin, and different thinning strategies failed to
rescue models for k = 4-7 (data not presented). Models
for k = 2 and 3 exhibited the lowest consistent Deviance
Information Criterion scores across chains (see Supple-
mental Figure S8). Patterns of genomic variation among
individuals were illustrated by ordination using Principal
Component Analysis (PCA) on the posterior genotype
probabilities. Patterns of admixture were illustrated with
barplots reflecting ancestry proportions. All analyses were
performed in R (R Core Team 2020).

Relatedness

Because it is possible that individual salamanders might
have been recaptured after tail re-growth over the course of
the sampling and such repeat sampling of individuals would
compromise estimation of within- and between-population
genetic parameters, we employed two approaches to identify
repeat samples. First, we compared all 175 individuals by
calculating a pairwise genetic distance between individuals.
Specifically, we multiplied the probability of each genotype
being homozygous for the reference allele, heterozygous, or
homozygous for the alternative allele, by 0, 1 or 2, respec-
tively, and then calculated the difference between each pair
of individuals at each locus and averaged this genetic dis-
tance over all loci (Alberici da Barbiano et al. 2013). These
genotypic distances are expected to be zero for identical
individuals (i.e. a recaptured individual). Second, we meas-
ured relatedness (Wang 2017) with two estimators using the
RELATED package (Pew et al. 2015) in R (R Core Team 2020).
We used the moment estimator of Lynch and Ritland (1999)
and the likelihood estimator of Wang (2007) to calculate
relatedness among individuals within the populations
(clusters) identified using ENTROPY (see Results). Because
the infile format for RELATED requires called genotypes, the
posterior genotype probabilities estimated with ENTROPY for
the full data set (8731 loci) were binned to convert them to
three discrete genotypes for each locus. Posterior genotype
probabilities of < 0.66 were coded as 0101, > 0.67 and <
1.33 were coded as 0102, and > 1.34 were coded as 0202.
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Genetic diversity

To quantify differentiation among sites, we calculated
genome-average Nei’s G (an analog of the standard meas-
ure of differentiation, Fg;, (Nei 1973)) for all pairwise com-
binations of sites. Gy was calculated as the average across
all loci and 9999 permutations were used to calculate 95%
confidence intervals. All of the above analyses were per-
formed with custom scripts in R and Perl. We then used
BcFTooLS version 0.1.9 to calculate two measures of genetic
diversity for samples from each of the seven localities. We
estimated Watterston’s 6 (based on the number of segregat-
ing sites) and Tajima’s 7 (nucleotide diversity or heterozy-
gosity) using the expectation-maximization algorithm with
20 iterations (Li 2011) which was sufficient for values to
converge for all localities. These diversity estimators were
calculated for each of the seven sampling localities.

Effective population size

We employed two strategies to estimate contemporary N,
for the populations (clusters) identified using ENTROPY (see
Results) including: (1) a model-based approximate Bayes-
ian computation (ABC) approach that relies on simulations
(Beaumont et al. 2002; Beaumont 2008; Csilléry et al.
2010), and (2) the effective population size estimation
procedure based on linkage disequilibrium (Weir 1979;
Hill 1981; Waples 1991; Wang 2005; Waples 2006; Hare
et al. 2011; Waples et al. 2016). For the ABC approach,
we used the pryaBc software (Cornuet et al. 2014) to calcu-
late N, for each major genetic group (i.e. northern group,
and the two southern localities, see Results). pivaBc uses
approximate Bayesian computation methods to simulate
data under a set of evolutionary scenarios. Here we used a
simple scenario of simultaneous divergence for the three
groups. To minimize computational time requirements,
we reduced the data set in terms of both number of loci
and number of individuals using the following procedure:
First, the posterior genotype probabilities estimated with
ENTROPY for the full data set (8731 loci) were again binned
to convert them to three discrete genotypes coded as 0, 1
and 2 for the number of alternative alleles in each geno-
type. Posterior genotype probabilities of < 0.66 were con-
verted to 0, > 0.67 and < 1.33 were rounded to 1, and >
1.34 were rounded to 2. After calling genotypes in this
fashion, a symmetric Procrustes analysis was performed
to compare the matrix of PCA scores for called genotypes
with the matrix of PCA scores for the posterior genotype
probabilities using the protest function of the VEGAN v2.5-6
package in R (Oksanen et al. 2019). The two data sets
were highly similar (Procrustes » = 0.9982) indicating
that “called” genotypes effectively represent the observed
genetic variation. Second, we determined the “minimum”
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number of loci required to capture the patterns of geo-
graphic genetic variation. This is not common practice
in GBS studies (but see Jahner et al. (2016)), however,
reducing the data set to a minimum number of loci can be
effective for reducing the computational burden in ABC
analyses. To do this, we used the sample function in R
to draw random replicate datasets consisting of 50, 100,
250, 500, 1000, 1250, and 1500 SNPs with 10 replicates
each (i.e. 10 data sets of 50 loci, etc.). PCAs were con-
ducted on each randomly drawn data set separately and the
results were compared using symmetric Procrustes analy-
ses (again with the protest function in vEGAN) to the full
data set and the Procrustes statistic, r, was plotted versus
the number of loci in each replicate data set (Fig. S11).
From these analyses, we chose 1000 SNP loci as our mini-
mum data set size which balanced information retention
(mean of Procrustes r = 0.9919, SE = 0.00035) with data
reduction. Next, to further reduce computational time, 20
individuals were randomly selected from each of the three
genetic groups revealed by clustering analysis (the north-
ern group of localities, Cowan Creek Spring and Twin
Springs; see Results). An additional Procrustes analysis
was conducted on the PCA of the final data set of 60 total
individuals for 1000 randomly selected SNPs versus the
total 8731 SNPs. The reduced data set was found to be
highly similar to the full data (Procrustes r = 0.9919).
Using the prvasc software (Cornuet et al. 2014), uniform
prior distributions for N, from 5 to 20,000 were set for
each of the three groups. Ten million simulations were
run to generate data sets to calculate N, for each genetic
group, and the default minimum allele frequency criterion
(Hudson’s algorithm; Hudson (2002)) was used. We cal-
culated the mean and variance of the gene diversity across
all populations and loci (Nei 1987) to compute posterior
estimates and distributions of parameters (N,) based on the
nearest 10,000 simulated data sets. Finally, after conduct-
ing the simulations, we performed a PCA comparing the
prior and posterior distributions of the summary statistics
to the observed data to ensure proper model fit.

In the second approach to estimating N,, we employed
the LD method. This estimator is based on the relationship
between disequilibrium and N, and includes corrections for
sample size and bias associated with loci linked on chromo-
somes when a reference genome or other genomic tools are
not available (Waples et al. 2016). We used VCFTOOLS ver.
0.1.13 (Danecek et al. 2011) to calculate the squared cor-
relation of allele frequencies between loci, r2, using 9999
permutations to assess confidence. We then subtracted the
amount of disequilibrium expected due to sampling error to
obtain an adjusted disequilibrium, %', which was then used
in the calculation of N,, including corrections for sample
size and for the number of chromosomes, which we assumed
to be 14 for E. chisholmensis following Bogart (1967).

Specifically, we employed the equations of Waples (2006)
and Waples et al. (2016). (Specific details of these calcula-
tions can be found in the Supplementary Material.)

Results

16,854,095 reads were retained after filtering variants that
comprised a SNP data set of 8,955 loci for 175 individu-
als (mean of 96,309 reads per individual). Mean sequence
depth was 10.7 reads per locus per individual with an aver-
age of 7.9% missing data per locus. Preliminary analyses
revealed 224 loci that exhibited LD that was approximately
five times higher than all other loci (see Supplementary
Material). This group of loci might be contained within a
chromosomal inversion or be located on a sex chromosome,
however, we lack a reference genome or information on the
sex of individuals to test such hypotheses. These 224 loci
were excluded and the analyses aimed at answering our main
questions were performed on a final data set of 8731 loci.

Ordination of individual multilocus genotypes using PCA
revealed two major groupings of individuals: a northern
group including individuals from the Salado Springs com-
plex (Anderson Spring, Big Boiling Spring, Side Spring) and
Robertson Spring and Solana Ranch Springs, and a southern
group consisting of Cowan Creek Spring and Twin Springs
(Figs. 1 and 2a). The first PC axis, representing the north-
south split explained 7.53% of the genotypic variance. The
second PC axis captured differentiation within each of these
groups and explained 1.02% of the variation, while the third
PC axis showed some differentiation between the individu-
als from the southern group (Fig. 2b) and explained 0.97%
of the variation. The fourth PC axis explained 0.90% of the
variance and revealed differentiation within the northern
group with the Solana Ranch Springs individuals forming
a separate group, though the level of differentiation is quite
low (Fig. 2c). A three-dimensional plot of the first three PC
axes (Fig. 2d) provides visual evidence that the northern and
southern groups represent the most substantial partitioning
of variance compared to minor differentiation within each
of these two groups. We found no evidence of repeated sam-
pling of individuals or close relatives (Figs. S1-S7) and all
individuals were retained for analyses.

The division between northern and southern sites was
also observed in estimates of admixture proportions. DIC
scores (Fig. S8) and MCMC diagnostics indicated that mod-
els for k = 2 and 3 outperformed other clustering solutions.
Models with higher clustering (i.e. greater than k = 3) fit
the data poorly and diagnoses of these models indicated that
chain convergence was not achieved. For the model of k = 2,
the northern and southern groups are distinct with no evi-
dence of gene exchange between them (Fig. 3). The absence
of individuals with intermediate admixture proportions
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indicates little evidence of contemporary gene flow between
the groups. The model for k = 3 showed the separation of
Cowan Creek Springs from Twin Springs within the south-
ern group (Fig. 3). One individual collected at Twin Springs
was assigned to the Cowan Creek Spring cluster with 100%
ancestry.

Patterns of differentiation estimated as Nei’s Gg con-
formed to the clustering analyses. G, values were gener-
ally low among all sites with a mean of 0.0121 (Table 2).
The largest values were observed for comparisons between
northern and southern localities. Mean pairwise Gy within
the northern group was very low, at 0.0078, and the pair-
wise Gg; between the two southern localities was lower
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still at 0.0042, despite the structuring recovered in the
clustering analysis at k = 3 (Fig. 3). The average between-
group (northern vs. southern) G, was moderate, at 0.0215.
Genetic diversity within sites, measured as nucleotide diver-
sity (expected heterozygosity), z, and Watterson’s 8, were
similar for all localities (Fig. 4, Table S1). No locality had
particularly high or low diversity.

The two approaches to estimating N, produced roughly
similar results. ABC produced estimates of between
approximately 3000 to 5000 for N, for each of the three
groups identified using ENTROPY at k = 3 (Table 3). Esti-
mates of N, based on linkage disequilibrium for each
group were smaller than the ABC estimates (between
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Fig.3 Barplots of admixture
proportions estimated with
ENTROPY showing estimates
for k =2 and k = 3. Each bar
represents an individual and
the colors within bars show 05
the proportion of ancestry
from each cluster for each
individual. Locality labels are:
and = Anderson Spring, big

= Big Boiling Spring, sid =
Side Spring, rob = Robertson
Springs, sol = Solano Ranch
Spring, cow = Cowan Creek
Spring, twi = Twin Springs
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Fig.4 Genomic diversity estimated from 8731 loci for 175 Eurycea
chisholmensis from seven localities. Nucleotide diversity as Tajima’s
7 (expected heterozygosity) is plotted as bars. Watterson’s € is indi-
cated as points for each site. Locality labels are: and = Anderson
Spring, big = Big Boiling Spring, sid = Side Spring, rob = Robertson
Springs, sol = Solano Ranch Spring, cow = Cowan Creek Spring, twi
= Twin Springs (Table 1)

approximately 1700 and 2500), but fell within the 95%
credible intervals (equal-tailed probability interval) from
the ABC analyses. It should be noted that the bounds of
confidence intervals estimated from permutations of r?
were indistinguishable from the observed values, which
is an indication of the ability of very large numbers of

rob sol cow twi

pairwise comparisons (i.e. pairwise comparisons of 8731
loci) to generate precise estimates.

Discussion

Currently no federal recovery plan or species status assess-
ment exists for E. chisholmensis. Since the listing of E.
chisholmensis as threatened under the Endangered Species
Actin 2014 (US 2014), the only accompanying federal regu-
latory actions have been the designation of critical habitat
in 2020 (US 2020). The Endangered Species Act specifi-
cally requires the identification, protection, management,
and recovery of species of plants and animals in danger of
extinction. Fulfilling this responsibility requires the protec-
tion and conservation of not only individual organisms and
populations, but also the genetic and ecological resources
that listed species represent (US 2000). This study was
undertaken with the main objective of providing detailed
information on the distribution of genetic variation and
estimates of N, for E. chisholmensis to inform management
plans.

A major feature of genetic variation in these salaman-
ders is the division between the northern populations in the
Salado Creek drainage (Salado Springs complex [Ander-
son Spring, Big Boiling Spring, Side Spring] and Robert-
son Spring and Solana Ranch Springs), and the southern
populations (Cowan Creek Spring and Twin Springs) in the
Berry Creek area (Fig. 2). This geographic division within
E. chisholmensis was also observed in Devitt et al. (2019)’s
larger survey of genomic variation in Eurycea. The exact
location of this primary division will remain unclear until
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Table 1 Sampling details

Abbreviation Locality name n

And Anderson Spring (Salado Downtown 18
Complex)

Big Big Boiling Spring (Salado Downtown 10
Complex)

Sid Side Spring (Salado Downtown Complex) 14

Rob Robertson Springs 17

Sol Solana Ranch Spring 26

Cow Cowan Creek Spring 53

Twi Twin Springs 37

Total 175

Locality names and samples sizes (n) for individuals genotyped for
each locality

intervening localities for E. chisholmensis can be sam-
pled. Within the northern group, there is little differentia-
tion. Pairwise G¢; values are quite low among all pairs of
northern populations (Table 2). In the individual analyses,
there is evidence that the Solana Ranch Spring population
is slightly differentiated from the other northern locali-
ties. In the PCA analysis of individual genotypes, PC axis
4 explains less than 1% of the genetic variance, but does
differentiate Solana Ranch Spring from the other northern
localities (Fig. 2¢). Nevertheless, this subtle differentiation
was not detected by the clustering algorithm and admixture
proportions are homogenous across all northern individuals
sampled (Fig. 3). These patterns (low pairwise G, values,
low variance explained on PC axis 4, homogeneous admix-
ture proportions across all northern sampling localities)
suggest considerable contemporary, or relatively recent,
gene exchange among all of these northern localities. This
is somewhat surprising given the expectation of generally
higher differentiation over shorter distances for these sala-
manders due to the nature of their habitats (springs and karst
features) and limited dispersal (Lucas et al. 2009; Bendik
2017; Pierce et al. 2014; Gutierrez et al. 2018).

The southern localities form a separate group of popula-
tions that are moderately differentiated from the northern

Table 2 Pairwise genome-average Gg; values

group. Average G, values between northern and southern
localities were roughly two times higher than G, values
within these two groups (Table 3). However, this between-
group differentiation is still modest and approximately half
the level of differentiation observed among populations of
Eurycea salamanders from the Comal Springs complex in
central Texas (Lucas et al. 2016). The two southern localities
separate into distinct clusters at k = 3 (Fig. 3). A single indi-
vidual collected at Twin Springs shows complete ancestry
with Cowan Creek Spring individuals (Fig. 3). Dispersal
over this distance (approximately 6 km) is well outside dis-
tances reported for Eurycea (Pierce et al. 2014; Gutierrez
et al. 2018) and seems incredibly unlikely. It is, of course,
possible that sample labels were mistakenly switched during
processing, though we have no evidence for this. However,
as with the northern group, there is no evidence of admixture
with individuals showing 100% assignments to each cluster.
The lack of admixture indicates that the putative “migrant”
individual is a recent migrant and not the offspring of
migrants. Despite this apparent individual migrant, there is
no evidence of gene flow in the form of admixed individuals
among the southern populations, suggesting that migration
is highly unlikely between these two southern sites.
Genetic diversity is homogenously distributed across
all localities (Fig. 4). Diversity in E. chisholmensis popu-
lations, measured as nucleotide diversity (expected het-
erozygosity), z, and Watterson’s 6 (number of segregating
sites), are comparable to (Mandeville et al. 2015) or higher
than (Sotola et al. 2019) levels of diversity found in some
freshwater fishes, and higher than diversity observed in
terrestrial insects (Gompert et al. 2014; Bell et al. 2017,
Driscoe et al. 2019). Unfortunately, comparable measures
of 7 and 0 are not available for other Eurycea populations.
Estimates of N, based on both ABC and linkage disequilib-
rium (Table 3) suggest that populations include a minimum
of a few thousand individuals. These numbers are higher
than estimated for some other species of salamanders (e.g.
Ambystoma leorae; (Sunny et al. 2014) and suggest popula-
tion sizes are large enough to maintain their genetic varia-
tion. While these estimates of N, provide some information

Sol

Cow

Twi

And Big Sid Rob

And - (0.0081-0.0087)  (0.0068—0.0073)  (0.0059—-0.0063)
Big 0.0084 - (0.0090-0.0097)  (0.0082—-0.0088)
Sid 0.0071 0.0094 - (0.0066—0.0070)
Rob  0.0061 0.0085 0.0068 -

Sol 0.0069 0.0093 0.0080 0.0070

Cow  0.0199 0.0227 0.0212 0.0204

Twi  0.0218 0.0244 0.0229 0.0221

(0.0065—0.0074)
(0.0088—0.0099)
(0.0075-0.0085)
(0.0066—0.0075)

0.0191
0.0209

(0.0185-0.0215)
(0.0213-0.0242)
(0.0198-0.0226)
(0.0189—0.0217)
(0.0177-0.0205)

0.0042

(0.0204—0.0234)
(0.0230-0.0260)
(0.0216-0.0245)
(0.0206-0.0235)
(0.0195-0.0224)
(0.0039—0.0046)

Averages are below the diagonal and 95% confidence intervals are below the diagonol. Population abbreviations follow those in Table 1
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Table 3 Estimates of effective population size (]/V\g) using approxi-
mate Bayesian computation (ABC) implemented in DIYABC (Corn-
uet et al. 2014) and the LD method (Waples 2006; Waples et al. 2016)

Locality ABC N, (95% CI) LD N,
Northern Group 3250 (518-10,000) 1785
Southern Group
Cowan Creek Spring 4960 (770-12,400) 2442
Twin Springs 3130 (489-8950) 1877

Estimates are provided for the three populations (clusters) identified
by ENTROPY (see Fig. 4). 95% credible intervals are included for the
ABC estimates. Permutational 95% confidence intervals for the LD
estimates were indistinguishable from the estimates and are not pre-
sented

about contemporary population sizes, some caution is war-
ranted. Scaling N, to the actual, or census, population size
is difficult without more information on the age-structure in
these populations (Frankham 1995; Kalinowski and Waples
2002; Mills 2012). As such, our estimates constitute what
can be considered a minimum estimate of population size
since the ratio of N, to census population size is < 1.

This study provides valuable information about the
genetic structure and diversity of the threatened E. chishol-
mensis, but the picture for E. chisholmensis is not complete.
Of particular interest is the location and nature of the bound-
ary between the northern group of localities and southern
populations. Potential populations in the intervening habitats
were not sampled in this study, nor have they been exten-
sively sampled in previous investigations. This phylogeo-
graphical boundary could be sharp and reflect watershed
or drainage boundaries, or could exhibit a more gradual
pattern of isolation by distance. While more sampling is
needed here, the location of this boundary is close to the
boundary of Williamson and Bell counties in Texas, mean-
ing that the extent of coordination between the counties for
effective management might be dependent on the nature of
this phylogeographical boundary. Bell County currently
has an active groundwater conservation district responsible
for the quality and quantity of the aquifer water. In con-
trast, Williamson County has not developed a groundwater
conservation district but has instead established a self sus-
taining karst foundation that is tasked with acquiring land
containing state or federally listed species (either aquatic or
terrestrial) and maintaining the land as a preserve. At this
time Twin Springs is the one preserve in Williamson County
that contains E. chisholmensis. Evidence of connectivity or
patterns of isolation-by-distance between the northern and
southern populations might require joint conservation plan-
ning between Williamson and Bell counties. Future resa-
mpling would also be especially useful for monitoring N,

using estimators that take advantage of the changes in allele
frequencies between temporal samples (Jorde and Ryman
1995, 2007; Wang and Whitlock 2003). Such monitor-
ing is likely to be increasingly important as climate vari-
ation, including droughts, and human population density,
and attendant water withdrawls, continue to increase in this
region of Texas. Furthermore, similar estimates of N, and
genetic diversity within- and among-populations from other
Eurycea and other karst-endemic organisms would provide
a comparative framework in which to design, implement,
and evaluate conservation efforts for the biodiversity of the
Edwards Plateau region.
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