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SUMMARY

1. We studied genetic variation in four endangered animal taxa in the largest freshwater spring
complex in the southwestern U.S.A., Comal Springs (TX): Eurycea salamanders, Heterelmis riffle
beetles, Stygobromus amphipods and Stygoparnus dryopid beetles. They inhabit a spring complex
with nearly stable conditions, which is threatened by climate change and aquifer withdrawals. The
four taxa vary in their habitat affinities and body sizes.

2. We used genotyping-by-sequencing to obtain hundreds to thousands of genetic markers to

accurately infer the demographic history of the taxa. We used approximate Bayesian computation to

test models of gene flow and compare the results among taxa. We also looked for evidence that
would suggest local adaptation within the spring complex.
3. An island model (equal gene flow among all subpopulations) was the most probable of the five

models tested, and all four taxa had high migration rate estimates.

4. Small numbers of single nucleotide polymorphisms (SNPs) in each taxon tested were associated

with environmental conditions and provide some evidence for potential local adaptation to slightly

variable conditions across habitat patches within Comal Springs.
5. We discuss how the results of this study can add to the habitat conservation plan for Comal
Springs. If part of the spring system dries, migrants may recolonise from elsewhere within the

spring complex. However, genetic variants affecting survival in particular habitat patches could be

lost during such droughts.

Keywords: approximate Bayesian computation, aquatic invertebrate, endangered species, genotyping-

by-sequencing, neotenic salamander

Introduction

Comparative phylogeography can help explain the his-
torical and contemporary mechanisms responsible for
the distributions of different taxa on a landscape
(Knowles & Maddison, 2002). Taxa with similar histories
might exhibit similar patterns of genetic variation
because of the landscape they share in common. Barriers
in the landscape, such as impermeable layers in an aqui-
fer, may prevent dispersal among habitats for all fresh-
water taxa sharing the landscape (Whitaker, Grogan &

Taylor, 2003; Marten, Braendle & Brandl, 2006). How-
ever, greater dispersal ability may promote more disper-
sal among habitats for some taxa. For example,
freshwater invertebrates with active dispersal such as
adult beetles with flight capabilities may have more
widespread distributions (Bilton, Freeland & Okamura,
2001) than those with passive dispersal such as freshwa-
ter amphipods, which typically drift in the water col-
umn to disperse and consequently display substantial
population structure within small geographic ranges
(Murphy, Guzik & Wilmer, 2010; Robertson, Guzik &
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Murphy, 2014). The relative importance of landscape
and dispersal ability in shaping biogeographical patterns
depends on the specific landscape and its inhabitants
(Page & Hughes, 2014).

The results of a comparative phylogeographic analysis
can facilitate the development of conservation manage-
ment plans for threatened or endangered species to
maintain or restrict gene flow and thereby to manage
the genetic diversity of populations (Slatkin, 1987; Her-
moso ef al., 2011). If all taxa in a common habitat show
similar patterns of differentiation and gene flow, the
entire habitat including conduits to gene flow could be
conserved and populations could be managed together.
If the taxa have different patterns of differentiation and
gene flow, it might be important to manage the taxa sep-
arately. For example, if all populations of a taxon are
isolated from one another, all populations could be con-
served and managed as separate units to maintain biodi-
versity. On the opposite end of the spectrum if all
individuals can disperse across the taxon’s range, we
might only need to conserve and manage a subset of all
populations to maintain biodiversity (Hughes, Huey &
Schmidt, 2013). In addition to understanding gene flow
patterns among populations, we need to understand
local adaptation, or ecological differences among popu-
lations, when making conservation management plans.
Whereas gene flow can maintain genetic variation and
combat inbreeding depression, the genetic mixture of
populations that are adapted to different environmental
conditions can lead to fitness reductions (outbreeding
depression; Slatkin, 1987; Lenormand, 2002). Knowledge
of local adaptation is useful for managing gene flow to
prevent inbreeding and outbreeding depression and
effectively conserving locally adaptive variation (Storfer,
1999).

The limestone aquifer systems of the Edwards Plateau
in Texas, U.S.A., are biotically diverse and home to a
large number of locally endemic species (Longley, 1981;
Brune, 2002, e.g., Figure S1 in Supporting Information).
Here, we focus on endemism found in Comal Springs,
the largest spring system not only in the Edwards Pla-
teau but also in the southwestern United States. It con-
sists of 425 spring openings that feed into Landa Lake
and six spring runs (C. Norris ef al., unpubl. data). The
average flow between 1993 and 2008 was 291 cfs
(http:/ /www.eahcp.org/). Although Comal Springs
reportedly has the greatest discharge of any springs in
the southwestern U.S.A., the flows can diminish rapidly
during drought conditions. In the most extreme exam-
ple, the springs completely ceased to flow from June 13
to November 3, 1956 (Brune, 2002). Spring runs R4 and

R5 (Fig. 1b) are the most susceptible to the cessation of
flow during droughts (C. Norris et al., unpubl. data).
Spring runs R1, R2 and R3 (Fig. 1b) discharge from the
upthrown Comal Springs fault block, and these springs
stop flowing when the water levels in the upthrown
block drop below the elevation of the individual springs
(189.9 metres above mean sea level (mamsl), S. Johnson
and G. Schindel, unpubl. data). Approximately 75% of
the total spring flow from Comal Springs is from the
downthrown Artesian fault block in the bottom of Landa
Lake (UP, WS, SI and BW, Fig. 1b), and during periods
of low flow, Comal Springs is entirely fed by water from
the Artesian fault block. The Artesian fault block stops
flowing when groundwater elevation drops below
188.7 mamsl (S. Johnson and G. Schindel, unpubl. data).
The flow decreases because of climate variation and gen-
eral warming (Loaiciga, Maidment & Valdes, 2000) and
withdrawals from the Edwards Aquifer via wells for
municipal, irrigation, livestock, and industrial or com-
mercial purposes (ie., two million water consumers,
http://www.eahcp.org/). Despite the intentional aquifer
withdrawals, Comal Springs is home to several endemic
and federally listed species. They are found in several
habitat patches within the Comal Springs complex (re-
ferred to as subpopulations herein; each coloured two-
letter code in Fig. 1b—d is placed at a subpopulation).
The springs have relatively stable temperatures of about
23.3 °C, nearly neutral pH and are surrounded by rocky
substrate. Some fluctuation in habitat conditions can be
beneficial for maintaining genetic variation, but aquifer
pumping reduces the flux of oxygen and dissolved
organic carbon downstream, which alters redox reac-
tions and pH, respectively (Humphreys, 2009), and sev-
ere decreases in spring discharge may reduce habitat
suitability in the long term. Similarly, temporal variation
in discharge within an aquifer can complicate patterns
of dispersal routes for spring- or cave-endemic taxa. For
example, droughts may lower the water table such that
previously used conduits are no longer accessible. Fur-
thermore, toxins from chemical spills into the aquifer
system could easily affect most or all subpopulations
within the spring complex.

We focus on the comparative phylogeography of four
of the several spring-endemic taxa of the Edwards Pla-
teau whose ranges overlap in Comal Springs: Comal
Springs salamander, Eurycea sp. (Plethodontidae: Hemi-
dactyliini), Comal Springs riffle beetle, Heterelmis coma-
lensis (Coleoptera: Elmidae), Peck’s cave amphipod,
Stygobromus pecki (flagellatus species group, Amphipoda:
Crangonyctidae) and Comal Springs dryopid beetle, Sty-
goparnus comalensis (Coleoptera: Dryopidae; Figure S1).
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Fig. 1 Model testing using ABC. Pane (a) is the genealogy we simulated at each contig. Panes (b—d) are maps of Comal Springs showing
the localities of the 11 subpopulations (coloured two-letter codes). We tested five models of gene flow for each taxon: no migration among
subpopulations, an island model, a stepping stone with unidirectional gene flow along surface stream flow (b), a stepping stone model with
bidirectional gene flow (c) and gene flow among subpopulations fed by the same groundwater sources (d). Thin blue arrows indicate water

flow and thick black arrows represent gene flow.

From here on, we will refer to these taxa by their generic
names: Eurycea, Heterelmis, Stygobromus and Stygoparnus.
The latter three of these are recognised as federally
endangered species and are only found in one other
spring complex. Additionally, Lucas et al. (2009) found
that the Eurycea in Comal Springs are likely on an inde-
pendent evolutionary trajectory, and they currently have
no federal or state conservation status. The three inverte-
brate taxa are bred captively by the U.S. Fish and Wild-
life Service (USFWS) for restocking in the event that all
or part of Comal Springs dries. All four taxa are gener-
ally restricted to water their entire lives and are gener-
ally found under substrate at or near spring openings
(e.g., Barr & Spangler, 1992). In addition, Edwards Pla-
teau Eurycea species are thought to lay eggs and seek
refuge within subterranean habitats when aboveground
conditions are unfavourable (Chippindale et al., 2000;
Fries, 2002; Bendik & Gluesenkamp, 2013). Later-instar
Heterelmis larvae drift, perhaps to locate favourable habi-
tat for pupation (C. Norris, unpubl. data), whereas Sty-
gobromus and Stygoparnus are stygobionts and are found
in one shallow well within 110 m from Comal Springs
(subpopulation PA in Fig. 1b; Gibson, Harden & Fries,
2008). These slight differences in habitat use across the
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four taxa might affect their ranges of dispersal and
thereby patterns of gene flow, as might their physical
sizes. Eurycea are an order of magnitude larger than
Heterelmis and Stygoparnus adults and about five times
larger than the Stygobromus adults (Figure S1). For exam-
ple, the smaller taxa may be able to access small con-
duits unavailable to Eurycea.

Previous phylogeography studies have quantified
population genetic structure or the amount of gene flow
among populations of some endemic members of the
Edwards Plateau aquifer system. For example, Lucas
et al. (2009) found a pattern of isolation by distance
(IBD) and no recent gene flow among populations of
neotenic Eurycea salamanders spread across two aquifers
and two river drainages in the Edwards Plateau.
Whereas across the same landscape, T. Gonzalez and
colleagues (unpubl. data) found no pattern of IBD
among sampled populations of the riffle beetles Heterel-
mis comalensis and H. glabra, perhaps suggesting differ-
ent dispersal capabilities of Heterelmis and Eurycea. Here,
we take a comparative approach with four endemic taxa
and examine gene flow on a smaller scale. Identifying
the scale at which a population becomes structured is
important for management. After all, endemic species in
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very small areas can have population differentiation and
low levels of gene flow, such as the case with the desert
spring amphipod, Wangiannachiltonia guzikae, found in
less than a 1 km?® area in the Great Artesian Basin of
central Australia (Robertson et al., 2014). Notably, our
study takes advantage of relatively recent advances in
DNA technology, genotyping-by-sequencing, to sample
thousands of markers across the genome to provide a
more accurate representation of demographic history
(i.e., different regions of DNA with different functional
constraints might evolve at different rates; Patterson,
1999; Gompert et al., 2006; Elshire et al., 2011) and to
identify genetic regions that underlie local adaptation
which requires many markers (Knowles & Maddison,
2002).

We asked two main questions. First, within Comal
Springs, how do patterns of gene flow of the four ende-
mic taxa compare to one another? We answered this
question with summaries of genetic variation and struc-
ture but most importantly by explicitly testing hypothe-
ses of patterns of gene flow using approximate Bayesian
computation (ABC). Second, is there evidence of local
adaptation to the subpopulations? We answered this
question by examining associations between highly
differentiated single-nucleotide polymorphisms (SNPs)
and environmental variables (e.g., temperature). We use
this information to discuss management priorities and
how individuals could be pooled in captivity. The
results from this comparative phylogeographic study
add to the existing habitat conservation plan.

Methods
Molecular methods

There are 11 habitat patches within Comal Springs
where the four focal taxa occur (i.e., subpopulations).
The individuals genotyped for this project mainly were
collected previously for other projects during 2005-2013
and were collected from a subset of the 11 subpopula-
tions. We genotyped 60 Eurycea from three subpopula-
tions, 70 Heterelmis from seven subpopulations, 68
Stygobromus from six subpopulations and 53 Stygoparnus

from four subpopulations (Table 1). All individuals were
collected in accordance with USFWS (TE676811-2) and
Texas Parks and Wildlife (SPR-0390-045) permits. We
used DNA previously extracted from Eurycea, Heterelmis
and Stygobromus (Lucas et al., 2009; T. Gonzalez et al.,
unpubl. data and Ethridge, Gibson & Nice, 2013, respec-
tively). We used the DNeasy 96 Blood and Tissue Kit
(QIAGEN Sciences, Germantown, MD, U.S.A.) to extract
DNA from entire Stygoparnus individuals.

We followed the protocol described by Gompert et al.
(2012) and Parchman et al. (2012) for preparing and ana-
lysing reduced genomic complexity libraries for each
individual (genotyping-by-sequencing); here, we briefly
describe the protocol and highlight details in which our
protocol differed. We first used restriction enzymes,
EcoRI and Msel, to fragment individuals’ genomes and
thereby reduce genome complexity. We ligated Illumina
sequencing adapters onto each DNA fragment and
labelled the fragments of each individual with barcodes
(individual identification sequences) to allow for multi-
plexing hundreds of individuals in one sequencing lane
(Meyer & Kircher, 2010). We amplified fragments with
PCR and size selected 250-350 bp fragments with gel
electrophoresis. We purified the gel excisions with
QiaQuick gel extraction kits (QIAGEN Sciences, Ger-
mantown, MD, U.S.A.) and assessed library quality and
concentration with a NanoDrop spectrophotometer
(NanoDrop products, Wilmington, DE, U.S.A.) and a
Bioanalyzer (Agilent, Inc., Santa Clara, CA, U.S.A.). The
National Center for Genome Research (NCGR, Santa Fe,
NM) used the Illumina HiSeq platform to sequence the
Eurycea, Heterelmis and Stygobromus libraries. After
removing sequences that contained exclusively nucleo-
tides used in library preparation and other contami-
nants, we received 41.8 million filtered Eurycea
sequences, 9.7 million filtered Heterelmis sequences and
24 million filtered Stygobromus sequences from NCGR.
The Stygoparnus library was prepared after modifications
were made to this protocol; namely, after PCR, we
added additional dNTPs and primers and ran the reac-
tion for an additional cycle (98 °C for 3 min, 60 °C for
2 min and 72 °C for 10 min) to ensure that the PCR pro-
duct would be dominated by double-stranded frag-

Table 1 Number of individuals sampled from

PA- Rl R2 KP R3 UP WS SI BW R5 R4 . A
each subpopulation of four sympatric animal taxa
Eurycea 14 24 22 in Comal Springs. PA = Panther Canyon Well, R1
Heterelmis 10 10 10 10 10 10 10 = Spring Run 1, R2 = Spring Run 2, R3 = Spring
Stygobromus 5 14 16 9 18 6 Run 3, R4 = Spring Run 4, R5 = Spring Run 5, KP
Stygoparnus 9 15 8 21 = Kiddie Pool, UP = Upwelling, WS = West Shore,

SI = Spring Island, BW = Backwater Springs.
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ments. The University of Texas Genomic Sequencing
and Analysis Facility (Austin, TX) sequenced the Sty-
goparnus library on the Illumina HiSeq 2500 platform,
and we received 674 million filtered sequences. The fil-
tered sequences were 86-92 bp after barcodes were
removed.

We generated a set of reference sequences (ie., a
pseudo-reference genome) for each taxon because we do
not have reference genomes for the four taxa with which
to align our 86-92 bp sequences. We took a maximum
of 15 million sequences per taxon from the millions of
filtered sequences and used SeqMan NGen smng version
4.0.0.116 (DNASTAR, Inc., Madison, WI, U.S.A.) to per-
form a de novo assembly. We found 6204 contigs in the
Eurycea dataset, 494 contigs in the Heterelmis dataset,
4980 contigs in the Stygobromus dataset and 226 532 con-
tigs in the Stygoparnus dataset. We performed reference-
based assemblies by aligning each full set of sequences
to its reference sequence using SeqMan NGen xng ver-
sion 4.0.0.116 (DNASTAR, Inc.,, Madison, WI, U.S.A.).
Refer to the Supporting Information for assembly details.
Each sequence within a contig is referred to as a haplo-
type. To identify single-nucleotide polymorphisms
(SNPs) in the assembled contigs and determine the
number of sequences of each alternative nucleotide state
for each individual and SNP, we used custom DPerl
scripts in conjunction with samtools and bcftools (Li
et al., 2009). We have high confidence in the SNPs identi-
fied using strict criteria (see Supporting Information),
but we have likely failed to identify those SNPs with
rare alleles. We found 7035 SNPs in the Eurycea dataset,
545 SNPs in the Heterelmis dataset, 5432 SNPs in the Sty-
gobromus dataset and 191 678 SNPs in the Stygoparnus
dataset. The mean number of sequences per SNP per
individual (i.e., coverage) was 5.78 for the identified Eur-
ycea SNPs, 4.30 for the Heterelmis SNPs, 3.33 for the Sty-
gobromus SNPs and 2.80 for the Stygoparnus SNPs. Due
to this relatively low and variable sequence coverage
across individuals, we incorporated genotype uncer-
tainty in our genetic variation and population structure
analyses instead of calling genotypes (Buerkle & Gom-
pert, 2013). Some contigs had multiple SNPs, though the
average number of SNPs per contig is close to 1 (the
mean across taxa is 1.04). Our downstream ABC-based
analyses model haplotypes explicitly, including linkage
disequilibrium among SNPs within a contig, and thus
our migration rate estimates and model comparisons
take linkage among SNPs in the same contig into
account. Our estimates of Fsr do not explicitly account
for linkage disequilibrium. However, since having few
tightly linked SNPs would only affect uncertainty of

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946
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parameter estimates not the point estimates, our other
downstream analyses (e.g., NMDS) should be unaffected
by linkage among SNPs.

Statistical analysis: tests for patterns of gene flow

We first described genetic variation within each taxon’s
subpopulations. We used a hierarchical Bayesian model
that jointly estimated individuals’ genotypes, subpopu-
lation allele frequencies and genetic diversity, while
accounting for genotype uncertainty in the data (Gom-
pert et al., 2012; see Supporting Information). This
genetic diversity estimate is based on the distribution
of allele frequencies across SNPs. If we assume drift
and mutation are the only processes that affect diver-
sity and they are constant, then allele frequencies will
equilibrate to a beta distribution with a genetic diver-
sity parameter. Conditional on our ascertainment of
variable sites, genetic diversity is analogous to O,
which under these circumstances equals 4N.u. We
described subpopulation genetic structure by calculat-
ing Nei’s Ggr (a multiallelic analogue of Wright's Fgr,
Nei, 1973, herein called Fgr) with allele frequencies esti-
mated from the previously described hierarchical Baye-
sian model and the equation (Hy — Hg)/Hr for each
SNP at each MCMC step. We then averaged Fsr across
MCMC steps to get a point estimate for each SNP. We
also took the mean of Fsrs across SNPs for each pair of
subpopulations within taxa, which we refer to as gen-
ome-average pairwise Fgrs. We used an ordination
method, non-metric multidimensional scaling (NMDS),
to visualise subpopulation differentiation using gen-
ome-average pairwise Fsrs. NMDS does not force bifur-
cating relationships among subpopulations but
collapses the data from multiple subpopulations into a
few dimensions. We used the isoMDS function in the
MASS package in R to conduct Kruskal’s NMDS with
the Eurycea data with one dimension, the Heterelmis
data with three dimensions, the Stygobromus data with
two dimensions and the Stygoparnus data with three
dimensions. The number of dimensions chosen min-
imises the stress (the disagreement between the new,
collapsed configuration and the predicted values from
the regression). We also used the Mantel.rtest function
in the ade4 package in R to conduct Mantel tests with
genome-average pairwise Fgrs and straight-line geo-
graphic distances between pairs of subpopulations to
test the significance of the association between Fsr and
distance (i.e., isolation by distance or IBD) in each data-
set. Distance matrices were based on Euclidean dis-
tances. Each test was based on 9999 randomisations.
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We used approximate Bayesian computation (ABC,
Beaumont, Zhang & Balding, 2002; Nielsen & Beaumont,
2009; Bertorelle, Benazzo & Mona, 2010; Csilléry et al.,
2010) to test which models (hypotheses) of gene flow
best explained patterns of genetic variation in the data.
We tested five competing models: (i) no gene flow
among subpopulations; (ii) an island model with equal
or constant gene flow among all subpopulations; (iii) a
stepping stone model with unidirectional gene flow
along surface stream flow (Fig. 1b); (iv) a stepping stone
model with bidirectional gene flow with and against
surface stream flow (Fig. 1c) and (v) gene flow among
subpopulations fed by the same groundwater sources
(Fig. 1d). We developed the two surface stream models
(models 3 and 4) based on current stream flow paths.
We developed the groundwater model (model 5) based
on our current understanding of groundwater flow at
Comal Springs based on dye trace studies (S. Johnson
and G. Schindel, unpubl. data). Water feeding Comal
Springs comes from two major sources. The spring runs,
R1, R2 and R3, are from one flow path. Most of Landa
Lake is from another, presumably deeper, source, as it
has a consistently higher temperature by 0.5 °C. We can-
not calculate the likelihood of each hypothesised gene
flow model (i.e. the probability of obtaining the data
given the model and specific parameter values), so we
approximate the model likelihood using ABC (Nielsen &
Beaumont, 2009). First, we specified the data for ABC.
We identified our 86-92 bp contigs that were infinite
sites compatible (i.e., every mutation occurs at a unique
nucleotide, verified by the four gamete test within a con-
tig). We assumed that there is no recombination within
a contig but free recombination between contigs.
Because it is time intensive to simulate enough demo-
graphic histories and calculate the corresponding sum-
mary statistics to find enough simulations similar to the
true demographic histories, we did not use our full con-
tig datasets for ABC; instead, we used a subset of our
full datasets to include one contig per individual for
higher coverage contigs. Specifically, in the Eurycea data-
set, we identified 475 variable contigs with data for 10
or more individuals in each sampled subpopulation. We
used the 174 variable contigs with data for five or more
Heterelmis individuals in each sampled subpopulation,
and the 496 variable contigs with data for five or more
Stygobromus individuals in each sampled subpopulation.
There were 61 180 variable contigs with data for five
individuals per subpopulation in the Stygoparnus data-
set, which was too many to run ABC practically, so we
randomly sampled 500 of the 61 180 contigs using R
and a custom Perl script.

Second, we used a custom Perl script and the soft-
ware ms (Hudson, 2002) to simulate demographic his-
(Fig. 1a) and corresponding
summary statistics. We simulated the genealogy at each

tories calculate the
contig, where subpopulation ®s were a fraction of the
ancestral O after their simultaneous split from the com-
mon ancestor. After splitting, subpopulations were
allowed to grow or decline (+/— g) to reach a new ©.
Subpopulations diverged with or without migration
among subpopulations as dictated by the migration
model (Fig. 1a). We placed priors on the raw parame-
ters based on the available information we have about
the taxa and the history of Comal Springs. For exam-
ple, we allowed subpopulation growth or decline
because it is a realistic way to represent the effect
spring flow variability and habitat modification may
have on subpopulation sizes. We drew the following
parameters from uninformative prior distributions
(prior distributions were the same for each taxon; see
Supporting Information for details): (i) the five gene
flow models; (ii) effective population size, N,; (iii)
migration rate (m); (iv) time since divergence, 1, (V)
mutation rate per fragment, p; and (vi) growth rate, g.
We also estimated mean ©, ancestral ®, subpopulation
0, and the number of migrants per generation per sub-
population (4N2"“m). We performed a large number of
time-intensive simulations, roughly one million per
taxon (1 234 020 Eurycea datasets, 1 072 002 Heterelmis
datasets, 1 280 398 Stygobromus datasets and 1 164 000
Stygoparnus datasets), to ensure that the observed sum-
mary statistics were similar to a large number of simu-
lated summary statistics. We simulated data for 11
subpopulations for each taxon to include all potential
subpopulations in Comal Springs (Fig. 1b-d). We used
the same sample sizes of the observed datasets.

We then calculated the mean, variance, and skew of
five haplotype-based summary statistics that describe
genetic diversity within each subpopulation: expected
heterozygosity (2pq), the average number of nucleotide
differences between pairs of haplotypes in the sample
1983), of segregating or
polymorphic sites within a genetic locus (i.e., contig)
(S, Watterson, 1975), the number of private haplotypes
(i.e., unique haplotypes in one subpopulation and no
other) and the proportion of contigs in which the rarer
haplotype has a frequency less than 0.1 (low allele fre-
quency). We chose these statistics because they capture
different aspects of the information in the data about
the genealogical history of the samples. For example,
S counts each mutation once, whereas m weights sites
depending on the frequency of the mutation as well

(r, Tajima, the number

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946



(Wakeley, 2009). Importantly, our chosen statistics may
also be informative of different models of migration.
For example, we would expect small variance in S in
a model of no gene flow and large variance in S in a
model of subdivision with gene flow (Wakeley, 2009).
Similarly, we would expect an excess of low-frequency
alleles in a growing subpopulation and an excess of
moderate-frequency alleles in a declining subpopula-
tion (Wakeley, 2009). We also calculated the mean,
variance and skew of m and Fgr (Nei, 1973) for all
pairs of subpopulations for which we had data for
each taxon.

A key to successful application of these ABC methods
is how well the summary statistics capture the relevant
properties of the data (Nielsen & Beaumont, 2009). After
running approximately 20% of the total number of simu-
lations for each dataset, we ran diagnostic tests to
ensure: (i) parameters were correlated with summary
statistics and (ii) summary statistics were not redundant.
We used the cor function in R to estimate these correla-
tions. We also made sure observed summary statistics
fell within the distribution of simulated summary statis-
tics. We used the hist function in R to place observed
summary statistics on the distribution of summary
statistics from simulated data.

Last, we based our inference on the 5000 simulations
that gave summary statistics most similar to the
observed summary statistics. We then performed gener-
alised linear regressions with multinomial error func-
tions to estimate posterior probabilities for each gene
flow model for each taxon. We performed local linear
regression and model averaging to estimate our parame-
ter of interest, migration rate (m), while integrating over
uncertainty in our other parameters (e.g., g, 7). We used
the functions abc and postpr in the abc package in R
(Csilléry et al., 2010).

Statistical analysis: tests for local adaptation

There is a long history of the study of geographic pat-
terns of genetic variation, and some of the earliest tests
of selection on genetic markers were based on identify-
ing loci that showed extreme allele frequency differences
among populations (Lewontin & Krakauer, 1973; Coop
et al., 2010). Specifically, we (i) chose highly differenti-
ated SNPs based on Fgr; (ii) examined whether these
SNPs exhibit patterns of IBD to control for IBD when
testing for local adaptation; and (iii) tested for correla-
tions between genetic and environmental differences for
these SNPs, which would support the hypothesis of
local adaptation. Due to our limited sampling of Eurycea

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946
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subpopulations, the Eurycea dataset is not included in
this analysis. We identified SNPs with Fgr greater than
0.3 in at least one subpopulation pair in the Heterelmis
dataset and Fsr greater than 0.33 in at least one subpop-
ulation pair in the Stygobromus dataset. We identified 24
and 24 SNPs, respectively. For the Sytgoparnus dataset,
we identified SNPs with a mean Fgr greater than 0.4
across all pairwise Fsrs in order to make the number of
high Fsr SNPs comparable to the other datasets; we
identified 21 SNPs. We first conducted Mantel tests with
pairwise straight-line geographic distance and pairwise
Fsr of each one of these highly differentiated SNPs to
test for IBD.

We had nine environmental variables recorded from
spring openings in most of the subpopulations in our
datasets available to us (C. Norris ef al., unpub. data;
Table 3). We took the median of each variable for each
subpopulation. We realise variables measured at one
time point are not representative of a dynamic spring
system, but long-term environmental data, for a limited
number of environmental variables, was only available
for springs at three subpopulations. We conducted a
principal component analysis (PCA) using subpopula-
tion medians of the environmental variables to distill
down the number of variables and visualise overall
environmental similarities among subpopulations. Then,
for each taxon, we performed a PCA with the medians
of the environmental variables from the relevant sub-
populations for the respective taxon (i.e., the subpopula-
tions for which we had both genetic and environmental
data). We used the prcomp function in R to perform the
PCAs. We then performed partial Mantel tests to explore
the association between PC scores and pairwise Fsr of
highly differentiated SNPs while controlling for geo-
graphic distance for each dataset. We used the R pack-
age ecodist to perform each partial Mantel test. Distance
matrices were based on Euclidean distances. A signifi-
cant relationship between differentiation for these SNPs
and the potential environmental correlates would be
consistent with the hypothesis that those variants (or
linked variants) are involved in local adaptation.

Results

We made comparisons of ©®, an estimate of genetic
diversity based on the allele frequency distribution,
across subpopulations within each of the four taxa
(Fig. 2). Eurycea subpopulation ®s ranged from 0.26 to
0.29. Subpopulation ®s ranged from 0.26 to 0.35 and
0.33 to 0.45 for Heterelmis and Stygobromus, respectively.
Stygoparnus subpopulation ®s had the widest range,
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Fig. 2 O, an estimate of genetic diversity based on the allele frequency distribution, across subpopulations within each taxon. Dots are point

estimates and lines are 95% credible intervals.

from 0.59 to 0.75. Subpopulation R1 had a lower © for
both Stygobromus and Stygoparnus. However, in general,
® was similar across subpopulations within each taxon,
suggesting evolutionary processes affecting diversity (in-
cluding population size and genetic drift) are similar to
one another within each taxon, perhaps because all sub-
populations should be thought of as one population. It
is not appropriate to compare ®s among taxa in this
case, because the sequence coverage varied among data-
sets which affected the ascertainment of SNPs.

Most SNPs offered little evidence of subpopulation
structure, but there were a few SNPs with higher pair-
wise Fgrs, particularly in the Heterelmis dataset (Fig-
ure S2). Some of these SNPs with higher Fgsrs were
associated with environmental variables (see below for
details). Genome-average pairwise Fgrs ranged from
0.047 to 0.054 between Eurycea subpopulations, 0.045-
0.061 between Heterelmis subpopulations, 0.036-0.077
between Stygobromus subpopulations and 0.064-0.077
between Stygoparnus subpopulations (Table S1). Patterns
of differentiation were different among the four taxa
(Fig. 3). Eurycea subpopulations were nearly equally dif-
ferentiated. Heterelmis subpopulations displayed a
correspondence between genetic diversity and geo-
graphic space. Conversely, Stygobromus and Stygoparnus
subpopulations were somewhat differentiated, but the
structure did not correspond to geographic distance.
There was no association between genetic differentiation

and distance in three of the taxa, but the pattern is mar-
ginally significant for Heterlemis (Mantel test P-value for
Eurycea: 0.4974, Heterelmis: 0.0965, Stygobromus: 0.4588,
Stygoparnus: 0.3754).

We tested demographic models for each taxon using
ABC. Subpopulation growth was the only parameter
that did not correlate with at least one of the summary
statistics across all datasets (Figure S3). In all datasets,
summary statistics were correlated with one another to
various degrees (Figure S4). In all datasets, all observed
summary statistics fell within the distribution of the sim-
ulated summary statistics. Thus, we felt confident about
the ability of our chosen ABC summary statistics to cap-
ture the relevant properties of the data.

The island model with equal gene flow among
subpopulations (model 2) had the highest posterior
probability for all four taxa: 100% for Eurycea, 88% for
Heterelmis, 100% for Stygobromus and 59% for Stygopar-
nus (Table 2). Migration rate (m) parameters had rela-
tively wide posterior probability distributions, with the
exception of m for Stygoparnus; however, all posterior
probability distributions were different than the uniform
prior distributions (Fig. 4). On average, 0.549 of Eurycea
subpopulations were made up of new migrants each
generation (95% credible interval (CD): 0.023-0.902); 0.631
of Heterelmis subpopulations were made up of new
migrants each generation (95% CI: 0.205-0.877); and m
was 0.343 (95% CI: 0.025-0.825) and 0.152 (95% CI: 0-

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946
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0.768) for Stygobromus and Stygoparnus, respectively
(Fig. 4).

Some environmental conditions were relatively similar
across subpopulations, like pH (range 7-7.2), and others
were more variable, such as specific conductivity (range
406-500 puS cm !, Table 3). Based on the PCA including
environmental data from all subpopulations, PC 1
explained 46.8% of the variation and represented a posi-
tive, strong relationship among temperature, specific con-
ductivity and total dissolved solides (TDS); dissolved
oxygen (DO) and substrate size were strongly negatively

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946

associated with other variables (Table S2). We found
roughly the same relationship among variables when con-
ducting PCAs for each taxon to look for evidence of local
adaptation (Table S3b). Environmental differences were
somewhat structured by geography, according to PC 1.
Subpopulations R1, R2, R3, WS, UP and KP had similar
environmental conditions to each other, as did the group:
SI, R4, R5. The environment at subpopulation BW was dif-
ferent from all other subpopulations (Figure S5).

After performing the Mantel tests and partial Mantel
tests, we asked if the number of statistically significant
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Fig. 4 Model-averaged ABC prior (dotted line) and posterior (solid
line) probability distributions for migration rate (1) for each taxon.

correlations between highly differentiated SNPs and
geographic distance or environmental PC scores, respec-
tively, within a taxon was more than we would expect
by change (5% cutoff rate). Four of the 24 highly differ-
entiated SNPs in the Heferelmis dataset were significantly
associated with geographic distance, which is more than
we would expect by chance. One of the 24 highly differ-
entiated SNPs in the Stygobromus dataset was signifi-
cantly associated with geographic distance, which is
roughly the number of significant correlations expected
by chance. Three of the 21 highly differentiated SNPs in
the Stygoparnus dataset were significantly associated
with geographic distance, again, which is more than
expected by chance. However, none of these p-values

were significant following false discovery rate (FDR) cor-
rection. See Table S3a for a list of the significant highly
differentiated SNPs and P-values.

To explore evidence of local adaptation in each
dataset, we performed partial Mantel tests using pair-
wise Fgr of highly differentiated SNPs and PC scores
based on the environmental variables collected from
the subpopulations relevant to each dataset, while con-
trolling for geographic distance. Three SNPs in the
Heterelemis dataset were significantly associated with
PC 1; however, none of the three P-values were signif-
icant following FDR correction. Seven of the 24 SNPs
in the Heterelmis dataset were associated with PC 2.
Again, none of these P-values were significant follow-
ing FDR correction. One SNP of the 24 in the Stygob-
romus dataset was associated with PC 1, which is
expected by chance, but this P-value was significant
following FDR correction. Four of the 24 SNPs were
associated with PC 2, but none of these P-values were
significant following FDR correction. Last, two of the
21 SNPs in the Stygoparnus dataset were associated
with the environment (PC 1), and both P-values were
significant following FDR correction. See Table S3b for
a list of the significant highly differentiated SNPs, P-
values and the proportion of variance explained by
the PCs mentioned above.

Discussion
Gene flow and local adaptation

The gene flow model with the most support for all four
taxa was an island model in which there is equal gene
flow among all subpopulations. These ABC results were
consistent with the descriptive patterns of genetic varia-
tion and structure: similar levels of genetic diversity (®)

Table 3 Median values for each environmental variable for each subpopulation. Primary and secondary substrate size measurements are

based on the Wentworth scale (Wentworth, 1922).

Elevation Max. depth Temp. DO Sp. Cond.
Subpop. (m) (m) (°C) pH (mg LY (uS em ™) TDS 1° sub. 2° sub.
BW 189.2 0.06 22.83 7.0 5.4 413.7 0.27 10 11
KP 189.1 0.12 23.39 7.1 4.6 408.0 0.26 5 7
PA N/A N/A N/A N/A N/A N/A N/A N/A N/A
R1 189.6 0.34 23.28 7.1 5.2 408.7 0.26 9.5 9
R2 189.6 0.18 23.25 7.1 5.1 406.6 0.26 8 8.5
R3 189.3 0.09 23.22 7.1 5.2 424.3 0.27 10 8.5
R4 N/A 0.04 23.69 7.1 5.0 495.9 0.32 55 9.5
R5 N/A 0.03 23.67 7.1 4.7 497.5 0.32 9 4
SI 188.7 0.52 23.50 7.1 4.9 500.1 0.32 6 6
UP 189.0 0.23 23.61 7.1 5.1 412.2 0.26 8 7
WS 189.2 0.05 23.61 7.2 5.1 406.4 0.26 10 8

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946



among subpopulations, low genome-average pairwise
Fsrs, and the lack of statistically significant associations
between genetic differentiation and distance. Each of the
four taxa had high, but potentially different migration
rates (posterior distributions for m were wide, but the
posterior means were different), ranging from 15% to
63% (posterior means) of subpopulations made up of
new migrants per generation. Generation times are
unknown for the invertebrates in this study, but the gen-
eration time for these Eurycea is approximately a year,
such that 55% of Eurycea subpopulations are made up of
new migrants per year. For comparison, Robertson et al.
(2014) studied genetic structure and gene flow among
populations of the desert spring amphipod on a similar
spatial scale as ours and found relatively lower pairwise
Fsrs, 0.02, and higher m, 95%. In our study, the stygob-
ionts, Stygobromus and Stygoparnus, had relatively lower
migration rate estimates, perhaps because their habitats
are inherently more isolated. However, these levels of
gene flow are enough to prevent complete subpopula-
tion isolation within Comal Springs for each taxon (i.e.,
more than one migrant per generation, Wright, 1931;
Slatkin, 1985). All four taxa did not seem to be con-
strained by the direction of water flow or our conception
of their dispersal abilities.

All phylogeographic studies use genetic data, which
reflect evolutionary histories, with an emphasis on recent
evolutionary processes or demographic events on a time
scale of 2N, generations (Gillespie, 2010). As such, alter-
native explanations for all taxa fitting the island model
and high m estimates include the fact that Comal Springs
previously was a continuous spring-fed marsh, perhaps
making gene flow easier (Lande, 1999). Comal Springs
was a continuous spring-fed marsh up until the spring
water was impounded in 1847 and channelised in 1936,
becoming a heavily used city park. Furthermore, whereas
the public is advised to stay out of the springs that sup-
port the endangered taxa, the taxa might occasionally
experience human-mediated gene flow (e.g., throwing
rocks, children using aquarium nets).

We found at least one SNP in each dataset examined
that was associated with aspects of the Comal Springs
environment, after asking if the number of significant
correlations between pairwise Fgr of highly differenti-
ated SNPs and environment was more than we would
expect due to chance (more than 5% of the time) or after
FDR correction. These associations were consistent with
the hypothesis that these SNPs reflect local adaptation. It
is interesting that we found any associations given the
relatively similar environmental conditions as well as
the high migration rate estimates (Holt & Gomulkiewicz,

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 933-946
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1997). Genetic differentiation reflects a quantitative bal-
ance between divergent selection and gene flow (Gille-
spie, 2010), and with higher gene flow, stronger
selection is required for populations to diverge. With
that said, even with modest selection, there would likely
be small but non-zero Fsr for selected loci (i.e., no fixed
differences, but some low level of genetic differentiation
and thus local adaptation would be possible). We sus-
pect this is the case here, but the details depend on the
strength of selection, which we do not know. It is impor-
tant to note that these SNPs we identified may not be
directly under selection. That is, if a SNP contributes to
local adaptation, meaning it is under different selection
in different environments, we would find a correlation
between allele frequency and the environment. But not
every SNP whose allele frequency is correlated with the
environment is directly under selection; the correlation
could be caused by drift or by a SNP linked to the
genetic region under selection instead (e.g.,, Haldane,
1948; Slatkin, 1973; Coop et al., 2010). For the SNPs that
did not show a relationship between genetic differentia-
tion and environmental correlates, either local adapta-
tion is not the explanation for the differentiation
observed at these SNPs or we may have not yet identi-
fied the relevant environmental variables (i.e., aspects of
the subsurface environment). We may have found more
associations between highly differentiated SNPs and
environment in general with even more genetic markers
and more subpopulations represented in the datasets.
Thus, we do not necessarily have strong evidence of
local adaptation, but we should take seriously the poten-
tial for local adaptation, and further investigation is war-
ranted. A logical next step would be to perform
reciprocal transplant experiments or performance assays
(Kawecki & Ebert, 2004).

Conservation management

Moritz (1999) defined a management unit (MU) as

demographically independent where growth rate
depends on local birth and death rates rather than on
immigration, whereas an evolutionary significant unit
(ESU) shows long-term independent evolution or strong
adaptive differentiation. Maintenance of MUs is impor-
tant for the long-term persistence of an ESU. As allele
frequency differentiation (Fsr) should not be used by
itself to identify MUs because the same Fsr can result in
different migration rates for different population sizes or
divergence times (Allendorf & Luikart, 2009), here we
use both Fsr and patterns of gene flow. There is little

genetic structure within Comal Springs and considerable
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gene flow among subpopulations. Despite the high
levels of gene flow, there is also evidence that is consis-
tent with the hypothesis that there is some local adapta-
tion to specific habitat patches within Comal Springs.
Thus, we suggest considering the entire Comal Springs
complex as both the MU and the ESU for all four
spring-endemic taxa.

In 2012, the USFWS approved a habitat conservation
plan for managing the Edwards Aquifer to preserve the
federally listed species at Comal Springs as well as the
other major spring complex in Texas, San Marcos Springs
(for details, see http://www.eahcp.org/). The plan
includes recommendations for how much water will be
available in these spring systems in periods of drought.
The plan adds a fifth stage to the existing critical period
management, which describes well withdrawal reduction
measures to be taken if the aquifer level drops below
190.5 mamsl. This water level is just slightly above the
level at which Comal Springs would dry, particularly the
spring runs. If part of the spring system temporarily
dries, any localised extinctions may be naturally recolo-
nised from elsewhere, based on our results from model
testing with ABC. However, based on our tests for local
adaptation, genetic diversity at SNPs potentially impor-
tant for surviving in particular subpopulations of Comal
Springs could be lost in such situations.

While the habitat conservation plan assures that
Comal Springs will sustain suitable habitat no matter
the threats to the aquifer any given year, there is still
the potential loss of water quantity and the possibility of
catastrophic water quality issues. Because of these
threats, captive propagation programmes have been
established for the three endangered invertebrate taxa in
this study. Space at the captive breeding facility is lim-
ited. As such, conservation managers have to make
tough decisions about how wild-caught individuals
should be structured in captivity. Based on our evidence
that adaptive variation could be partitioned among sub-
populations, if possible, we suggest individuals from
subpopulations could be kept in separate tanks to main-
tain those alleles important for local adaptation. Alterna-
tively, the NMDS plots (Fig. 3) could be used to decide
which subpopulations should be grouped together in
captivity if space is limited. For example, Heterelmis from
R2 and KP could be pooled in captivity, as could BW, SI
and WS, while R1 and R3 could be kept separate. How-
ever, if space does not allow for these designs, all indi-
viduals collected from the wild could be pooled in a
tank. After all, wild gene flow estimates are high and
pooling individuals like this would increase random
mating and thereby total genetic variation (Hartl &

Clark, 1997). We hope these results will inform manage-
ment strategies to maintain genetic variation in these
spring-endemic taxa at Comal Springs.
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