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Abstract

1. Freshwater mussels are an important element of freshwater biodiversity and

provide essential ecosystem services. However, mussels are among the most
imperilled groups of organisms in the world. Although research has increased in
recent years, information about range-wide genetic diversity and historical
demography of most species is lacking. One such species is Cumberlandian
combshell Epioblasma brevidens, which is listed as endangered under the US

Endangered Species Act.

. Genetic diversity of E. brevidens was analysed using a high-resolution RADseq

approach and included the previously overlooked Bear Creek population.
Hypotheses were tested about population decline, comparative genetic diversity
and population structure with model-based approaches enabled by a genome-

scale dataset.

. Estimates of genetic differentiation among populations of E. brevidens were lower

than past analyses, suggesting higher historical population connectivity than
previously known. Demographic analyses indicate relatively recent splits among
E. brevidens populations in the late Pleistocene to early Holocene, with clear
founder effects in two populations. The Clinch River population has the highest
genetic diversity and effective population size, despite demographic analyses
revealing decline of this population since the Pleistocene. Analyses of both
population structure and migration show evidence of past gene flow, but all

populations are currently isolated by artificial barriers.

. Analyses indicate that populations began to decline before industrialization, but

fragmentation and population extirpation has been exacerbated by modern
habitat destruction. Relatively high genetic diversity in the Bear Creek population
indicates that water quality improvements in the last 20 years have had a positive
impact on population viability, offering promise for targeted management actions.
In contrast, the Big South Fork population that has been presumed stable showed
low genetic diversity and effective population size. Furthermore, genetic structure
among sampled populations indicates that reintroduction efforts should use

broodstock from as close to the reintroduction site as possible.
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1 | INTRODUCTION

Freshwater rivers and lakes are considered among the most imperilled
ecosystems globally, and many species have sustained steep declines
in response to human demands for water resources (Strayer &
Dudgeon, 2010). Given that freshwater biota often play important
roles in maintaining the function and integrity of lotic and lentic
systems, continued loss of freshwater biodiversity is of concern to
societal wellbeing (Dudgeon et al, 2006; Reid et al., 2019).
Freshwater mussels (order Unionida) are a considerably biodiverse
group of freshwater organisms with more than 1,000 described
species, and global hotspots of mussel diversity occur in the south-
eastern USA (Graf & Cummings, 2007; Haag & Williams, 2014).
Freshwater mussels have a unique life cycle that includes a parasitic
larval stage (i.e. glochidia). As such, their biology, dispersal capabilities
and demography are tied to their co-distributed freshwater vertebrate
hosts, which are primarily fish. Furthermore, mussels provide an array
of functional roles and ecosystem services such as nutrient recycling,
habitat structuring and biofiltration (Vaughn, 2018). Unfortunately,
North American mussel biodiversity is critically imperilled (Williams
et al., 1993). Over 60% of the more than 300 freshwater mussel
species in the USA and Canada are listed as threatened under
NatureServe criteria (NatureServe, 2021), and over one-third of all
species in the USA are listed as threatened or endangered under the
US Endangered Species Act. Among the factors that have led to the
decline of freshwater mussels are range fragmentations, extirpations
or extinctions, in response to dam construction, channelization and
pollution (Haag & Williams, 2014).

Active research and management of imperilled freshwater
mussels increased in the USA after the development of a national
strategy for mussel conservation in the late 1990s (National Native
1998; Mollusk

Conservation Society, 2016). However, population genetic studies of

Mussel Conservation Committee, Freshwater
freshwater mussels have been limited, despite the importance of such
research for informing conservation efforts (but see, for example,
Berg, Christian & Guttman, 2007; Elderkin et al., 2008; Inoue
et al., 2014). Nearly all population genetic studies of freshwater
mussels have used allozyme markers or microsatellites, which can
display higher error rates during genotyping, have limited capacity to
detect fine-scale geographical patterns of genetic differentiation and
possess increased susceptibility to homoplasy compared with next-
generation sequencing approaches (Pasqualotto, Denning &
Anderson, 2007; Jeffries et al, 2016; Garrison, Johnson &
Whelan, 2021). Furthermore, larger sample sizes are generally needed
to accurately assess allele frequency and genetic diversity of
individual populations when using microsatellites (e.g., Hale, Burg &
Steeves, 2012), which may be difficult to obtain for endangered

species that are difficult to sample. Therefore, high-resolution

population genetic studies that use genomic approaches are needed
to better quantify geographical patterns of genetic variation, estimate
genetic diversity across populations and examine demographic
history, all of which are important to understanding freshwater mussel
biology and conservation (Hohenlohe, Funk & Rajora, 2021).

Cumberlandian combshell, Epioblasma brevidens, is a freshwater
mussel that is native to the Cumberland River and Tennessee River
drainages (USFWS, 2004). This species was listed as endangered
under the US Endangered Species Act in 1997 and Critically
Endangered on the International Union for Conservation of Nature
(IUCN) Red List in 2000 (USFWS, 2004; IUCN, 2021). Although
E. brevidens was once distributed throughout the Tennessee and
Cumberland River systems, extensive dam construction and
subsequent habitat loss in the last century has led to a range
reduction of more than 90% (USFWS, 2004). Similar range reductions
have occurred for other Epioblasma species, and the genus has
sustained more extinctions than any other freshwater mussel genus in
North America (Williams et al., 1993). Only five disjunct populations
of E. brevidens remain in: (i) Bear Creek in north-western Alabama and
north-eastern Mississippi; (i) Buck Creek and (iii) Big South Fork
Cumberland River in north-central Tennessee and south-central
Kentucky; and (iv) the Clinch River and (v) Powell River in
north-eastern Tennessee and south-western Virginia (Figure 1;
USFWS, 2004).

Past studies have indicated that the Clinch River maintains the
highest census size of E. brevidens with estimates typically ranging
from several thousand to >10,000 individuals (Lane et al., 2021). The
other four populations are thought to be relatively small, possibly not
exceeding a few thousand individuals (McGregor & Garner, 2003;
Jones & Neves, 2011; Ahlstedt et al., 2016). Despite the impacts of
adjacent coal mining operations, the Big South Fork Cumberland River
population is considered stable owing to recent surveys finding
evidence of reproduction and recruitment (Ahlstedt et al., 2005;
USFWS, 2019). In contrast, the Bear Creek population is considered
of questionable long-term viability because of complete isolation via
dam construction and human disturbance from impacts such as gold
and coal mining, agro-chemical runoff, and sedimentation (McGregor
& Garner, 2003).
reintroduction efforts for E. brevidens through the Kentucky

Monitoring, propagation, translocation and

Department of Fish and Wildlife Resources, the Virginia Department
of Wildlife Resources, and the Tennessee Wildlife Resource Agency
have been continuing since listing (USFWS, 2006; USFWS, 2019;
Hubbs, 2020). However, such efforts have often not been informed
by genetic data, which could limit their utility (Strayer et al., 2019).
Unlike most mussel species in the Tennessee and Cumberland
River drainages, E. brevidens has been the focus of several
demographic and population genetic studies (Jones & Neves, 2011;

Jones, Neves & Hallerman, 2012; Jones, Neves & Hallerman, 2015;
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FIGURE 1

Geographical range of remaining Epioblasma brevidens populations and photograph of E. brevidens in the wild. Sampled

populations, unsampled populations, dams and river drainages are delineated by colour

Jones et al., 2018; Lane et al., 2021). These studies generally indicate
that E. brevidens has been declining steadily in the Clinch River since
the late Pleistocene epoch in response to early human exploitation
(Peacock, Haag & Warren, 2005; Jones, Neves & Hallerman, 2015).
Census size (N,) of E. brevidens in the Clinch River is probably lower
than for other sympatric species, (Jones et al., 2014; Lane
et al.,, 2021). For effective population size (Ng), past estimates in the
Clinch River had a 95% confidence interval that spanned 941-2,823
individuals (Jones, Neves & Hallerman, 2015). Jones et al. (2021) also
generated N, estimates for E. brevidens, but the confidence intervals
spanned infinity and as such the estimates are uninterpretable
(Marandel et al., 2019). Compared with the Clinch River, Jones et al.
(2021) indicated that E. brevidens in the Big South Fork Cumberland
River and Powell River had smaller, less genetically diverse
populations. Despite concerns regarding the long-term genetic
viability of E. brevidens from Bear Creek in Alabama and Mississippi
(McGregor & Garner, 2003), no previous genetic analysis has included
individuals from this tributary. Thus, research is needed to assess
genetic diversity of the Bear Creek population. Furthermore, high-
resolution genomic markers offer promise for finer-scale and more
accurate understanding of the molecular ecology of E. brevidens that
will enable better understanding of population demography and
better inform management efforts.

The goals of this study were to use a restriction-site associated
DNA sequencing (RADseq) approach to assess population structure,

genetic diversity and demographic history of E. brevidens in the Clinch

River, Big South Fork Cumberland River and Bear Creek. Given past
population genetic studies on E. brevidens, three hypotheses were
investigated: (i) E. brevidens populations exhibit high genetic structure
owing to geographical barriers, and that migration is limited within
and across river drainages; (ii) the Clinch River population harbours
greater genetic diversity and has higher N. compared with other
populations; and (iii) each population has undergone steady
population decline. Population genetic patterns revealed here,
especially regarding the previously unstudied Bear Creek population,
will enhance understanding of population genetic patterns across the
distribution of E. brevidens. Moreover, data from these analyses can

be used to guide management and recovery efforts.

2 | METHODS
21 | Study design
211 | Sample collection and DNA sequencing

Individuals were collected from three locations: Bear Creek (BEA,;
n = 29); Clinch River (CLI; n = 14); and Big South Fork Cumberland
River (BSF; n = 14) (Table 1). The sampling locations nearly span the
full extent of the remaining range of E. brevidens (Figure 1). For
practical purposes, collection sites are referred to as distinct

populations. Sites were selected owing to high relative abundance of
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TABLE 1

Population summary statistics of the Epioblasma brevidens populations, including sample size after filtering (N), private alleles (PA),

allelic richness (AR), observed heterozygosity (H,), expected heterozygosity (He), nucleotide diversity (IT), coefficient of inbreeding (F;s) and

effective population size (N,)

Population N PA AR (SD) H, (SD)

Big South Fork 14 1,454 1.516 (0.458) 0.150 (0.178)
Bear Creek 27 2,580 1.637 (0.400) 0.164 (0.154)
Clinch River 11 1,331 1.612(0.438) 0.174 (0.179)

Abbreviations: Cl, 95% confidence interval, SD, standard deviation.

E. brevidens, and prioritization of the previously unsampled BEA
population. Mussels were collected from natural populations by hand
while snorkelling. All individuals appeared to be adults, but some size
variation was observed, indicating multiple age classes. Genetic
material was obtained through a non-lethal foot swab with an Isohelix
DNA buccal swab. Swabs were immediately placed into Isohelix
BuccalFix Stabilization and Lysis Buffer. Individuals were returned to
the point of collection after swabbing. All individuals were collected
under required state and federal permits.

212 | Laboratory methods

DNA was extracted with the Isohelix Xtreme DNA isolation kit, which
was previously shown to result in high-quality DNA from mussel foot
swabs appropriate for RADseq (Garrison, Johnson & Whelan, 2021).
After DNA extraction, samples were quantified using a Qubit
Fluorometer and normalized to 20 ng pL~. Normalized DNA was
treated with RNase A (ThermoFisher) by adding 100 pg mL~?! to the
sample and incubating the sample at 37°C for 15 min. DNA was sent
to Floragenex for single enzyme RADseq. Reduced representation
genomic libraries were prepared using the Pstl restriction enzyme
following Baird et al. (2008). Size selection during library prep ranged
from 300 to 500 bp. Samples were tagged with unique barcode
identifiers and sequenced on three lllumina HiSeq 4,000 lanes using
150-bp paired-end chemistry.

2.2 | Data analysis

221 | Genomic data assembly

Raw sequence data were processed and assembled using STACKS
v2.3 (Rochette, Rivera-Colon & Catchen, 2019), following the
approach of Garrison, Johnson & Whelan (2021) and by trimming
poorly sequenced individuals following Cerca et al. (2021). See
Supporting Information for more details. Two datasets were then
created using the STACKS populations program: one with multiple
single nucleotide polymorphisms (SNPs) per locus (denoted ‘EpioM’)
and one that only allowed for single SNPs per locus (denoted ‘EpioS’).
The EpioS dataset was used for downstream analyses that assumed
unlinked loci, whereas the EpioM dataset was used for analyses that

do not assume SNPs are unlinked. File formats for downstream

He (SD) II (SD) Fis (SD) N (CI)
0.171(0.183) 0.178 (0.190) 0.082 (0.248) 59 (58.6-59.3)
0.195 (0.169) 0.198 (0.172) 0.120 (0.241) 274.3 (262.9-286.6)
0.201 (0.179) 0.211(0.188) 0.104 (0.284) 692.0 (653.2-735.5)

analyses were produced directly by the populations program or
converted using PGDSpider (Lischer & Excoffier, 2012).

222 |
size

Genetic diversity and effective population

The number of private alleles, observed heterozygosity, expected
heterozygosity, nucleotide diversity, inbreeding coefficients (F;s) and
pairwise Fst were calculated for the EpioM dataset in populations The
R package diveRsity (Keenan et al., 2013) was used to quantify allelic
richness of each population. To estimate N, the EpioS dataset was
used, separated by population with additional filtering steps using
GBS_SNP_Filter v1.17 (available from http://github.com/laninsky/
GBS_SNP_filter) and BayeScan v2.1 (Foll & Gaggiotti, 2008) to meet
assumptions of the linkage disequilibrium method and to lower
missing data. First, using GBS_SNP_Filter, only SNPs present within
each population were used and loci that were not in Hardy-Weinberg
equilibrium were removed using a P-value of 0.05 and an R? cutoff of
0.2. Then, to identify loci that may be under selection, BayeScan v2.1
(Foll & Gaggiotti, 2008) was used. BayeScan analyses were run with
prior odds of neutrality at 1,000 and 10,000 owing to the large
genetic structure expected among populations. All other BayeScan
parameters were set to defaults. No loci were removed following the
use of BayeScan as no loci were shown to be under selection. N
estimates were calculated with the filtered dataset using NeEstimator
v2 (Do et al, 2014) for each population independently with a

minimum minor allele frequency critical value of 0.05.

2.2.3 | Population structure

Population structure was assessed with several methods. Using the
EpioM dataset, analysis of molecular variance (AMOVA; Excoffier,
Smouse & Quattro, 1992) was performed using the poppr.amova
function in the R package adegenet (Jombart, 2008; Kamvar, Tabima &
Griinwald, 2014). Individuals were stratified by population and
whether they were in the Tennessee River drainage or Cumberland
River drainage. Significance was tested with a 999-permutation
randomization test. Using the EpioS dataset, potential genetic
admixture was assessed using the sparse non-negative matrix
factorization (sNMF) algorithm in the R package LEA (Frichot &
Francois, 2015). This program is robust to violations of demographic
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assumptions of Hardy-Weinberg and linkage equilibrium (Frichot
et al., 2014). The number of best-fit clusters (K) was assessed by
running 10 replicates of each K value from 1 to 5 and assessing fit
with the cross-entropy criterion. The lowest cross-entropy score,
averaged among runs for each K, was selected for downstream
analysis. Genome ancestry coefficients with the best-fit K were
visualized with LEA using the run with the lowest cross-entropy.

Discriminant analyses of principal components (DAPC) was
performed using the EpioM dataset in adegenet, which does not make
assumptions of underlying population genetic processes (e.g. linkage
disequilibrium). The number of clusters was determined using K-
means clustering and Bayesian information criteria (Supporting
Information). To determine the optimum number of principal
components to retain, the optim.a.score function in adegenet was used
(Supporting Information). Genomic co-ancestry among individuals was
also assessed using the EpioM dataset and fineRADstructure (Malinsky
et al., 2018). This method can use linked SNPs, potentially allowing
enhanced assessment of fine-scale patterns of relatedness among
individuals (Malinsky et al., 2018). A co-ancestry matrix was inferred
using the RADpainter script, and clustering was performed using the
Markov chain Monte Carlo method with default parameters.

To test for a signature of isolation-by-distance (IBD) a Mantel test
of correlation between the Fst values generated by STACKS and the
geographical distances between each population was done in the R
package ade4 (Dray & Dufour, 2007). To quantify the geographical
distance between sites, river paths were measured directly in ArcMap
v10.7.1 by ESRI. Significance of the Mantel test was evaluated with

TABLE 2

Description
Downstream migration from Clinch River to Bear Creek
Bidirectional migration from Bear Creek and Clinch River

Bear Creek and Clinch River panmictic; migration from the
Tennessee River drainage to the Cumberland River drainage

Bear Creek and Clinch River panmictic; migration from the
Cumberland River drainage to the Tennessee River drainage

Bidirectional migration from Bear Creek and Clinch River;
migration from Big South Fork to Clinch River

Downstream migration from Clinch River to Bear Creek;
migration from Big South Fork to Clinch River

Downstream migration from Clinch River to Bear Creek;
migration from Clinch River to Big South Fork

Bidirectional migration from Bear Creek and Clinch River;
migration from Clinch River to Big South Fork

Upstream migration from Bear Creek to Clinch River

Bidirectional migration from Bear Creek and Clinch River;
bidirectional migration from Clinch River and Big South
Fork

Downstream migration from Clinch River to Bear Creek;
bidirectional migration from Clinch River and Big South
Fork

Full migration

1,000 permutations. A multiple regression on the Fst and
geographical matrices was also performed using the MRM function of
the ecodist R package (Goslee & Urban, 2007). Significance of the
multiple regression was evaluated with 10,000 permutations.
Although MANTEL and MRM analyses may have limited statistical
power with only three collection sites, a strong signal of IBD would

still be possible to observe.

224 | Migration

(Beerli &
Palczewski, 2010) was used with the EpioM dataset to explicitly test

The coalescence-based program MIGRATE v.3.7.2

different models of migration and population admixture (see Table 2).
Given large computational requirements of MIGRATE, 99 polymorphic
loci present in 100% of individuals were randomly selected from the
EpioM dataset for use. The best-fit migration model was determined
by calculating Bayes factors using BF.py in MIGRATE with the marginal
likelihood of each model, which was measured with thermodynamic
integration (Beerli & Palczewski, 2010). Additional details on MIGRATE

analyses are in Supporting Information.

2.2.5 | Demographic history

To estimate the demographic history of the three E. brevidens

populations, the ordinary differential equations method of modelling

Models assessed by MIGRATE, sorted by model fit. Log Bayes factors were used to rank models

Log Marginal Likelihood Log Bayes Factor Rank
—81372.79 0 1
—81607.48 —234.69 2
—82013.84 —641.05 3
—82035.62 —662.83 4
—82059.7 —686.91 5
—82078.01 —705.22 6
—82090.79 —-718 7
—82112.96 —740.17 8
—82120.23 —747.44 9
—82146.37 —773.58 10
-82157.31 —784.52 11
—82201.93 —829.14 12
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the evolution of allele frequencies was applied in the moments
software (Jouganous et al., 2017) implemented in the program
GADMA (Noskova et al., 2020). GADMA applies a heuristic genetic
algorithm for global optimization of parameter values to infer
automatically the best demographic model given the joint allele
frequency spectrum, an initial demographic model structure, and a
final demographic model structure (Noskova et al., 2020). For GADMA
analyses, a reduced EpioS dataset was created in populations with a
100% missingness threshold and a minimum minor allele frequency of
0.01 because site frequency spectrum methods perform best with
information on rare alleles (details in Supporting Information). Three
demographic models were inferred with generation times of 4.0, 6.0
and 8.0 years for E. brevidens. Three generation times were run
because of uncertainty in the generation times of E. brevidens. The
generation time of E. penita has been estimated to be 6 years (Jones &
Neves, 2011), but E. penita can reach sexual maturity in 3 years, at
least in captivity (P. Johnson, unpublished data). While using E. penita
as a proxy, running analyses with a range of generation times allows
uncertainty in generation times to be captured for E. brevidens. Each
demographic model was run with 50 repeats. Although the
demographic modelling produces a time estimate of events, the
inherent bias of using variable sites, in addition to having no accurate
estimate of theta available (i.e. the expected number of mutations
that occur in one chromosome in one generation in the infinite-sites
model), may cause potential error in absolute timing of demographic
events (Noskova et al., 2020). Thus, although the exact time intervals
produced by GADMA are reported, we only make conclusions in

regard to broad geological epochs.

3 | RESULTS

3.1 | Genomic data assembly

The 57 sequenced individuals had an average of 25,825,582 reads
(range 2,275,874 - 47,770,067) retained of the total ~1.5 billion raw

reads. Sequence reads filtered out during demultiplexing comprised

Big South Fork, KY Bear Creek, AL

Big South Fork, KY - 0.09762
Bear Creek, AL 1,064.30 -
Clinch River, TN 1,779.70 747.8

~1.6% of the raw reads. Upon obtaining the initial assembly, five
individuals (two from BEA, three from CLI) were removed after not
passing the <50% missingness threshold, which left 52 individuals in
the final datasets. Filtering implemented in populations resulted in
16,556 loci with one SNP in the EpioS dataset. When allowing
multiple SNPs per locus in the EpioM dataset, 28,954 SNPs were

assembled with an average of 1.42 SNPs per locus.

3.2 |
size

Genetic diversity and effective population

The number of private alleles present in each population ranged
from 1,331 in CLI to 2,580 in BEA (Table 1). Observed
heterozygosity was lower than expected heterozygosity across all
populations (H, = 0.15-0.17; H. = 0.17-0.20). Average nucleotide
diversity was highest in CLI (0.21) and lowest in BSF (0.18), whereas
BEA had the highest allelic richness (1.64) and BSF had the lowest
(1.52). The separation of each population and additional filtering
procedures for estimating N resulted in datasets comprising 21,083,
4,249 and 29,073 loci for the BSF, BEA and CLI populations,
respectively. The lowest estimate of N. was the BSF population at
59 (95% confidence interval 58.6-59.3), whereas the N, estimate of
the CLI population was 692 (95% confidence interval 653.2-735.5;
Table 1).

3.3 | Population structure

Fst values (Table 3) were similar (range 0.07-0.11) to freshwater
mussels with much smaller geographical ranges than E. brevidens
(e.g. Margaritifera hembeli; Garrison, Johnson & Whelan, 2021). Fig
estimates were low (range 0.08-0.12), being highest in BEA (Table 1).
AMOVA was significant at all hierarchical levels (P < 0.001); 8.41% of
genetic variation was explained by river drainage, 13.72% of the
variation was explained by population, and 64.24% of variation was
explained by within-individual variability (Table 4). Both the Mantel

TABLE 3  Pairwise Fst (above
diagonal) and geographical distance (river
km) between populations in km (below
diagonal)

Clinch River, TN
0.1125
0.07144

TABLE 4  Analysis of molecular variance (AMOVA) showing genetic variation among and within populations nested by major river drainage

(i.e. Tennessee River or Cumberland River)

Source of variation df Sum sq % total variation @-statistic P-value
Between major river drainage 1 36645.91 8.41% 0.0841 0.001
Between population within major river drainage 1 21638.22 13.72% 0.1498 0.001
Between samples within population 49 186370.51 13.63% 0.1751 0.001
Within samples 52 138852.15 64.24% 0.3576 0.001
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test and multiple regression for IBD were not significant (P > 0.05),
indicating a lack of IBD, but the pattern could be obscured by the low
number of sites.

Both sNMF and DAPC analyses indicated that the best-fit
number of genetic clusters was three (K = 3; Figure 2). However,
these methods revealed differing depictions of genetic admixture, and
K = 3 fit the data only narrowly better than K = 2 for both analyses
(Figure 2, Supporting Information). DAPC shows three distinct
clusters with no evidence of admixture at K = 3, whereas all samples
from the Tennessee River drainage are clustered together and distinct
from the Cumberland River drainage at K = 2. In contrast, the sSNMF
analysis shows admixture of approximately 65% between the two
Tennessee River drainage populations at K = 2, as well as admixture
of up to approximately 35% between BSF and CLI (Figure 2). At
K = 3, sSNMF shows population structure among each site with little
to no admixture among populations (Figure 2). The fineRADstructure
analyses also inferred three distinct genetic clusters representing each
population with greatest genetic similarity between the two

Tennessee River drainage populations (Figure 3).

3.4 | Migration and demographic history

Among the 12 MIGRATE models assessed, the model of no migration
among BSF and the other sites coupled with downstream migration
from the CLI to BEA was the best fit. The second best-fit model had

no migration among BSF and other sites and bidirectional migration in
the Tennessee River drainage (Table 2).

The best demographic models inferred by GADMA, for each
generation time used, have an initially low N, beginning in the late
Pleistocene followed by a population split between the Tennessee
and Cumberland River drainages. The demographic model with a
generation time of 6.0 years is shown in Figure 4, and each additional
model is available within the Supporting Information. Following the
initial split between the two major river drainages, the ancestral
population in the Tennessee palaeodrainage expanded substantially.
Upon the splitting of the two Tennessee River drainage populations,
the CLI population maintained a higher N, followed by constant,
linear decline to the present, whereas the BEA population began as a
much smaller population followed by gradual increase in N, to the
present. These results were consistent for each generation time
model. In contrast, for the 3.0-year generation time model, upon
splitting away from the Tennessee River populations, the BSF
population showed maintenance of a similarly small N. to the BEA
population, followed by population growth into the early Holocene,
followed then by population decline into the present. For the 6.0-year
generation time model BSF underwent a decline following the split
from the Tennessee River drainage ancestral population that was later
followed by gradual population growth beginning in the late
Pleistocene. In both models, all three populations were inferred to
have gene flow events among each other after splitting (Figure 4;

Supporting Information).
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FIGURE 3 Hierarchical heatmap and inferred simple tree generated by fineRADstructure of all individuals from the three sampled
populations. Colours represent relative co-ancestry values. Numerical values next to each branch of the tree are posterior population assignment
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4 | DISCUSSION
By using high resolution genomic data, novel insights were

generated into E. brevidens genetic diversity, population
differentiation, migration patterns and demography. Despite high
population fragmentation and human disturbance, all E. brevidens
populations sampled exhibited similar or higher levels of genetic
diversity compared with other freshwater mussel species for which
RADseq data have been generated (Garrison, Johnson &
Whelan, 2021; Kim & Roe, 2021; Meyer, 2021). However, the CLI
population has higher genetic diversity and N relative to other
sampled E. brevidens populations (Table 1), corroborating past
studies. Compared with previous population genetic analyses of
E. brevidens with mitochondrial and microsatellite data, estimates of

genetic differentiation among populations were lower, suggesting

higher historical population connectivity than previously known.
Although analyses of both population structure and migration show
evidence of past gene flow, contemporary river fragmentation and
impoundments have isolated each population. Past studies of the
CLI population inferred continual population decline since the
Pleistocene epoch (Peacock, Haag & Warren, 2005; Jones, Neves &
Hallerman, 2015), and demographic inferences corroborate these
findings (Figure 4). In addition, analysis of the BEA population
shows population growth through time, whereas the BSF
population was inferred to have either historical population growth
followed by more recent decline or the inverse. Analyses done
here also indicate a relatively recent split among E. brevidens
populations in the late Pleistocene to early Holocene, which may
contribute to the

low genetic differentiation despite high

geographical separation.
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FIGURE 4 Demographic history for the three Epioblasma
brevidens populations inferred by GADMA. Demographic model of the
Clinch River (CLI), Bear Creek (BEA), and Big South Fork (BSF)
populations. Values on y-axis correspond to inferred effective
population size; values on x-axis correspond to generation time
before present. Thickness of black arrows between populations
indicates migration rates

4.1 |
size

Genetic diversity and effective population

Previous studies using mitochondrial and microsatellite data reported
that the CLI population of E. brevidens had less genetic diversity than
other sympatric species (i.e. Epioblasma capsaeformis, Lampsilis
fasciola; Jones, Neves & Hallerman, 2015; Jones et al, 2021).
However, estimates of genetic diversity for all three E. brevidens
populations were similar, or higher, than other freshwater mussel
species (Garrison, Johnson & Whelan, 2021; Kim & Roe, 2021;
Meyer, 2021). For example, E. brevidens exhibits higher allelic richness
and heterozygosity than Cyprogenia stegaria, Cyprogenia aberti or
Dromus dromas, which have all also experienced declines due to
river fragmentation and human disturbance (Kim & Roe, 2021).
Furthermore, all three E. brevidens populations had higher genetic
diversity than any population of M. hembeli analysed by Garrison,
Johnson & Whelan (2021). Although the above comparisons do not
include other CLI species given difficulties comparing absolute genetic
diversity estimates made with microsatellites versus SNPs, genetic
diversity of the three populations sampled here suggest that
E. brevidens may not be as imperilled as other, similarly restricted
freshwater mussels. Nevertheless, all three populations had lower
observed heterozygosity than expected heterozygosity (Table 1),
suggesting that inbreeding or genetic drift could be having an impact.
However, estimates of Fis were low for all populations compared with
other freshwater mussels (Garrison, Johnson & Whelan, 2021; Kim &
Roe, 2021), so inbreeding is likely to be less of a factor for E. brevidens
than at least some other imperilled mussels.

The CLI population has been the focus of extensive traditional
surveys, and N, estimates range from a few thousand to over 10,000
(Jones & Neves, 2011; Lane et al., 2021), but the most recent
estimates of N, with genetic data were potentially inaccurate as they

had confidence intervals that were either large or spanned infinity

(Jones, Neves & Hallerman, 2015; Jones et al., 2021). In contrast,
precise estimates (95% confidence intervals spanning less than 101)
with non-infinite confidence intervals for each sampled population
were generated here (Table 1). That said, the method used to obtain
N estimates may be downwardly biased because E. brevidens has
overlapping generations (Waples, Larson & Waples, 2016), and as
such the N, estimates are best interpreted in a comparative, rather
than absolute, context. The N, estimates corroborate past hypotheses
that the CLI population is larger than other remaining E. brevidens
populations (Jones et al., 2021). Furthermore, these estimates provide
reliable baseline data that can be used for long-term monitoring in the
face of human stressors or population improvements as a result of
management actions.

4.2 | Population structure and historical
demography

Despite considerable geographical separation among the three
E. brevidens populations, estimates of population differentiation are
similar to freshwater mussels with much smaller ranges. For example,
the freshwater mussel M. hembeli had pairwise Fst estimates of
0.043-0.082 among populations separated by a stream distance of
less than 105 km (Garrison, Johnson & Whelan, 2021), whereas
E. brevidens shows pairwise Fst of 0.071 between the two Tennessee
River drainage populations that are separated by a stream distance of
~750 km. This may be attributed to higher historical connectivity
among E. brevidens populations compared with M. hembeli or
differences in life history. Even between The Tennessee and
Cumberland River drainages, E. brevidens shows relatively low
pairwise Fst (<0.112 Table 3).

Analyses of population structure generally depict three genetic
populations; however, the two clusters model had only a slightly
worse fit to the data. When K = 2 there was much higher admixture
detected between the BSF and CLI populations compared with BSF
and BEA. The K = 2 analyses may therefore suggest historical
connectivity between the Upper Tennessee and Cumberland, which is
also supported by the historical fluxes of migration from the CLI to
BSF inferred by GADMA. Previous studies have suggested that the
Powell River (which also maintains a contemporary E. brevidens
population) was once connected to the Cumberland River before
being captured by a CLI tributary and diverting to the Tennessee
River drainage (Ross, 1972; Starnes & Etnier, 1986), which would
potentially explain the observed pattern. However, geological and
phylogeographical evidence generally refutes the hypothesis that the
Upper Tennessee and Cumberland were connected, despite faunal
similarities (Ross, 1971; Starnes & Etnier, 1986; Kozak, Blaine &
Larson, 2006). Thus, it is unclear how dispersal events occurred for
E. brevidens between river drainages following the evolution of the
contemporary Tennessee River drainage beyond fish migration
through the geographically proximate mouths of both the Tennessee
and Cumberland rivers at the confluence of the Ohio River. Historical

connectivity among populations may also be obscured by the inability
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to sample extirpated populations, and routes of connectivity between
other parts of the Tennessee and Cumberland River drainages
(e.g. between Duck River and Harpeth or Collins rivers) may have
existed. Owing to the limited study of freshwater invertebrate
phylogeography in the Cumberland and Tennessee River drainages,
we advocate for greater taxon sampling and the use of similarly high-
resolution data to address these questions.

Dispersal capability of E. brevidens is directly related to that of its
host fish, so fish movement patterns may be driving the downstream-
biased migration inferred by MIGRATE. However, movement studies
of putative E. brevidens host fish in the genera Percina and Etheostoma
do not indicate significant differences in upstream and downstream
dispersal (Schwalb, Poos & Ackerman, 2011; Roberts, Angermeier &
Hallerman, 2016). Other studies have shown limited upstream
migration bias in Cottus sculpins (McCleave, 1964; Breen et al., 2009;
Lamphere & Blum, 2012), which E. brevidens can use as a host (Yeager
& Saylor, 1995). Percina are probably the primary host used by
E. brevidens in the wild, as the violent capture event that E. brevidens
uses to parasitize fish will often kill Etheostoma spp., and Cottus heads
may be too wide to be easily captured (Barnhart, Haag &
Roston, 2008). As such, it is likely that past migration was tied to
Percina movement patterns.

The stepping-stone model of dispersal (Kimura & Weiss, 1964)
has been shown to provide the best explanation of population
structure in other freshwater mussels, including in E. triquetra (Berg,
Christian & Guttman, 2007; Beaver, Woolnough & Zanatta, 2019).
Movement by host fish among suitable habitat patches for
E. brevidens in the Tennessee River prior to dam construction may
have similarly facilitated stepping-stone migration of E. brevidens.
However, such a pattern would be obscured as mainstem Tennessee
River and Cumberland River populations of E. brevidens have been
extirpated. Thus, extirpated populations (i.e. ‘ghost’ populations)
could be biasing migration inference (Beerli, 2004; Delser et al., 2019)
and also obscuring a historical pattern of IBD. Nevertheless, both
analyses of genetic structure and migration analyses indicate
population fragmentation, and, if migration between sites is currently
occurring, it must be rare.

Demographic modelling suggests a geologically recent division
between E. brevidens in the Tennessee and Cumberland River
drainage that occurred in the late Pleistocene (Figure 4). This finding
corroborates previous molecular clock estimates for E. brevidens and
mirrors patterns seen in some fish (Berendzen, Gamble &
Simons, 2008; Hollingsworth & Near, 2009; Jones, Neves &
Hallerman, 2015). Notably, both BEA and BSF populations had a
founder effect followed by gradual population growth after splitting.
BEA was inferred to continue expansion until present day in both
GADMA models, which may not accurately reflect recent decline in
the last century (McGregor & Garner, 2003). Recent and severe
decline may, in fact, also be why BEA is inferred to have such a small
population size since the split of CLI and BEA. The concurrent decline
or limited population growth of the CLI and BSF populations
beginning in the late Pleistocene to early Holocene is possibly related

to the advent of using freshwater mussels as a food resource by

indigenous peoples (Peacock, Haag & Warren, 2005; Jones, Neves &
Hallerman, 2015). Inference from relict shell deposits show that
freshwater mussels, particularly Epioblasma, have sustained
deleterious impacts from early civilizations manipulating river-
adjacent landscapes for agricultural development and from use as
food resources and shell harvesting (Peacock, Haag & Warren, 2005).
Continued human pressure until now has only worsened the
conditions for remaining E. brevidens (McGregor & Garner, 2003;
USFWS, 2006; Ahlstedt et al, 2016), which is reflected by the
inferred sustained decline of N, to the present day in CLI and BSF

(Figure 4).

4.3 | Conservation implications

Epioblasma brevidens is at high risk of extinction given recent
extirpations and the persistence of only a few fragmented
populations. However, data generated here indicate that genetic
diversity is maintained within the remaining populations. These
analyses also provide important information about relative population
sizes, particularly for the previously understudied BEA population.
Such information is essential for long-term monitoring, conservation
prioritization and planning practical management actions. The
generation of genomic data for E. brevidens will provide reliable
comparative material for other freshwater mussel species to identify
species of conservation concern and broadly enhance the
understanding of population genetic patterns in freshwater mussels.
Moreover, although the following information is relevant for guiding
management for E. brevidens, the methods used in this study and their
implications can be applied to other freshwater fauna of conservation
concern.

Captive propagation is an increasingly common conservation tool
for freshwater mussels, but care must be taken that reintroductions
accomplish recovery goals without unintended consequences (Strayer
et al,, 2019). Many freshwater species display an IBD pattern, leading
to recommendations that source populations for reintroduction
through captive propagation or translocation come from as close to
the reintroduction site as possible (IUCN/SSC, 2013; Strayer
et al., 2019; Garrison, Johnson & Whelan, 2021). Although IBD was
not detected in E. brevidens, we also recommend that source
populations come from as close to reintroduction sites as possible
because E. brevidens has strong genetic structure, and a pattern of
IBD may be obscured by the inability to sample extirpated
populations.

A recent status review of E. brevidens reported that the BSF
population is stable and potentially growing (USFWS, 2019), but
conservation genomic analyses indicate that BSF has the least genetic
diversity and smallest N. of sampled populations. The immediate
cause for this lower genetic diversity is unknown. Demographic
analysis showed that the BSF population had very large reductions in
N, starting around the beginning of the Holocene, but this is also true
for the CLI population. The Fs estimate for BSF was the lowest
among all sampled populations, suggesting that inbreeding is not likely
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to be causing a reduction of genetic diversity. Nevertheless, the data
indicate that the BSF population may be of greatest concern for
decline. In addition to monitoring efforts within the BSF drainage by
the Kentucky Department of Fish and Wildlife Resources, more than
2,000 individuals have been propagated and released back into the
BSF since 2015, and we advocate continued propagation with
broodstock from the Cumberland River drainage. Data generated here
should also serve as a baseline goal for genetic diversity at
reintroduction sites. Inferred genetic diversity and N, suggest that the
BEA population is in better shape than previously indicated
(McGregor & Garner, 2003), which could be a result of recent
improvements to water quality in Bear Creek (ADEM, 2014). Given
these findings, we suggest that propagation efforts could begin using
the BEA population as a genetically diverse broodstock to re-establish
mussel beds in other portions of Bear Creek drainage in Alabama and
Mississippi and possibly other geographically proximate sites within
the historical range of E. brevidens.

The Clinch River has been referred to as “arguably the most
important river for freshwater mussel in the
United States” (Zipper et al., 2014), and the high genetic diversity of

the CLI population indicates that the population is essential for

conservation

long-term survival and maintaining evolutionary potential of
E. brevidens. The Virginia Department of Wildlife Resources and the
Tennessee Wildlife Resource Agency have worked to monitor
existing populations as well as propagate and release thousands of
E. brevidens CLI broodstock back into several sites within the Clinch
River (USFWS, 2019; Hubbs, 2020). CLI-sourced individuals have
also been used in reintroduction efforts at several other historical
sites, including in the Duck River, Elk River and Nolichucky River
(USFWS, 2006; Hubbs, 2020). The use of the most genetically
diverse possible broodstock, which would come from the Clinch
River, has potential advantages for long-term survival of E. brevidens.
However, the Duck and Elk rivers are more geographically proximate
to the BEA population, and the use of BEA broodstock probably
should have been prioritized under widely accepted best practices
for introductions (IUCN/SSC, 2013; McMurray & Roe, 2017). Future
efforts should consider whether using CLI or BEA broodstock is
ideal for the target reintroduction site based upon geographical
proximity between the reintroduction sites and potential broodstock

source.
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