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Abstract

The southeastern United States harbors one of the most diverse temperate freshwater fish faunas of the world. Unfortunately,
due to improper land use practices and habitat degradation, many of the species in this region are imperiled and may become
extinct without appropriate conservation efforts. This study examined the population dynamics of an endangered endemic
darter of southwest Kentucky, the Relict Darter (Etheostoma chienense) and its sister taxon, the undescribed Clarks Darter
(Etheostoma cf. oophylax). Mitochondrial sequence data coupled with SNP data were used to infer population structure, gene
flow, genetic variation, and effective population sizes of both species. The results from this study, based on 160 individuals
from nine localities, indicate that the endangered Relict Darter possesses limited genetic variation based on mitochondrial
DNA haplotypes (N=4). In addition, SNP data (6.8 k markers) further indicates limited genetic structure (K=1), as well as
a low effective population size (143-918), suggesting that the Relict Darter can be managed as a single, panmictic conserva-
tion unit. It is suggested that conservation efforts be taken to protect remaining habitats, augment the system with artificial
spawning substrates, and, as a last resort (if needed), supplement the natural population with captive reared individuals.
Ethesotoma cf. oophylax showed some genetic variation among distant sites, but more samples are needed throughout the

range in order to fully understand the population dynamics of this species.
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Introduction

Understanding the population dynamics of a species is a
vital component of wildlife and fisheries conservation (Vri-
jenhoek 2005; Waples and Do 2010). Elucidating the pat-
terns and processes of genetic structure is a critical step that
allows resource managers to make informed decisions for
managed and imperiled species (Gido et al. 2016; Scrib-
ner et al. 2016). Unfortunately, for many imperiled species,
information on genetic structure and gene flow is often lack-
ing making conservation efforts a challenge. Furthermore,
it is typically assumed that geographically restricted species
possess low levels of genetic diversity as a result of their
limited distribution and small population sizes (Frankham
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2010). However, some empirical studies have indicated that
this is not always the case (Eliades et al. 2011). Given the
delicate nature of imperiled species, collecting population
genetic data can play a pivotal role in focusing conservation
efforts to susceptible areas.

Assessing levels of gene flow, genetic structure, and
effective population size are three areas that are particularly
useful when assessing the conservation status of imperiled
species (Frankham 1996, 2015). This type of information is
often used to guide resource managers by allowing them to
make necessary management decisions by identifying appro-
priate management units (Piller et al. 2005; Mee et al. 2015).
In particular, knowledge of the magnitude and directionality
of gene flow, as well as effective population size and popula-
tion genetic structure, are key factors in assessing the genetic
health of endangered species. This type of information has
provided useful data that has allowed resource managers to
make scientifically informed management decisions regard-
ing commercial and endangered species (Westemeier et al.
1998; Vrijenhoek 2005; Waples and Do 2010; Russello et al.
2015).
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The southeastern United States harbors one of the most
diverse temperate freshwater fish faunas in the world.
Unfortunately, the region also contains a large number of
imperiled fishes (Warren et al. 1994, 2000). One of these
groups, the darters (Teleostomi: Percidae), are an ecologi-
cally diverse group of more than 200 species and multiple
genera (Page 1983; Near et al. 2011). Etheostoma is the most
diverse genus in the family and includes species that have
restricted distributions and high habitat stringencies. All
species are benthic and have life-histories that are intimately
associated with the benthos. To date, all species of Ethe-
ostoma that have been studied lack a swimbladder (Evans
and Page 2003), and many species, for which there is data,
lack a pelagic larval drift phase and are assumed to possess
minimal migratory abilities (Douglas et al. 2013).

This comparative study examines genetic structure and
gene flow of two closely related darter species. First, the
Relict Darter, Etheostoma chienense, an imperiled species
is endemic to the Bayou Du Chien (BDC), a small (554
km?) direct tributary of the Mississippi River in southwest

Kentucky (Page et al. 1992) (Fig. 1). Etheostoma chien-
ense is listed as a federally endangered species due to its
restricted distribution, the paucity of spawning habitat, and
habitat fragmentation caused by poor land use practices in
the area (Piller and Burr 1998, 1999). In a recent USFWS
conservation status review (Floyd 2018) it was noted that no
information was known about genetic variation, gene flow
and effective population size of E. chienense. The Clarks
Darter, E. cf. oophylax, is the other focal species of this
study. Previous studies have noted the distinctiveness of this
lineage, but to date, it has not yet received a formal spe-
cies description (Near et al. 2011; Harrington et al. 2013;
Harrington and Near 2015). This lineage is restricted to
the nearby Clarks River (878 km?), a tributary to the lower
Tennessee River, in southwest Kentucky and northern cen-
tral Tennessee. Both taxa possess a reproductive strategy
known as egg-clustering in which eggs are deposited on the
underside of firm substrates and then guarded by a male
(Page 1983; Page et al. 1992; Piller and Burr 1999). Ethe-
ostoma chienense is opportunistic in its choice of spawning
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Fig. 1 Map of the sampled localities and known ranges of E. chienense (red stars and red outline) and E. cf. oophylax (blue circles and blue out-
line). The black dot represents samples received from Yale University that were collected in the West Fork of the Clarks River
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substrates and utilizes both natural and man-made materials
(Piller and Burr 1999). Nothing is known about the spawn-
ing substrate preferences of E. cf. oophylax, but it presum-
ably uses natural materials, as they are abundant in the sys-
tem. Relative to E. chienense, populations of E. cf. oophylax
are larger and more widespread, spawning habitat is more
readily available, and it does not receive any level of state
or federal protection. Presumably, E. cf. oophylax possesses
similar life-history traits as E. chienense, but little informa-
tion is known about larval drift, migratory abilities, age and
growth, and diet for either species (Table 1).

The size and dendrology of a stream system, as well as
the availability of spawning habitat, life-history influences,
and population size play major roles in the connectivity of
aquatic populations (Frankham 2010; Thomaz et al. 2016;
Camak and Piller 2018). Therefore, this study employed
a comparative population genetic approach to investigate
genetic structure, levels of gene flow, and effective popu-
lation sizes of two closely related congeners that occupy
similar stream habitats in different drainage basins and pos-
sess similar life-history traits. Therefore, we undertook a
comparative study to investigate these characteristics for
the Relict Darter, E. chienense, and a closely related taxon,
the Clarks Darter, E. cf. oophylax. It is assumed that any
differences in gene flow between species are most likely
attributable to differences in the abundance of each species,
conservation status, and/or availability of spawning habitat
(Camak and Piller 2018). This comparative approach offers
the best opportunity to understand the genetic diversity of
these closely related, ecologically similar taxa, one of which
is imperiled and one that is conservationally secure.

The specific objectives of this study are as follows.
First, to assess levels of intrabasin genetic structure and
intraspecific genetic variation of two sister taxa (Near et al.
2011; Harrington et al. 2013; Harrington and Near 2015),

Etheostoma chienense and Etheostoma cf. oophylax. We
hypothesize that the levels of gene flow between subpopu-
lations are expected to be similar for each taxon due to what
is assumed to be similar migratory capabilities, but that the
levels of genetic variation within each species are expected
to be greater for E. cf. oophylax due to its larger population
size and its occupancy of a larger sub-basin. Second, to esti-
mate the effective population size (Ng) of each species. We
hypothesized that Ny will be higher for E. cf. oophylax in
comparison to E. chienense for the same reasons mentioned
above. To address these questions, mitochondrial DNA
sequences -cytochrome b- and double digest restriction site
associated DNA -ddRADseq- (Peterson et al. 2012) data
were gathered and analyzed. The genetic diversity observed
within cytochrome b provides information regarding the
maternal genetic diversity of the two species, while the
ddRADseq data provided a much more robust multilocus
dataset to examine the population dynamics of both E. chien-
ense and E. cf. oophylax.

Materials and methods
Tissue collection

Due to the endangered status of E. chienense, extreme cau-
tion was taken for collecting fin clips of this species. Seine
nets and a backpack electrofisher were used to collect the
darters from the Bayou du Chien (BDC) in early October of
2017. The upper lobe of the caudal fin of each specimen was
clipped and placed in 1.5 mL tubes containing 95% ethanol
for storage and transport. All darters were released back to
the stream after tissues were taken. With the assistance of
the United States Fish and Wildlife Service and the Ken-
tucky Department of Fish and Game, tissue samples from

Table 1 Relevant ecological
characteristics of the Relict and
Clarks Darters

Species Spawning habitat Relative abun- Conservation
availability dance status
Etheostoma chienense Low Low Endangered
Etheostoma chienense
Etheostoma cf. oophylax High High Least Concern

Etheostoma cf. oophylax
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Table 2 Locality information

) Description Samples County, State Latitude  Longitude

for tissue samples of

Etheostoma chienense and E. chienense

Etheostoma cf. oophylax Sitel BDC at Pea Ridge Road 17 Graves, KY  36.56878 —88.74555
Site2 Jackson Creek at Lawrence Road 35 Graves, KY 36.58436 —88.79022
Site3 BDC at Route 1283 Bridge 30 Graves, KY 36.60468 —88.81670
Site4 BDC at Route 307 Bridge 13 Hickman, KY 36.61221 —88.87130
Site5 BDC at Howell Road Bridge Hickman, KY 36.62812 —88.92690
Site6 BDC at US 51 Bridge Hickman, KY 36.62875 —88.96368
Site7 BDC 1 km upstream of KY 239 Hickman, KY 36.62227 —-89.01769
Site8 Little BDC at KY 1125 15 Fulton, KY 36.53374 —88.96138
Site9 Little BDC at KY 1706 Fulton, KY 36.52709 —88.94261

E. c¢f. oophylax

Sitel ‘White Oak Creek at Route 1497 24 Calloway, KY 36.54566 —88.30559
Site2 EFC Trib at Highway 1497 23 Calloway, KY 36.57431 —88.29654
Site3 Farley Branch at Tom Taylor Road 3 Calloway, KY 36.56494 —88.34426
Site4 Middle Fork at Martin Chapel Road 13 Calloway, KY 36.57780 —88.32805
Site5 Clayton Creek 40 Calloway, KY 36.59217 —88.25590
Site6 EFC Route 94 Bridge 24 Calloway, KY 36.61257 —88.28836
Site7 EFC Route 1536 Bridge 27 Calloway, KY 36.62041 —88.25498
Site8 Bee Creek at Highway 2075 32 Calloway, KY 36.62622 —88.30142
West Fork WEC at Highway 121 6 Calloway, KY 36.62444 —88.44361

BDC Bayou du Chien, EFC East Fork Clarks, WFC West Fork Clarks Rivers

174 Relict Darters from nine localities were collected from
the Bayou du Chien system. The distance from each local-
ity to the next was, on average, approximately 5 km of river
distance (Fig. 1). The number of darters collected from site
to site varied drastically due to its limited habitat availability
throughout the stream. The tissues collected for this study
covered most of the known range of the species (Table 2).
Etheostoma cf. oophylax also was collected using seine
nets and a backpack electrofisher. However, given this spe-
cies is not imperiled, whole specimens were fixed in 10%
formalin after fin clips were taken and put into 1.5 mL
tubes containing 95% ethanol. Voucher specimens were
archived in the Southeastern Louisiana University Verte-
brate Museum. All E. cf. oophylax specimens were col-
lected from headwater streams of the East Fork Clarks
River in the days immediately following the E. chienense
collection in October of 2017. Localities for E. cf. oophy-
lax were chosen to best mimic the between-locality river
distances utilized for E. chienense collections in order to
make direct comparisons in downstream analyses between
the two species. The collection area comprised approxi-
mately 14% of the known range of E. cf. oophylax (Fig. 1).
One-hundred eighty-six individuals of E. cf. oophylax
were collected from 8 different sites. A number of sites in
the Clarks River basin were mostly dry with only isolated
pools available for sampling. Six individuals, collected
in 2009, from the West Fork of the Clarks River were
obtained from the Peabody Museum of Natural History
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at Yale University (YPM ICH 023032 A-F) and were
included in the ddRAD portion of data analysis.

DNA extraction and PCR

Extraction protocols for genomic DNA followed the proce-
dure for the Promega Wizard SV 96 Genomic DNA Purifi-
cation System and/or the Qiagen DNeasy Blood and Tissue
Kit. The cytochrome b gene of the mitochondrial genome
was amplified via PCR using the primers from Schmidt and
Gold (1993) with the following protocol: initial denatura-
tion 96 °C for 2:00 min, 30 cycles of 93° for 30 s, 47° for
30 s, 72° for 2:00 min, with a final extension of 72° for
10 min. Each PCR reaction contained each of the following:
0.75 pL MgCl, 2.5 pL 10 x Buffer, 0.5 pL dNTP’s, 0.25 pL.
Taq polymerase, 1 pL of extracted DNA, 19 pL of nuclease
free water, and 0.5 pL of both forward and reverse primers
(10 ng/uL). PCR amplicons were sent to Genewiz for Sanger
Sequencing.

Mitochondrial DNA analyses

The recovered haploid sequences were aligned and trimmed
in Geneious using MAFFT to create a final data matrix used
for downstream analyses. Haplotype networks were created
independently for each species in the program PopArt v1.7.
Statistical tests included: Tajima’s D for neutrality, Fu’s F
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statistic for neutrality, and haplotype diversity which were
calculated in the program DnaSP (5.10) (Librado and Rozas
2009).

ddRAD library prep and sequencing

Four ddRAD libraries were prepped at Southeastern Loui-
siana University. Library preparation roughly followed the
protocol from Peterson et al. (2012). Briefly, the DNA was
purified, digested with restriction enzymes, ligated to com-
mon and unique oligos, PCR amplified, cleaned up, multi-
plexed, and size selected for 350-600 bp fragment lengths
using a Blue Pippen. Libraries were run on a Bioanalyzer
for a quality check before sequencing. A total of 174 E.
chienense specimens and 186 E. cf. oophylax specimens
were prepared for ddRADseq. Libraries were sent to the
University of Oregon’s Genomics & Cell Characterization
Core Facility for Illumina Sequencing on the Hiseq 4000 for
100 bp single end reads. The six samples received from Yale
University had previously been prepped and sequenced using
the same protocol. The raw fastq data files for each sample
were added into the ipyrad pipeline to create the data files
used for downstream analysis.

ddRAD assembly

Raw datafile files were run through the program FastQC
to check the overall quality of the reads and the Illumina
run. Ipyrad v0.7.30 (Eaton and Overcast 2020) was used to
assemble the datasets for both species from the raw sequence
reads. Individuals with fewer than 100,000 total raw reads
were removed from the dataset. Reads that contained more
than 5 bases with a low quality phred score (< 33) were
excluded. Reads were then clustered based on a 90% similar-
ity threshold and reads with fewer than 6X coverage were
filtered out. A maximum of 5 ambiguous base calls and 8
heterozygous sites per read were allowed during filtering.
The dataset for each species was aligned using a min80
threshold; which means that loci not retained in at least
80 individuals at the end of the assembly were filtered out.
After a full assembly run, individuals with fewer than 1000
remaining loci were removed, and the assembly pipeline was
re-run with the same parameters. Additional filtering was
done using vcftools (Danecek et al. 2011). In vcftools we
identified the percentage of missing data in each individual
and manually removed individuals with greater than 80%
missing data for the E. chienense and E. cf. oophylax East
Fork datasets. Using the same method, we excluded indi-
viduals with greater than 40% missing data for the E. cf.
oophylax East Fork and West Fork dataset. Vcftools was also
used to exclude loci (SNPs) with a 70% call rate or lower.
The R package PCAdapt was used to filter loci under selec-
tion with an expected false discovery rate lower than 10%

(x=0.1). Three datasets were assembled for downstream
analysis: E. chienense; E. cf. oophylax from the East Fork of
the Clarks River; and E. cf. oophylax with 35 of the highest
quality samples from the East Fork and six samples from
the West Fork.

Population structure

To estimate population structure of each species, the pro-
gram STRUCTURE (Pritchard et al. 2000) was used to
estimate the ancestry of each individual to a given num-
ber of populations (K). For E. chienense, K values 1-9
were run and for E. cf. oophylax K values 1-8, one K for
each sampling locality of each species. Finally, using the
samples of E. cf. oophylax from the West Fork (n=6)
with a subset of samples from each site of the East Fork
of the Clarks River (n=29), K values 1-2 were tested to
determine if there is any genetic structure between the two
forks of the Clarks River. A burnin period of 10,000 itera-
tions were run initially and an additional 50,000 iterations
were run post burnin, where the posterior probabilities of
each individual to a cluster were drawn. STRUCTURE
was run 10 times for each estimated K value to ensure
convergence of the results. STRauto (Chhatre and Emerson
2017) was used to run STRUCTURE in parallel to opti-
mize the efficiency of the runs. Results of each STRUCTU
RE run were summarized using STRUCTUREHarvester
(Earl 2012) and average Ln(P) of each K was plotted in
order to visualize the K value with the highest log likeli-
hood for each set of runs. That K value was then used to
examine the population structure of each species. After
the optimal K value was determined for each species, the
results were summarized and graphically visualized using
the programs CLUMPP (Jakobsson and Rosenberg 2007)
and DISTRUCT (Rosenberg 2004).

Discriminant Analysis of Principal Components (Jombart
et al. 2010) was run for each dataset as a secondary test of
population structure. The R packages adegenet (Jombart and
Ahmed 2011) and poppr were used to perform each DAPC
and plot the results of each analysis with 95% confidence
ellipses of each site for each species.

Weighted Fqr method developed by Weir and Cockerham
(1984) was used to calculate a proxy for pairwise genetic
distance between sites calculated in hierfstat (Goudet 2005).
The R package hierfstat was also used to assess the signifi-
cance of the pairwise Fgp by determining which values were
significantly different from zero. Geographic distances were
calculated using ArcGIS using river distances (km) rather
than straight line distances. Isolation by distance (IBD) was
examined with a Mantel Test implemented in R with the
package ‘ape’ (Paradis et al. 2004) using the pairwise Fgp
and geographic river distances for E. chienense and E. cf.
oophylax (East Fork only). Due to limited sampling of the
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range, IBD was not tested with the samples from West Fork
of the Clarks River, as this would not be an effective test of
genetic structure for the dataset given the large sampling
gaps between sites.

Population statistics

Given the results of the population structure tests, separate
collection localities were no longer used in the assessment
of each taxon, and all individuals of each taxon were treated
as one panmictic population. Expected and observed het-
erozygosities, pairwise site Fgp, inbreeding coefficients, and
Tajima’s D were each estimated using vcftools. Confidence
values for pairwise Fgp were estimated using the r package
hierfstat. Heterozygosity and inbreeding coefficients were
estimated for each individual given the loci available for
that individual. Effective population size estimations of each
species were performed using the program NgEstimator v2.1
(Do et al. 2014) with lowest allele frequency values of 0.05,
0.02, and 0.01.

Results

Mitochondrial DNA

The alignment used for E. chienense (n=151) was 669 nucle-
otides in length with a total of three haplotypes. For E. cf.
oophylax- EF (n=168), the alignment was 589 nucleotides
in length with a total of nine unique haplotypes. These align-
ments are freely available on GenBank (BankIt2350217:
MT539389—MT539556 and BanklIt2350222: MT539557—
MT539707). Haplotype networks displayed different levels
of genetic variation within each species. Etheostoma chien-
ense possesses only three haplotypes (Fig. 2a) throughout
its known range for this cytochrome b fragment, while nine

Fig.2 Haplotype networks of
a E. chienense (n=151) and b
E. cf. oophylax (n=168). Each
circle represents a unique hap-
lotype, and the size of the circle
is proportional to the number of
individuals with that haplotype.
Colors represent the nine differ-
ent sampling sites and each tick
mark represents the number of
nucleotide differences between
haplotypes
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haplotypes were recovered for E. cf. oophylax (Fig. 2b) from
a limited portion of its range.

Tajima’s D and Fu’s F tests for neutrality were not signifi-
cant for every subset of collection localities of both species;
however, both Tajima’s D (— 1.855, p=0.002) and Fu’s F
(—6.725, p=0.001) were negative and significant for the E.
cf. oophylax when analyzed as a single population. These
were the only significant statistical tests with the mitochon-
drial data. The overall haplotype diversity (H) within E. cf.
oophylax (0.251 as a whole, range 0.077-1 from each site) is
much lower than the haplotype diversity within E. chienense
(0.545 as a whole, range 0.242-0.833 from each site). Even
though there are three times as many haplotypes for E. cf.
oophylax, 141 (86.5%) individuals share a single haplotype.
While in E. chienense, the most common haplotype is shared
by only 80 individuals (52.9%) (Fig. 2).

lllumina sequencing

All four raw data files passed the quality check in FastQC
with over 1.4 billion reads received among the raw [llumina
data files which are available via NCBI SRA (biosample
accession numbers: SAMN15018085-SAMN15018179;
SAMN15075015-SAMN15075067; SAMN15079195-
SAMN15079276; SAMN15086545-SAMN15086608). After
SNP filtering in both ipyrad and vcftools, the final datasets
used for downstream analyses for E. chienense and E. cf.
oophylax had 6871 SNPs for 90 individuals (average 37.4%
missing data per individual) and 9876 SNPs for 108 individu-
als (average 20.7% missing data per individual), respectively.
These alignments and ipyrad parameters are available via
Dryad (https://doi.org/10.5061/dryad.fqz612jqb). The data-
set containing samples from both forks of the Clarks River
included 35 individuals with 10,709 SNPs (average 12.0%
missing data per individual). Three separate datasets men-
tioned above were used for downstream analyses.
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Fig.3 Likelihood of each estimated K value, L(K), in STRUCTURE using the SNP datasets a E. chienense—optimal K=1 b E. cf. oophylax of
the East Fork Clarks River—optimal K=1 ¢ E. cf. oophylax of the East and West Forks of the Clarks River- optimal K=2

East Fork

West Fork

Fig.4 STRUCTURE plot of Clarks Darter, Etheostoma cf. oophylax, from both Forks of the Clarks River (K=2) based on SNPs

Population structure

Each of the three datasets were run in STRUCTURE.
The log probability of E. chienense was highest for K=1
(Fig. 3a). Etheostoma cf. oophylax also had the highest
log probability of K=1 (Fig. 3b). As for the dataset with
samples from the East and West forks of the Clarks River,
K =2 had the highest log probability (Fig. 3c). STRUCTU

RE plot shows admixture between forks of the Clarks River
(Fig. 4). Discriminant Analysis of Principal Components
(DAPC) shows number of clusters of E. chienense and E.
cf. oophylax (East Fork) to be K=1 (Fig. 5a, b). All sites
for both species have undifferentiable overlap. Etheostoma
cf. oophylax shows strong clustering between the East and
West Forks of the Clarks River (K=2), with there being no
overlap between samples from opposite forks (Fig. 5c).
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F¢rvalues and isolation by distance

Pairwise Weir and Cockerham (1984) weighted Fgy val-
ues were generated for both species. For E. chienense,
pairwise Fgp site comparisons ranged from —0.0539 to
0.0819 (Table 3), and E. cf. oophylax (East Fork) ranged
from—0.1707 to 0.0434 (Table 4). Pairwise Fgp of E. cf.
oophylax from the East and West Forks was 0.1941 with
95% confidence between 0.1232 and 0.2650.
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The Isolation by Distance (IBD) comparisons using a
Mantel test of E. chienense showed a positive relationship
between genetic and geographic distance, but it was not
statistically significant (p=0.13). The same IBD analysis
for E. cf. oophylax (East Fork) also yielded a non-signif-
icant (p=0.32) positive relationship between geographic
and genetic distance.
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Table 3 Table of Weir and

X . Sitel Site2 Site3 Site4 Site5 Site6 Site7 Site8 Site9
Cockerham weighted pairwise
Fgr between sampling sites of Sitel —
Etheostoma chienense Site2 0.0271 -
Site3  0.0159 0.0132 -
Site4  0.0108  0.0002 -0.0010 -
Site5  0.0063  0.0072 0.0005 -0.0085 -
Site6  0.0360  0.0296 0.0237 0.0293 -0.0076 -
Site7  0.0651 0.0819 0.0588 0.0609 0.0490 -0.0539 -
Site8§  0.0064 —0.0009 —0.0007 —0.0033 0.0002 0.0023 0.0543 -
Site9  0.0133  —-0.0041 —0.0003 0.0012 —0.0083 0.0253 0.0716 -0.0241 -
Negative values can be interpreted as zero. Bolded values are significantly different from zero
Table 4 Table of Weir and sitel Site2 site3 Sited Sites  Site6  Site7  Site8
Cockerham weighted pairwise
Fgr between sampling sites of Sitel _
Etheostoma cf. oophylax Site2 00217 3
Site3 —-0.1707 -0.1767 -
Site4 —0.0057 0.0181 —0.1044 -
Site5 0.0190 0.0434 —0.0637 0.0128 -
Site6 0.0033 0.0276 —0.1904 —-0.0010 0.0073 -
Site7 0.0123 0.0361 —0.0579 0.0082 0.0033 0.0039 -
Site8 0.0061 0.0295 —-0.1095 —0.0018 0.0108 0.0054 0.0066 -

Negative values can be interpreted as zero. Bolded values are significantly different from zero

Table5 Table of average expected heterozygosity (H,), observed
heterozygosity (H,), and inbreeding coefficient (F) per locus using
Vcftools

Avg H, Avg H, Avg F
Relict Darter 0.0702 0.0625 0.1089
Clarks Darter 0.0646 0.0547 0.1378

Table 6 Effective population size estimates (N,) of the Relict Darter
(n=90) and the Clarks Darter (n=108) using NeEstimator, with 95%
non-parametric confidence intervals at various lowest allele frequen-
cies (LAF) using filtered SNPs

Relict Darter

LAF 0.05 0.02 0.01

N, 221.5 2324 337.9

95% CI 143.3-448.3 153.2-448.4 201.2-918.6
Clarks Darter

LAF 0.05 0.02 0.01

N, 244.6 22.0 19.6

95% CI 154.7-517.3 11.4-43.0 9.2-40.8

General genetic diversity

As shown earlier, population structure analysis for E.
chienense and E. cf. oophylax both resulted in K=1
from the STRUCTURE and DAPC analyses, and both
tested as not significant for IBD. Therefore, heterozy-
gosity and inbreeding coefficients and Tajima’s D were
estimated for all of the collection localities together, not
on a site to site basis. Expected and observed heterozy-
gosity among all individuals analyzed for E. chienense
is H,.=0.0702 and H,=0.0625, respectively (Table 5).
Expected and observed heterozygosity among all individu-
als analyzed for E. cf. oophylax (East Fork) is H,=0.0646
and H, =0.0547. Inbreeding coefficient for E. chienense
throughout its range and E. cf. oophylax throughout
the sampled localities of the East Fork Clarks River is
F;g=0.1089 and F;g=0.1378, respectively (Table 5). Taji-
mas D tested as insignificant (p > 0.1) for all loci for E.
chienense, and all but 7 of 9,876 loci for E. cf. oophylax.
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Effective population size

Results of the effective population size estimates using Ny
Estimator were different for each dataset but confidence
ranges overlapped. The estimated effective population sizes
of E. chienense range from 221.5 to 337.9, depending on the
lowest allele frequency threshold incorporated in the analy-
sis (Table 6). 95% parametric confidence intervals range
from 143.4 to 918.6. As for E. cf. oophylax from the East
Fork, the estimated effective population size is between 19.6
and 244.6 with 95% non-parametric confidence of 9.2-517.3
(Table 6). Effective population size estimation was not car-
ried out for E. cf. oophylax from both forks of the Clarks
River due to low sample size and a likely biased estimation.

Discussion

This study incorporated data from both the mitochondrial
and nuclear genomes to assess genetic diversity and popula-
tion structure of E. chienense, a federally protected species,
endemic to the Bayou du Chien system of western Kentucky.
The results from this study demonstrate that E. chienense
can be managed as a single, panmictic conservation unit.
While the initial goal of this study was to use E. cf. oophylax
as a baseline for comparison, it was discovered that the pop-
ulation level dynamics of this taxon are much more complex
than expected. Given that only a small portion of its range
was sampled in hopes to reproduce the geographic distances
between sites of the E. chienense collections, it appears that
much of the genetic diversity of this species may exist in
other portions of the range that were not sampled heavily,
or at all. Therefore, it is concluded that more proficient sam-
pling throughout the range of E. cf. oophylax is needed to
appropriately assess this species, but the results from the
analysis of E. chienense can still be beneficial to conser-
vation officials. With knowledge of the genetic diversity,
population structure, gene flow and effective population size,
conservation officials can make more informed decisions
regarding the management and protection of E. chienense.

Genetic structure of E. chienense

Based on multiple analyses, the number of estimated genetic
clusters within E. chienense is estimated to be one. The
Bayou du Chien is a small stream system and one might
expect that a species inhabiting a small stream would be
panmictic. A multitude of other studies, however, suggest
that life-history features, the amount of connectivity, and
habitat preferences can play substantial roles in the degree of
population genetic structure and gene flow of aquatic species
(Thomaz et al. 2016; Pilger et al. 2017; Camak and Piller
2018). Based on data from closely related congeners (Evans
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and Page 2003; Douglas et al 2013), it is assumed that E.
chienense has minimal dispersal capabilities given its small
size (<80 mm SL) and the lack of a swimbladder. Therefore,
it is somewhat surprising that there are no genetic clusters
in the Bayou du Chien.

For many species inhabiting lotic environments, larval
drift plays a major role in dispersal. A study conducted by
Douglas et al (2013) showed that there is significant varia-
tion in larval drift phases of darters. They included eleven
species of Etheostoma and five of these were shown to
exhibit pelagic larval drift for at least 28 days. Three spe-
cies in their study, E. percnurum, E. marmorpinnum, E.
sitikuense, are closely related to E. chienense, all members
of the subgenus Catonotus, and occupy similar types of low-
gradient streams, and possess similar life-history character-
istics. None of these species possess a pelagic larval drift
phase. While E. chienense was not included in their study,
it is possible that pelagic larval drift could be a contribut-
ing factor to the panmixia of E. chienense, but it cannot be
known for sure until more comprehensive life history data
is collected for this species. Alternatively, in terms of flood-
ing event intensity and frequency, the Bayou du Chien is
an unpredictable system that is subjected to increased flow
events following periods of heavy rainfall. The intensity of
these types of events are exacerbated in areas that have been
channelized (Piller and Burr 1998). These types of stochas-
tic events could facilitate downstream dispersal of larvae,
juveniles, and adults.

Genetic structure of E. cf. oophylax

Samples of E. cf. oophylax were obtained from the upper
reaches of the East Fork of the Clarks River in an effort
to mimic the sampling design used for E. chienense in the
Bayou du Chien system and allow for direct comparisons.
Unfortunately, the sampling design incorporated limits our
ability to discuss the complex nature of genetic diversity and
isolation in this taxon. The Clarks River is divided into two
relatively large forks (Fig. 1). When individuals from both
forks are included in the analyses, E. cf. oophylax shows
weak population structure in the STRUCTURE analysis but
strong structure in the DAPC analysis between individuals
of these two forks (K=2). There are a few plausible expla-
nations as to why this type of genetic structure was recov-
ered. First, the two forks could each harbor their own genetic
clusters, suggesting that dispersal from one fork to the other
is less common than dispersal within each fork. In other
words, the split of the two forks could be acting as a barrier
to migration. This type of structure has been shown in other
freshwater organisms (Perkin and Gido 2012; Huey et al
2017), and appears to be the leading cause for this popula-
tion structure.
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A second hypothesis is isolation by distance. It is unlikely
that IBD is the mechanism underlying the observed diversity
between forks, given that the Clarks river in its entirety is
only about 107 km in length. However, IBD should not be
ruled out until it is tested with appropriate sampling through-
out the range of this species.

Next, since a smaller number of individuals were
included in this analysis, including six from the West Fork
and 29 from the East Fork of the Clarks River, the filtering
approach employed in the study resulted in the inclusion of
slightly more loci (i.e. 10,709 loci) than the other analyses.
As aresult, the statistical power to detect fine-scale genetic
structure increases dramatically as more loci are analyzed
(Rafiei et al. 2018). In this case, detection of two clusters
may simply be an artifact of including more loci rather than
the existence of fine-scale structure. Additional sampling
throughout both forks of the Clarks River would be needed
to address this issue.

Finally, it should be mentioned that during the collec-
tion of the E. cf. oophylax from the East Fork, there were
several collection sites that were nearly dried up during the
fall sampling period, leaving only isolated pools where dart-
ers were collected. It is assumed that these pools reconnect
seasonally throughout the spring and summer months when
more rainfall is present. This type of seasonal environmental
pressure can cause serious fluctuations regarding the popula-
tion dynamics of a species (Faulks et al. 2010). While there
was no significant genetic variation between or among sites
of the East Fork, more data regarding the seasonal fluctua-
tions of isolated pools in the Clarks River as well as more
complete sampling of the species range is needed to make
claims regarding the potential for these pools to drive the
fixation of alleles in subpopulations.

Genetic diversity

Etheostoma chienense is endangered, therefore it is not
unexpected that extremely low levels of genetic diversity
were observed in this species. For the cytochrome b haplo-
type data, only three haplotypes were recovered and when
coupled with the extremely low heterozygosity observed
from the SNP data, this suggests that this species may be
a victim of genetic drift or inbreeding depression. When
E. chienense was first discovered as a unique lineage, cen-
sus population estimates were dangerously low (Page et al.
1992; Piller and Burr 1998). It is entirely possible that this
species was bottlenecked for many years as a result of the
expansion of agricultural land in the basin, and the concomi-
tant reduction of the riparian zone and increased siltation in
the Bayou du Chien system. After the listing of this species
as endangered, populations of E. chienense may have stabi-
lized as a result of a greater degree of protection in the basin.
However, the dangerous effects of a population bottleneck

and subsequent genetic drift may have already been rooted
within the imperiled species (Nei et al. 1975), leading to low
levels of genetic diversity across the range.

Etheostoma cf. oophylax from the East Fork of the Clarks
River displayed nine mitochondrial haplotypes from 168
individuals and a dangerously low observed heterozygosity
level from the SNP data. However, it is highly unlikely that
these metrics accurately portray the genetic diversity within
E. cf. oophylax given the samples were only collected from
a small portion of the range. Because the pairwise fixation
index was four times higher between East and West Forks
(Fgr=0.194) of the Clarks River than between any pair of
East Fork sites, it is evident that there is genetic diversity
throughout the range of this species, but not in the sam-
pled localities of the East Fork. This phenomenon of low
observed heterozygosity could be the result of a Wahlund
effect caused by sampling a subpopulation within a larger
metapopulation (Wahlund 1928; Waples 2014; Zhivotovsky
2015). The inclusion of additional samples throughout the
entire range of E. cf. oophylax may provide additional sup-
port and evidence that the Clarks River population has
higher heterozygosities and larger effective population sizes
than currently estimated.

There is some disagreement with the mitochondrial data
and the SNP data in the test for neutrality with E. cf. oophy-
lax. A star shaped haplotype network containing multiple
rare alleles and one common allele dominating the popula-
tion, coupled with a significant Tajima’s D test and Fu F
test can be indicative of a recent population expansion (Liu
et al. 2006; van der Heyden 2007). However, the SNP data
had only 7 loci -of 9876- that had significant Tajima’s D
values. Only a handful of SNPs agreed with the results from
the mitochondrial DNA test with the vast majority of tests
being non-significant. While it is possible that the female
population has undergone a recent population expansion,
we believe it is more likely that a single mitochondrial gene,
cytochrome b, may not be representative of the population
history of the E. cf. oophylax.

Effective population size

The estimated effective population size of E. chienense is
critically low with the most conservative upper and lower
bounds between 143 and 918 individuals. This is substan-
tially lower than the census size estimates of Piller and Burr
(1998), which were estimated between 9553 and 31,293
individuals across the Bayou du Chien system. Differences
between census and effective population size estimates are
not an uncommon occurrence among vertebrate populations,
with effective population size estimates often being orders
of magnitude lower than census size estimates (Turner et al.
2002; Belmar-Lucero et al. 2012). Low effective population
size correlates directly with the loss of rare alleles and can
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contribute to genetic drift (Berthier et al. 2002), which likely
has occurred within this species given the low heterozygo-
sity and absence of genetic structure across the range.

The idea of minimum viable population size (MVP)
was proposed by Shaffer (1981) and suggests that there are
minimum population thresholds that should be maintained
in wild populations to sustain species in both the short and
long term. Some argue that a minimum effective population
size of 50 is needed to avoid inbreeding depression and avoid
extinction of a species, whereas others suggested that a value
of 500 is required to retain evolutionary potential and to
minimize the influence of genetic drift. This idea is known
as the 50/500 rule (Soule 1980; Franklin 1980) and is not
without debate (Jamieson and Allendorf 2012; Frankham
et al 2014; Franklin et al. 2014; Rosenfeld 2014). Regard-
less of what value or minimum threshold is required, the
relatively low effective population size values recovered in
this study suggest that the long-term persistence of the Relict
Darter may be in jeopardy.

Effective population size estimates of E. cf. oophylax also
are also dangerously low with the most conservative lower
and upper bounds of 19 and 244 individuals. No published
information is known regarding census sizes of this taxon;
however, it is also likely that the effective population esti-
mate for E. cf. oophylax is substantially lower than its census
size. In addition, it is likely that the effective population
size of E. cf. oophylax is severely underestimated here due
to the sampling scheme, which is based on a small portion
of the known range of this taxon. The primary reason for an
underestimated effective population size is likely due to the
Wahlund effect (Wahlund 1928). Effective population size
can be severely underestimated if only a subpopulation of
a metapopulation is sampled. Throughout the collection of
the samples for this study, E. cf. oophylax was very common
at almost every locality, suggesting that the population size
is large, and that the estimated effective population size is
underestimated due to sampling design.

Conclusions

This study represents the first comprehensive population
genetic review of the endangered Relict Darter with sam-
ples collected throughout the range. Genome wide SNP data
coupled with a single mitochondrial marker provide reli-
able results regarding the status of this species. Etheostoma
chienense is a federally endangered species and the results
of this study indicate very little genetic variation throughout
its range and dangerously low effective population size esti-
mates. The effects of a population bottleneck and subsequent
genetic drift appear to be intimately associated with this spe-
cies. Genetic clustering analyses suggest there is only one
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panmictic population and that the number of management
units (MU’s) should be one.

These results suggest that a conservation and manage-
ment plan needs to be implemented in the Bayou du Chien
basin. A greater degree of habitat protection and stream res-
toration, including the re-development of riparian zones in
agriculturally impacted areas, could stabilize stream banks
and reduce siltation in heavily impacted areas. Furthermore,
E. chienense is an egg-clustering species that attaches its
eggs to the undersides of hard substrates. Prior to human
modification to the Bayou du Chien system, E. chienense
likely utilized natural woody materials as spawning sub-
strates. The elimination of riparian zones throughout large
portions of the Bayou du Chien system have reduced the
amount of available allochthonous woody material and
therefore reduced the availability of spawning substrates in
the system. As a result, E. chienense has become opportun-
istic in its choice of spawning substrates and will readily
attach eggs to the undersides of any firm spawning substrate
in the system including tires and roofing shingles, in addi-
tion to woody debris (Piller and Burr 1999). As suggested
by Piller and Burr (1999), the addition of artificial spawn-
ing substrates during the spring reproductive season could
increase reproductive output and lead to a greater degree of
recruitment into the natural population, which in turn, could
increase population sizes of E. chienense throughout the
Bayou du Chien system. This approach could be particularly
effective if this was conducted over several successive years.

This study cannot provide reliable population genetic
conclusions regarding E. cf. oophylax due to the sampling
design employed. However, it is clear that there is some
underlying genetic structure between forks of the Clarks
River that will require more research to confidently quan-
tify genetic variation throughout this species. Low effec-
tive population size estimates are likely due to the sampling
design as well. Therefore, until a more inclusive sampling
of this species is performed, the reliability of the effective
population size estimates of E. cf. oophylax should be con-
sidered tentative.

Overall, this study highlights the effectiveness of SNP
data to quantify many population level metrics of endan-
gered species including gene flow and population structure,
overall genetic variation, and effective population size.
While SNP data is very effective at quantifying these popu-
lation dynamic metrics, effective sampling across a species’
range is still necessary when evaluating the genetic health
of a species. The results reported here can be used to assist
management officials in providing additional support to the
endangered Relict Darter.
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