Impacts of habitat loss on genetic diversity of Etheostoma lemniscatum,

the Tuxedo Darter

By

Jacob F. Brumley

A Thesis Submitted in Partial Fulfillment of the

Requirements for the Degree of Master of Science in Biology

Austin Peay State University

August 2021

Thesis Committee:

Dr. Rebecca Johansen, Committee Chair

Dr. Mollie Cashner

Dr. Chris Gienger



August 2021
To the College of Graduate Studies:

We are submitting a thesis written by Jacob F. Brumley entitled “Impacts of habitat loss
on genetic diversity of Etheostoma lemniscatum, the Tuxedo Darter.” We have examined the
final copy of the thesis for form and content. We recommend that it be accepted in partial

fulfillment of the requirements for the degree of Master of Science in Biology.

Thesis Approved:
%@MJL %Mfw

Dr. Rebecca Johansen, Committee Chair/Research Advisor

Wiy

Dr. Mollie Cashner, Committee Member

/ 74 é/%y@é/

Dr. Chris Gienger, Committee Member



Statement of Permission to Use

In presenting this thesis in partial fulfillment of the requirements for the Master of
Science in Biology at Austin Peay State University, | agree that the library shall make it
available to borrowers under the rules of the library. Brief quotations from this thesis are
allowable without special permission, provided that accurate acknowledgement of the source is
made. Permission for extensive quotation or reproduction of this field study may be granted by
my major professor, or in her absence, by the Head of the Interlibrary Services when, in the
opinion of either the proposed use of the material is for scholarly purposes. Any copying or use
of the material in this thesis for financial gain shall not be allowed without my written

permission.

Jacob F. Brumley 4 August 2021




Dedicated to Zachary Kammer

My brother and fellow fish fanatic.

| love and miss you.



ACKNOWLEDGEMENTS

First, I would like to thank my advisor, Dr. Rebecca Johansen, for her endless work in
making me a better researcher. Through all of the mistakes, stupid questions, and looks of
bewilderment, Dr. Jo has been very patient over the last three years. She has always been faithful
to her students, keeping an open door for us to stop by to discuss our projects, concerns,
anxieties, and everyday lives. | want to thank her for all of the guidance and feedback on my
project and constantly ripping my writing apart to make it actually understandable. Lastly, | want

to thank her for being so good to Tori (and Winston) by taking care of us the past few years.

| would also like to thank Dr. Mollie Cashner for always being available to answer
questions and help with anything that | needed. Her teaching and guidance within the molecular
lab were always a great help. | would like to thank Dr. Chris Gienger for serving on my

committee, taking precious time out of his day to provide helpful feedback on my thesis.

A special thank you to my lab mates, Nastasia Disotell, Brooke Grubb, Jessica Grady,
River Watson, Alexis Culley, Abbi Etherton, and Matthew Scott, for constantly having my back,
being available to talk, and helping whenever | needed it. | would especially like to thank
Nastasia Disotell for constantly battling the “research dark place” with me. We went through a
lot of setbacks in our three years working together, but we have found the light at the end of the
tunnel. Thank you Nastasia for always being encouraging, even when we were searching for
hours for a fish that was not found or when we were told that the University was shutting down

because of COVID-19. You have been a great partner through and through.

For the endless help, I would like to thank Jeff Simmons, who graciously gave of his time

and energy to help with fieldwork and talk about the conservation of the Tuxedo Darter. | would



like to thank him for collecting and providing data on the Tuxedo Darter for the past seven years
and giving me access to it. I would like to thank Stephanie Brandt and Matt Thomas for
constantly being willing at the drop of a hat to run to the Big South Fork to help collect tissue
samples. They were instrumental in capturing Tuxedo Darters. | would also like to thank Crystal
Ruble and Rebecca Xiques for embarking on our over-night canoe trip through the Big South

Fork. They are experts at capturing these rare fish.

Thank you to Rebecca Schapansky, Etta Spradlin, and Tom Blount for coordinating with
me to reach sites throughout the Big South Fork National Recreation Area and facilitating
permits. | would also like to thank US Fish and Wildlife Services for funding this project and to
the Austin Peay Center of Excellence for Field Biology for providing equipment needed to make

this project possible.

I would also like to make a special thank you to my family, who have been so gracious
with me by encouraging and supporting me through this time. Of course, | would like to thank
my beautiful bride, Tori Brumley, for never giving up on me, even when | wanted to give up on
myself. For her overwhelming and constant love that lifts me up even in my lowest moments. |
would like to thank her for all of the support that she has given me and all of the fun we have had
over the past three years. | want to thank my dad, John Brumley, for instilling in me a love for
nature and, more specifically, fish. He has been a constant ear when | am frustrated or excited
and a source of encouragement when | was in need. | want to thank him for always running out
to the river to help and spend time with me. Best bucket boy I could ever ask for in the field. 1
want to thank my mom, Juliah Brumley, even though she does not understand my “shop talk”

with Dad, she has always been loving and encouraging. | want to thank my amazing sister and



brother-in-law, Jessica and Zachary Kammer, for being the best siblings that I could ask for.

Thank you for the constant laughs, hugs, and water bottles to take into the field.

Most importantly to me, | want to thank God, for grace, mercy, and love. | want to thank
God for allowing me the opportunities to fall in love with His creation and stand to protect it. |
would like to thank Him for allowing me to come to Austin Peay State University for a great
education, life-altering experiences, and life-long friends. Lastly, | want to thank Him for the
faith and hope during the COVID-19 pandemic; when at times it felt as though the world was

crashing down around me, there was always hope.



Vi

ABSTRACT

JACOB F. BRUMLEY. Impacts of habitat loss on genetic diversity of Etheostoma lemniscatum,

the Tuxedo Darter. (Under the direction of DR. REBECCA BLANTON JOHANSEN)

Habitat loss and alteration is often detrimental to the genetic diversity of species within
the impacted area, especially those species considered imperiled due to other factors, such as a
naturally small native range. For imperiled fish species in the southeastern United States,
damming of rivers is a leading form of habitat alteration that poses a major conservation issue for
many riverine adapted species. Dams homogenize habitat and alter natural riverine flow regimes.
The Tuxedo Darter, Etheostoma lemniscatum, is a federally endangered fish species that inhabits
the mainstem of the Big South Fork Cumberland River in Kentucky and Tennessee. The species
is considered a habitat-specialist, adapted to survive and reproduce in shallow pools with clean,
cobble substrate. It is threatened by damming of the Cumberland River to create Lake
Cumberland, which during summer pool, inundates the lower 8 rkm of the species’ range. To
determine the impact of inundation on E. lemniscatum, we compared occurrence, abundance, and
genetic diversity metrics estimated from pre- (2015) and post-inundation (2019/2020; four years
after inundation) samples from eleven sites spanning the species’ range. We expected to see a
reduction in occurrence, abundance and genetic diversity and increased inbreeding as a response
to inundation. Declines in occurrence and abundance were detected within the impacted reach.
Standard and temporal comparisons of genetic diversity metrics stemming from our genotypic
data from 20 microsatellite loci for the 92 individuals collected in 2019 and 2020 and data from
the 107 individuals collected in 2015 (provided by Washburn et al. 2020) revealed low genetic
diversity for the species. No significant changes in genetic diversity between years was detected.

However, in addition to observations of local extirpation and declines in abundance in the
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impacted reach, early warning signs of genetic diversity degradation, such as lowered allelic
richness and an increase in the proportion of private alleles, were also observed in the impacted
reach. These early warning signs indicate a likelihood of impacts to genetic diversity in future
generations. Our results warrant further monitoring of the species to determine any time delayed

responses to inundation that were not detected in this study.
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Introduction

Globally, habitat loss and alteration are leading contributors to high extinction and
extirpation rates of animals (Tilman et al. 1994; Etnier 1997; Farhig 1997; Riccardi and
Rasmussen 1999; Pimm and Raven 2000; Warren et al. 2000). In river environments,
impoundments (through damming) represent one of the most common and destructive forms of
habitat alteration and are regarded as the second leading factor for aquatic species declines in
North America (Riccardi and Rasmussen 1999; Warren et al. 2000; Dudgeon et al. 2006; Barletta
et al. 2010; Poff and Zimmerman 2010; Reis et al. 2016). River impoundments alter habitats
through large-scale environmental disruption, through shifts in natural flow regimes (Graf 1999;
Bunn and Arthington 2002; McCartney 2009). Upstream of dams, habitat is transformed from
free-flowing lotic habitat to lentic or semi-lentic habitat (Bunn and Arthington 2002; Agostinho
et al. 2008). Impoundment dams increase water depth in the catchment area, inundating
tributaries and upstream reaches. Changes in flow, in turn, produce shifts in physical and
chemical habitat factors, including increased rates of sedimentation of inundated areas (Graf
1999; McCartney 2009). Sedimentation and inundation reduce disturbance frequencies, thus
decreasing the dynamic habitat in free-flowing rivers and creating a homogenized environment
within the newly lentic (or semi-lentic) system (McCartney 2009; Haghkerdar et al. 2019).
These changes stress the adaptive potential of fish species that are highly adapted to lotic habitat,
resulting in population declines or loss (Hubbs and Pigg 1976; Stanford and Ward 1986;

Humphries and Lake 2000; Agostinho et al. 2008; Nobile et al. 2019).

By contributing to population decline, habitat alteration and loss from impoundments
impacts biodiversity at both the species and genetic levels (Farhig 1997; Hitchings and Beebee

1998; Johannesson and Andre 2006; Trush et al. 2008). Reduction in population size increases



potential for genetic drift and reduces overall genetic diversity (Frankham 1996). Inbreeding,
where small populations are genetically homogenized due to few reproducing individuals, can
also contribute to further loss of genetic diversity (Frankham 1996; Johannesson and Andre
2006; Thrush et al. 2008). Populations with reduced genetic diversity may have reduced fitness
in individuals, making species more susceptible to environmental change that could lead to
extinction or extirpation (Hitchings and Beebee 1998; Reed and Frankham 2003). These events
lead to a cyclic system of genetic and demographic degradation known as the extinction vortex

(Frankham et al. 2010).

The southeastern United States is both an aquatic biodiversity hotspot and region of high
species imperilment (Warren et al. 2000; Jelks et al. 2008; Collen et al. 2014; Elkins et al. 2019).
Leading factors contributing to imperilment are sedimentation, damming, and channelization
(Warren et al. 2000). Many imperiled, endemic species of this region are habitat specialists, have
naturally small native ranges, or persist as small, fragmented populations (Warren and Burr
1994; Angermeier 1995; Etnier 1997; Warren et al. 2000), and are thus, at high risk of entering
the extinction vortex. One species of concern, the Tuxedo Darter, Etheostoma lemniscatum
Blanton (2008), is a federally endangered fish species endemic to a 40 rkm stretch of the
mainstem of the Big South Fork Cumberland River (Figure 2; Biggins 1993; Blanton and Jenkins
2008; Washburn et al. 2020). It is considered a habitat specialist due to its strict use of shallow
pools with cobble substrate in all months of the year (Eisenhour and Burr 2000; Davis and Cook
2010). E. lemniscatum’s habitat specialization is related to its reproductive mode and ecology:
cobble is required for both cover and egg deposition on the underside of rocks (Layman 1991).
These shallow pools with cobble substrates are patchily distributed, comprising less than 25% of

available habitat within the mainstem Big South Fork, (Eisenhour and Burr 2000; Davis and



Cook 2010; McConkey 2010). Thus, limited available habitat makes E. lemniscatum highly

susceptible to habitat alteration.

A major threat to the survival of E. lemniscatum is the inundation of the Big South Fork
by impoundment of the Cumberland River. In 1951, Wolf Creek Dam was built on the
Cumberland River as part of the Flood Control Act of 1938. This large dam creates the Lake
Cumberland reservoir, which inundates the lower 70 rkm of the Big South Fork at summer pool
(Figure 1). This inundation fluctuates within the Big South Fork as lake levels are manipulated
throughout the year. As lake levels rise in the spring for summer pool, the river is inundated,
converting to semi-lentic habitat. As lake levels decline in the fall for winter pool, the river is
reverted back to flowing, lotic habitat. In the late 1990’s, an extensive survey was conducted for
E. lemniscatum, which established the range of the species within a 19 rkm stretch of river from
Angel Falls to the confluence of Oil Well Branch (Figure 2; Eisenhour and Burr 2000), which is
upstream of the reaches impacted by summer pool inundation events. Eisenhour and Burr (2000)
also surveyed a site within the inundated area and found no E. lemniscatum individuals. An
additional locality was added to the species’ range just upstream of lake inundation near Devil’s
Jump in 2005, where low numbers of E. lemniscatum were found (Simmons 2019). Until more
recently, E. lemniscatum was not considered to be directly impacted by inundation of Lake
Cumberland, as all known occurrences were upstream of impacted reaches. However, in 2007,
the US Army Corps. of Engineers began repairing the faulty foundational structure of Wolf
Creek Dam which required lowering lake levels. This allowed previously inundated areas of the
Big South Fork to revert back to free-flowing river year-round for approximately eight years.
During the time of dam repair, surveys were conducted for rare fish and mussel species

occupying previously inundated stream reaches; E. lemniscatum had expanded its range 8 rkm



downstream from its former most downstream location, extending into the previously inundated
areas (Davis 2010; USFWS 2012; Simmons 2019). Despite the range expansion of E.
lemniscatum downstream, lake levels were returned following the conclusion of dam repairs in
2013. This re-inundated the lower section of the Big South Fork, including the 8 rkm of
expanded E. lemniscatum range. Restoration of lake levels to pre-repair conditions was

completed by 2015.

Washburn et al. (2020) conducted surveys for E. lemniscatum in 2015 throughout the
species’ range. They found that individuals were persisting within the re-inundated, expanded
range. Washburn et al. (2020) also established a genetic diversity baseline for E. lemniscatum
from tissue samples collected during these surveys. They concluded that E. lemniscatum had low
genetic diversity despite gene flow throughout the species’ range. They also presented evidence
of recent bottleneck events and low effective population size. However, the impacts of re-
inundation into the range of E. lemniscatum are largely unknown, since the data generated by
Washburn et al. was taken from samples that represent the genetic diversity of the darter prior to

the event.

The re-inundation event has likely reduced available habitat of the darter by deepening
pools and increasing sediment deposition within the impacted area. Annual surveys have shown
decreases in occurrence and abundance of E. lemniscatum at the lower extent of the species’
expanded range, resulting from habitat changes and degradation (Simmons 2019). In this study,
we examined potential impacts of the re-inundation of the lower Big South Fork on E.
lemniscatum. We hypothesized that the re-inundation event has impacted E. lemniscatum and
predicted changes in the darter’s demographics and genetics. We examined occurrence and

abundance of E. lemniscatum throughout the species’ range and expected to see declines in both



measures within the impacted area. We also examined trends in genetic diversity of E.
lemniscatum by comparing samples collected in 2015 (representing the time before the re-
inundation event; Washburn et al. 2020) to those collected four years after re-inundation (in
2019). We predicted that habitat degradation of the impacted reach has led to declines in genetic
diversity both within the impacted reach and for the and species overall. We also expected to see
an increase in inbreeding within the impacted reach associated with declining abundance and
occurrence of E. lemniscatum. This study is also the second instaliment of a greater bank of
genetic diversity information for E. lemniscatum and another important step in establishing a

genetic monitoring program for the species.

Methods

Sampling Collection

We conducted snorkel and seine surveys for Etheostoma lemniscatum from September
2019 to September 2020 at 11 localities, spanning the species’ range (Figure 2). These 11 sites
were a subset of the 18 sites sampled by Washburn et al. (2020). To examine impacts of re-
inundation on the abundance and occurrence of E. lemniscatum, we recorded the total number of
individuals observed at each site for both data sets. These counts were standardized using units
of time spent surveying for the species at each site. For captured individuals, we recorded total
length, and non-lethal fin clips were taken from the upper lobe of the caudal fin for each
individual captured; clips were taken from the upper-posterior end of the right pectoral fin for
individuals with a damaged caudal fin. Fin clips were preserved in 95% ethanol for DNA
preservation. We placed individuals in an aerated bucket for recovery, and once all individuals

recovered, and sample efforts were complete at a site, we released them back to the site of



capture. Geographic coordinates were taken at each locality using a Garmin GPSmap 60CSx

handheld GPS navigator.

Microsatellite Genotyping

We extracted whole genome DNA from all fin clips using a Qiagen DNeasy Blood and
Tissue Kit (QIAGEN, Inc.) following the manufacturer’s instructions with modifications to the
elution step — an initial elution of 180 pl was followed by a second elution of 80 pl in a
separately labeled tube. The extracted DNA samples were quantified using a Nanodrop ND-1000
Spectrophotometer (Thermo Fisher Scientific, Inc.), and all samples with concentrations
exceeding 20 ng/ul were diluted to a concentration of 20 ng/pl. We assessed measures of genetic
diversity and population structure using twenty species-specific microsatellite loci (Washburn et
al. 2020). These loci were grouped into 5 multiplex reactions, consisting of four loci each, and
were given an M13 ABI dye-label that was used throughout the study. PCR reactions were 10 pl
total volume, consisting of 5.65 ul PCR pure water, 1.00 ul 10X standard Taq reaction buffer
(Mg free) (New England Biolabs, Inc.), 1.20 pl 25 mM MgCl> (New England Biolabs, Inc.), 0.20
pl 10 mM dNTPs (New England Biolabs, Inc.), 0.25 pl 10 pM forward primer, 0.50 pl 10 pM
reverse primer, 0.10 pl 5000 U/ml Taq Polymerase (New England Biolabs, Inc.), 0.10 pl M13
ABI dye-labeled primer (Applied Biosystems, Inc.), and 1.00 pl DNA. PCR cycle conditions
were as follows: 1x cycle of initial denaturation at 94°C for 1 min; 30x cycles of denaturation at
94°C for 30 sec, annealing at primer-specific temperatures (ranging from 59-65°C) for 30 sec,
and extension at 72°C for 30 sec; 1x cycle of final extension at 72°C for 5 min. PCR products
were either sent to the University of Florida Interdisciplinary Center for Biotechnology Research
(UF-ICBR) Genotyping and Gene Expression Core or the DNA Core Sequencing Facility at the

University of Illinois, Urbana-Champagne for the collection of genotypic data, using an ABI



3730 sequencer with a L1Z600 size standard. For consistency of allele scoring, positive controls

were added to each plate. We scored allele sizes using GeneMarker v2.7.0 (SoftGenetics, LLC.).

Comparisons to samples collected prior to re-inundation from Lake Cumberland

To determine the impact of the re-inundation of the lower Big South Fork on the genetic
diversity of E. lemniscatum, we generated two data sets: a pre-inundation data set of genotypes
collected from individuals captured in 2015 (labeled as the “2015” dataset in results and
discussion; Washburn et al. 2020) and a post-inundation data set of genotypes collected from
individuals captured in 2019 and 2020 (labeled as the “2019” data set in results and discussion).
For direct comparison between the two data sets, we collected genotype data only for individuals
captured at the 11 sites sampled in this study, and we used the same 20 microsatellite loci for
data collection. To examine changes in genetic diversity across time, we conducted genetic
diversity analyses for both data sets, and because we expected sites directly impacted by the re-
inundation event to show genetic declines first, sites were grouped into two reaches for each data
set: sites impacted by re-inundation (referred to as “impacted”) and sites not impacted by re-
inundation (“unimpacted”; Figure 2). Therefore, we were able to examine genetic diversity on
both a species and reach scale. For temporal analyses, the 2015 data set was used as generation 0,

while the 2019 data set was used as generation 2.

Marker Validation and Genetic Diversity

We used MICRO-CHECKER v2.2.3 (Van Oosterhout et al. 2004) to evaluate allelic data
for evidence of scoring errors due to null alleles, large allele dropout, and stutter with 1,000
simulations; 95% confidence intervals (CI) were used to assess significance. We tested for

departures from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD), using the



respective functions test Hw () and test 1D () in the R package genepop (R Core Team 2019;
Rousset 2008). Deviation from HWE was tested using exact tests per locus, per reach, and for
the species overall. Both HWE and LD were conducted using Markov chain parameters with
10,000 dememorization steps, 1,000 batches, and 10,000 iterations per batch. To account for
multiple comparison errors, we applied Bonferroni correction to the p-values using the

p.adjust () function in stats (R Core Team 2019).

We measured genetic diversity via a standard suite of population-genetic metrics, using
the divBasic () function of the package diveRsity (R Core Team 2019; Keenan et al. 2013).
Metrics were generated for the species as a whole and each reach (impacted vs. unimpacted) for
each data set (2015 vs. 2019) and included: mean number of alleles (Nz), observed
heterozygosity (Ho), expected heterozygosity (He), allelic richness (AR), and inbreeding
coefficient (Fis). AR was conducted using rarefaction to adjust for uneven sample sizes across
reaches. To assess significance of Fis values, 95% confidence intervals were generated using
10,000 bootstrap iterations. We examined private alleles and measured private allele frequencies,
using the popgenreport () function of the package PopGenReport (R Core Team 2019;
Adamack and Gruber 2014). To identify evidence of recent population decline, we used
BOTTLENECK v1.2.02 (Cornuet and Luikart 1996; Piry et al. 1999) to examine excess
heterozygosity that occurs after bottleneck events. A two-phase model was used with 0%, 10%,
and 20% multistep mutations, as recommended by Peery et al. (2012), and a variance set at 36%
(Di Rienzo et al. 1994). A one-tailed Wilcoxon signed-rank test with 1,000 replications was used
to determine significant deviation from the null hypothesis of drift-mutation equilibrium (Luikart
and Cornuet 1998). We conducted effective population size (Ne) estimates, using the linkage

disequilibrium (LD) method (Waples and Do 2008) in the program NeEstimator v2.01 (Do et al.



2014) for each reach and the species as a whole for each data set. Estimates were calculated with
the exclusion of alleles with frequency < 0.02 to account for any bias from rare alleles (Waples
and Do 2010) and with estimation of 95% CI (Waples 2006). We also conducted N estimates in
the R package NB, using the function NB.estimator (), Which uses a maximum-likelihood
approach with continuous approximation (R Core Team 2019; Hui 2014). This method looked at
allele frequencies in the 2015 and 2019 data sets simultaneously to give a robust estimate of
effective population size. The bounds were set at 10 and 10,000,000, and approximate 95% CI
were estimated, using log-likelihood. Estimates were conducted for the species overall and the
two reaches. We chose this method for its ability to detect small N, estimates and handle small,

uneven sample sizes (Hui and Burt 2015; Wang et al. 2016).

To determine if the species showed continued evidence of gene flow throughout its range,
as observed by Washburn et al. (2020), we evaluated population fixation and isolation between
the impacted and unimpacted reaches for both data sets. We calculated pairwise Fst values, using
the function pairwise.wefst () in the R package hierfstat (R Core Team 2019; Goudet 2005;
Goudet et al. 2020), which applies the method described by Weir and Cockerham (1984). The
function boot .ppfst () was used to calculate 95% confidence intervals for each value, using
10,000 bootstraps. We used the program STRUCTURE v2.3.4 (Pritchard et al. 2000) to examine
population structure, using a genetic admixture model with our reaches as priors for the
LOCPRIOR model (Hubisz et al. 2009). Other parameters for the analyses included: correlated
allele frequencies, 10,000 burn-in Markov Chain Monte Carlo (MCMC) steps followed by an
additional 100,000 MCMC steps, and 5 iterations for each K value tested (K = 1-20). We used

the online program STRUCTURE HARVESTER v0.6.94 (Earl and VonHoldt 2012) to assess
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the optimal number of population clusters, using the mean-likelihood (Pritchard et al. 2000) and

AK (Evanno et al. 2015) methods.

Temporal Analyses of Genetic Diversity

We examined changes in genetic variation between the 2015 and 2019 data sets, using
temporal analyses of genetic diversity. We estimated temporal pairwise Fst values to determine
genetic fixation between the data sets, using the function pairwise.wcfst () in the R package
hierfstat and calculated 95% confidence intervals using the function boot .ppfst () at 10,000
bootstraps. We also examined temporal genetic variation using a spatio-temporal AMOVA, with
the function poppr.amova () in the package poppr (R Core Team 2019; Kamvar et al. 2014). The
analysis used the ade4 method of AMOVA and default settings of the function (Dray and Dufour
2007; Thioulouse et al. 2018). We used the function randtest () in the ade4 package to
calculate significance, using 1,000 permutations in a random permutation test. Our AMOVA was
structured to examine variation at 3 hierarchical levels. At the first hierarchical level, we
examined variation between each data set, representing the year of collection (2015 vs. 2019). At
the second level, we examined variation between reaches within each data set (impacted vs.
unimpacted); while at the third level, we examined the variation among individuals within the
context of each reach, assigned to a data set. The AMOVA model describes the best explanation
of variance between the groupings, using phi (o) statistics. Phi statistics are analogs of F
statistics and are used to summarize variation between the two hierarchical levels of each test.
We conducted a temporal Discriminant Analysis of Principal Components (DAPC; Jombart et al.
2010), using the function dapc () in the R package adegenet (Jombart 2008). This function
assigns each individual into a given number of clusters based on allele frequency and

composition data and provides percent of probability of correct assignment. We selected 2
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clusters to be used in assignment of individuals: 2015 cluster and 2019 cluster. We then
visualized allelic variation between year in a Principal Components Analysis (PCA). After
replacing the missing data points with the mean allele frequency using the function scaleGen ()

in the package adegenet, we used the function dudi .pca in the package ade4 to perform a PCA.

Results

Data Collection, Occurrence, and Abundance

We sampled 11 sites and collected fin clips from 92 individuals of Etheostoma
lemniscatum from 150 total individuals observed during our snorkel and seine surveys in 2019
and 2020 (Figure 2; Table 1). In 2019, we failed to detect E. lemniscatum at the site 400m
upstream of Stover Branch (site 9; Figure 2, Table 1) from the impacted stream reach. After
observing 6 individuals and capturing 4, collectively, at the Rock Creek (site 10; Figure 2) and
KY-92 Bridge (site 11; Figure 2) sites in the impacted reach in 2019, we returned to these sites in
2020 in an attempt to obtain more tissue samples but failed to detect E. lemniscatum at either site
(Table 1). Along with reductions in occurrence of individuals at these sites, we also see
reductions in abundance of individuals from 2015 to 2019/2020 (Table 2). We observed large
declines in observed individuals per hour at sites 2, 4, 7, 9, 10, and 11 (Figure 2; Table 2). These
declines were greater than 3 individuals per hour. The largest decline was at site 11, where 10
less individuals were observed per hour in 2019/2020 than 2015. However, we also observed
increases in observed individuals at sites 6 and 8 within the impacted reach (Figure 2; Table 2).
Overall, observations of E. lemniscatum individuals were lower in the 2019 and 2020 samples

than in the 2015 samples for the species and within the two reaches (Table 2).
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We used all 92 individuals captured in 2019-2020 for the analyses of genetic diversity.
We averaged a collection of 8.36 individuals per site with a range of 0 to 19 individuals. Tissues
from 59 individuals were collected at sites within the unimpacted reach and 33 from sites within
the impacted reach. The 2015 data set (from Washburn et al. 2020) had a total of 107 individuals,
averaging 9.72 individuals per site, and ranging from 2 to 20 individuals (Table 1; Figure 2).
Sixty-two individuals were examined at sites within the unimpacted reach, and 45 from sites

within the impacted reach (Figure 2; Table 1).
Microsatellite Marker Validation

For the 2019 dataset, we successfully genotyped all 92 individuals at 20 microsatellite
loci with less than 0.5% missing genotypes (8/1840 total missing genotypes; all individuals were
successfully genotyped for at least 17 of the 20 loci). There was no evidence of scoring errors
within the data as a result of null alleles, large allele dropout, or stutter. After Bonferroni
correction, there was no consistent evidence of significant LD among loci pairs, but locus
Elem093 deviated from HWE; however, analyses included ElemQ93, as its exclusion did not
change genetic diversity metrics. For the 2015 dataset, all 107 individuals were successfully
genotyped for at least 16 of 20 loci with less than 1.0% missing genotypes (18/2140 total missing
genotypes). There was no evidence of scoring errors, and after Bonferroni correction, there was
no evidence of loci deviating from HWE. However, there was significant LD detected between
loci Elem035 and Elem092. This is commonly seen in imperiled species because of the low

population size (Frankham et al. 2010).
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Genetic Diversity

A total of 115 alleles were amplified across the 92 individuals examined for the 2019
dataset, averaging 5.75 alleles per locus (range: 2-10 alleles per locus). The impacted reach
averaged 4.85 alleles per locus, while the unimpacted reach averaged 5.20 alleles per locus
(Table 3). The 2015 data had a total of 115 amplified alleles but ranged from 2 to 12 alleles per
locus (Na = 5.75). Na of the impacted reach in 2015 was higher than our 2019 measurement (Na =
5.00), while the unimpacted reach average was lower in 2015 (Na = 5.05; Table 3). Allelic
richness (AR) in the impacted reach was 4.48 for 2019 compared to 4.66 in 2015. AR was higher
in 2015 for the unimpacted reach and the same for the species over all between data sets (AR =
4.62; Table 3; Figure 3). Private allele frequencies increased from 2015 to 2019 for both the
impacted (2015 = 0.011; 2019 = 0.014) and unimpacted reaches (2015 = 0.009; 2019 = 0.012).
Mean observed heterozygosity (Ho) was similar across all reaches and years sampled ranging
from 0.58 to 0.63 (Table 3). Howas greater than expected (He) for both data sets in the impacted
reaches; it was lower than expected for the unimpacted reach in the 2019 dataset (Table 3).
Evidence of bottleneck events were observed for the species overall and all reaches in both data
sets (Table 3). Significant deviation from HWE was also detected for the species overall and the
unimpacted reach in 2019, providing evidence for recent population declines (Table 3). No
deviation from HWE was detected in the 2015 data. The overall inbreeding coefficient (Fis) for
2019 was low and not significant based on the 95% confidence interval (Fis = 0.002; 95% CI: -
0.027-0.030); however, a significant negative Fis value was observed for the impacted reach,
suggesting heterozygote excess and outbreeding (Figure 4). A significant negative Fis value was
also observed for the impacted reach in 2015 dataset (Figure 4). Effective population size (Ne)

for the species overall using the LD method was 475.9 (95% ClI: 245.6-3410.0) effective
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individuals for the 2019 data, compared to an estimate of 407.8 (95% CI: 238.7-1168.5) effective
individuals for the 2015 data. However, we did not have confidence in the estimates for the
impacted and unimpacted reaches using this method, since 3 out of 4 estimates contained infinite
upper bounds for their 95% confidence intervals. We calculated more robust temporal Ne
estimates with the maximum-likelihood model that examined both the 2015 and 2019 datasets
simultaneously. Estimates from this model were small with high precision within the 95% CI
bounds (Figure 4). The maximum likelihood estimate for E. lemniscatum was 92.6 (95% CI:
54.5-181.4) effective individuals. For the impacted and unimpacted reaches, the maximum
likelihood estimates were 29.0 (95% CI: 17.3-54.9) and 39.8 (95% ClI: 24.5-70.4) effective

individuals, respectfully (Figure 4).

Pairwise Fst values between the impacted and unimpacted reaches were low and not
significant in either data set (Table S1). The STRUCTURE analysis using our 2-reach
LOCPRIOR parameters identified K=1 as the most likely number of clusters for E. lemniscatum,
using the mean log-likelihood model for both data sets (Figure S2). However, the AK method
cannot detect K=1 (Evanno et al. 2005). AK results indicated K>1 as the most likely number of
clusters but associated STRUCTURE plots assigned individuals equally to the suggested K >1

clusters, concluding that K=1 is the optimal number of clusters for both data sets (Figure S3).

Temporal Analyses of Genetic Diversity

Temporal pairwise Fst values were determined between each year for the species overall
and at each reach. All Fst estimates were low, and not significant (between years for species
overall: Fst =0.002, p = 0.20; impacted reach: Fst = 0.001, p = 0.43; and unimpacted reach: Fst
=0.001, p =0.39). Analysis of molecular variance (AMOVA) found no evidence of genetic

differentiation between the two years of collection (2015 vs. 2019). Most genetic variation and
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fixation were expressed between reaches within each study year as compared to variation
between each year, but variation was not significant (Table 4). For the DAPC parameters, we set
K equal to 2 coinciding with sample year. DAPC plots were produced for both reaches and the
species overall. Individuals were not consistently assigned to the group representing the year in
which they were collected for the species overall (Figure 6a). However, individuals are assigned
into the correct clusters with greater percent probability of correct assignment at the reach scale
(Figure 6b,c). Percent probability of correct assignment was higher within the impacted reach
than the unimpacted reach (Figure 6b,c). Our PCA also showed, little to no variation between the

2015 and 2019 data sets (Figure 7).

Discussion

River impoundment is a major global contributor to freshwater habitat alteration and loss
(Dudgeon et al. 2006; Barletta et al. 2010; Poff and Zimmerman 2010; Reis et al. 2016). Such
habitat alterations are typically detrimental to the survival and adaptive potential of stream-
adapted fish species (Gorman and Karr 1978; Pandit et al. 2009). Habitat alterations contribute to
population declines and may lead to extirpations of vulnerable populations or species extinction
(Bender et al. 1998; Riccardi and Rasmussen 1999; Warren et al. 2000). Population declines, in
turn, can contribute to adverse effects in genetic diversity (Frankham 1996; Reed and Frankham
2003; Johannesson and Andre 2006; Trush et al. 2008; Frankham et al. 2010). Our study
examined the impacts of habitat alteration and loss stemming from river inundation for
Etheostoma lemniscatum, an endangered, habitat-specialist darter species. Although we expected
a reduction in allelic diversity and an increase in inbreeding in the impacted reach, we did not

find significant differences in estimates of genetic diversity between our data (post-inundation,
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2019) and the baseline pre-inundation estimates (2015 data set). Our results were consistent with
those of Washburn et al. (2020) in that we found E. lemniscatum has low genetic diversity and
maintains gene flow throughout its range. However, we observed several early warning signs of
likely future adverse effects of habitat degradation that suggest future genetic monitoring is
warranted, including decreases in abundance and extirpation from a few inundated sites, and

declines in allelic richness.

Early Warnings
Occurrence and Abundance

Declines in occurrence and abundance of E. lemniscatum were observed within the
impacted reach. We failed to detect E. lemniscatum individuals at impacted reach, site 9 (Figure
2) in our initial sampling in 2019 (compared to 6 individuals observed in 2015). After detecting a
combined 6 individuals at sites 10 and 11 (Figure 2) in 2019, from the impacted reach, additional
sampling was conducted in 2020. However, we failed to detect E. lemniscatum at these sites in
this second sampling attempt (compared to 25 individuals observed in 2015). These observations
are confirmed by large declines in observed individuals per hour between 2015 and 2019 (Site 9
A=5.1; Site 10 A=5.7; Site 11 A =10.0). These are the three most downstream sites surveyed
in this study and most heavily impacted by inundation events (Simmons 2018). The major
declines in occurrence and abundance of E. lemniscatum at sites 9-11 began following a
prolonged, intense inundation event in 2018 (Simmons 2018; Figure 8). Simmons (2018) also
describes declines in a downstream historic site (at the mouth of Lick Creek) not sampled for this

study, in which E. lemniscatum is no longer found.
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The observed reductions in abundance and occurrence at sites within the impacted reach
(Figure 8) are attributed to a decline in habitat availability (Simmons 2018). Inundation within
the impacted reach has led to higher-than-normal rates of sediment deposition, imbedding the
cobble substrate with layers of silt 2-4 cm deep in typical habitat of E. lemniscatum (pers. obs.).
This lowers the amount of available habitat and increases the amount of energy that individuals
have to use to clear sediments from cover and nesting areas. Survivorship of eggs is also reduced
with the increase of fine sediments, due to clogging of micropores which prevent oxygen from
entering the eggs (Carling 1984; Magee et al. 1996; Ingendahl 2001; Greig et al. 2007; Jensen et
al. 2009; Kemp et al. 2011; Gatch et al. 2020). In general, increased sedimentation within
riverine systems is a leading cause of species declines in North American fishes (Riccardi and

Rasmussen 1999; Warren et al. 2000).
Allelic Diversity

Genotype data from 20 microsatellite loci uncovered low genetic diversity throughout the
range of E. lemniscatum. Although no significant variation in genetic diversity was detected
between pre- and post-inundation data sets (2015 vs. 2019), we observed a reduction in allelic
diversity within the impacted reach. We observed this decline in mean allele per locus (Na) from
pre-inundation samples (2015) to post-inundation samples (2019; Impacted reach: Na2o1s = 5.00,
Na2o19 = 4.85, Ana = 0.15; Table 3). This is further confirmed by a reduction in allelic richness
within the impacted reach (Impacted reach: AR2o15 = 4.66, AR2019 = 4.48, Aar = 0.18; Figure 3).
Allelic richness is considered a more sensitive measure of genetic diversity than heterozygosity-
based measures, with respect to impacts of population loss on genetic diversity (Allendorf and
Luikart 2007; Schlaepfer et al. 2018; Barrandeguy and Garcia 2021). After population decline,

allelic diversity is typically reduced faster than heterozygosity (Cornuet and Luikart 1996). For
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example, in a temporal study of the impacts of habitat fragmentation and population declines in
capercaillie grouse in Germany, Segelbacher et al. (2008) saw no significant reduction in overall
genetic diversity of the species but noted a reduction in allelic richness. Dures et al. (2019) also
found evidence of declines in allelic diversity, particularly allelic richness, prior to declines in

heterozygosity within the African lion.

We also detected a change in allele frequency and composition between the 2015 and
2019 data sets within the impacted reach using a DAPC. Our DAPC results for the impacted
reach correctly assigned individuals to their data set (represented by year of collection) at higher
probabilities than for the unimpacted reach and the species as a whole. Within the 2015 data set,
52 of 59 individuals were assigned correctly to the 2015 cluster with 75% or greater membership
probability; in the 2019 data set, 25 of 33 individuals were assigned correctly to the 2019 cluster
with 75% or greater membership probability. The DAPC clusters individuals into groups of
similar allelic diversity, particularly allele frequency and composition. Our results suggest that
there is evidence of differentiation in allelic composition between pre-inundation and post-
inundation individuals within the impacted reach. This is supported by a slight increase in private
allele frequency within the impacted reach from 2015 to 2019 (A = 0.003), suggesting a shift in
allelic composition. A shift in allelic composition between years, likely reflects the random loss
of alleles in this area that is also reflected by the observed trend of declines allelic richness in the

impacted reach.

Temporal Data — The Time-Lag Effect

Although we did not observe significant declines in genetic diversity associated with the
recent inundation of the impacted reach of the Big South Fork, early warning signs indicate the

likelihood of impacts in later generations. The temporal spread of our samples for E.
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lemniscatum was four years between sample collections, with the most recent data set also
collected four years after the re-inundation of the impacted reach. Based on life history studies,
we estimate this to be approximately 2 generations for E. lemniscatum (Layman 1991; Eisenhour
and Burr 2000). All levels of biodiversity show time-lags in response to habitat alteration and
reduction (sometimes called extinction debt or relaxation time; Diamond 1972; Tilman et al.
1994; Helm et al. 2006; Sousa et al. 2010; Essl et al. 2015; Aavik et al. 2019; Liu et al. 2020).
These delays are important considerations when looking at temporal genetic variation (Nei et al.
1975; Cornuet and Luikart 1996; Epps and Keyghobadi 2015; Essl et al. 2015; Carvalho et al.
2019). For example, Richmond et al. (2009) and McCoy et al. (2010) examined the genetic
response of the Florida Sand Skink to historical and current habitat fragmentation. The delay in
response time of these skinks to habitat change was over 15 generations before genetic metrics
began to reveal significant changes in diversity. Other studies that found little changes in genetic
diversity after known population declines or isolation events, similar to the results herein, have
advocated for the use of temporal genetic diversity comparisons to account for time-lag effects
on their results (Tessier and Bernatchez 1999; Segelbacher et al. 2008; Riccioni et al. 2010;
Valtonen et al. 2012; Sonsthagen et al. 2020). However, some studies have detected a relatively
quick genetic response to habitat alteration, such as within a decade after the event (Barcia et al.

2005; Angeletti et al. 2010; Perez-Portela et al. 2012).

Time-lags in genetic responses to habitat alteration differ among species. Life history,
gene flow, and population size are strong drivers of time-lag lengths (Ewers and Didham 2006;
Richmond et al. 2009; Epps and Keyghobadi 2015; Essl et al. 2015; Schlaepfer et al. 2018). For
example, long-lived species with high dispersal ability and migration have longer time-lag

genetic responses to habitat alteration, due to the reduced potential for inbreeding (high gene
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flow) and long generation times (Ewers and Didham 2006; Richmond et al. 2009; Essl et al.
2015). Species that are adapted to patchy habitats and small population sizes, similar to E.
lemniscatum, are also expected to have longer time-lag responses (Richmond et al. 2009); these
species are suited to handle fragmentation and isolation that come with habitat destruction. Based
on these studies, several traits of E. lemniscatum may lengthen the genetic time-lag response to
habitat alteration and loss from inundation by Lake Cumberland, particularly the occurrence of
gene flow across its range and an adaptation to a patchy habitat distribution. Thus, it is likely that

two generations are not sufficient to detect a genetic response.

Conservation Implications and Recommendations

We conclude that the overall genetic diversity of E. lemniscatum remains low. This is
observed in the population genetic diversity metrics for both pre- and post-inundation (Table 3),
suggesting the continued imperilment of the species from legacy effects of historical
anthropogenic disturbance events. Another continued concern for E. lemniscatum is its low
effective population size. Our most robust estimates of Ne were calculated by examining both the
2015 and 2019 data sets simultaneously and were low for the species overall and the impacted
and unimpacted reaches (Figure 5). Frankham et al. (2014) determined that N of 100 individuals
is minimally necessary to avoid severe inbreeding within a population and Ne of 1000
individuals is minimally necessary to retain evolutionary potential. Our estimates of Ne are well
below these marks, suggesting that E. lemniscatum is likely at risk of adverse genetic effects of
environmental changes and population decline. We also we found evidence for a recent
bottleneck event in both data sets for the species overall and within the impacted and unimpacted
reaches. As suggested by Washburn et al. (2020), this is likely due to low genetic variation that is

most likely a result of a combination of historic population decline and contemporary population
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loss. E. lemniscatum has been impacted by many anthropogenic activities, including mining and
logging (O’Bara et al. 1982; Rikard et al. 1986; USFWS 2012) and likely had a larger historical
range (Jenkins and Burkhead 1994; Blanton and Jenkins 2008). Many imperiled darter species
have experienced bottleneck events (Moyer and Williams 2012; Robinson et al. 2013; Fluker et
al. 2014; Olsen et al. 2016; Blanton et al. 2019; Fluker et al. 2019) due to a myriad of
anthropogenic activities that have led to habitat loss or alteration. Population declines that
contribute to bottleneck events are frequently associated with increased inbreeding and genetic
drift that continue to reduce genetic diversity (Frankham 1995; Frankham 1996; Hendrick and
Kalinowski 2000; England et al. 2003; Reed and Frankham 2003; Spielman et al. 2004;
Frankham et al. 2010). However, we did not detect evidence of inbreeding in E. lemniscatum.
Instead, we found evidence of outbreeding within the impacted reach (Fis = -0.067; 95% CI: -
0.1041--0.0307). This phenomenon can be explained by an excess of heterozygotes in the
impacted reach due to random mating within a small effective population (Allendorf and Luikart
2007). This is supported by higher observed than expected heterozygosity (Table 3) and low
estimates of effective population size within the impacted reach. Heterozygosity excess is also
indicative of a population that has undergone a recent bottleneck (Cornuet and Luikart 1996).
Because both data sets reveal evidence for low genetic diversity, low effective population size,
and evidence of recent bottlenecks in the species, we do not attribute these results to the recent
re-inundation of the lower 8 rkm of the darter’s range. However, the loss of habitat from
inundation that has resulted in population loss and declines in abundance will certainly be an
added confounding factor along with the noted historical events to the ongoing imperilment of

the species.
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As noted, our observations of habitat loss and declines in occurrence and abundance
within impacted sites suggest that E. lemniscatum is directly threatened by inundation from Lake
Cumberland. The extinction vortex model suggests a logical flow of compounding events that
lead to extinction or extirpation (Frankham et al. 2010). Loss of habitat leads to reduced
population sizes. We observed habitat loss and extirpation in the impacted reach. The species
already persists as a relatively small, isolated population; such populations (or species) are more
susceptible to the negative effects of inbreeding and genetic drift, which reduce genetic diversity.
Although we did not observe evidence of inbreeding, we did see a reduction in allelic richness.
Allelic diversity measures, including allelic richness, are considered good indicators of
evolutionary potential (Allendorf 1986; Allendorf and Luikart 2007; Caballero and Garcia-
Dorado 2013) and is an important factor in population viability and adaptability (Spielman et al.
2004). The next step in the extinction vortex after reduced genetic diversity is reduced adaptive
potential and survival. Based on our observations for reduced allelic richness, and the potential
of a time-lag response in genetic diversity, it is likely that E. lemniscatum will exhibit reduced
adaptability to further habitat alteration and stochastic events. This could lead the species further

into the extinction vortex that compounds over time.

Our findings indicate the species warrants future genetic monitoring to promote
persistence of E. lemniscatum individuals within the impacted reaches and to ultimately capture
the genetic impacts of habitat loss. Genetic monitoring is the temporal collection of population
genetic measures, typically using neutral genetic markers, and is an effective approach for
examining the impacts of habitat loss and fragmentation on a population (Luikart et al. 1998;
Schwartz et al. 2006; Antao et al. 2011; Hansen et al. 2012). Such time-series data allows

researchers and government agencies to specifically examine the impacts of habitat alteration
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events or management actions to the genetic diversity of the species. Although we did not
observe significant genetic variation between the pre-inundation data baseline (2015; Washburn
et al. 2020) and our post-inundation data (2019), early warning signs of population decline and
reduced allelic richness suggest this may be due to a lag effect between events and genetic
response as found in other studies. A regular genetic monitoring program, including re-
examination of genetic diversity metrics examined herein, in the future (say 10 years post
inundation) would provide another important update to the status of the species and improve the
foundation for management decisions regarding impacts from Lake Cumberland. A genetic
monitoring program set in an adaptive management framework, allows managers to adjust
strategies to those that promote increases in genetic diversity (Luikart et al. 1998; Schwartz et al.

2006; Antao et al. 2011; Hansen et al. 2012).
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Table 1. Number of Etheostoma lemniscatum individuals captured (Ncap) and observed (Nobs) at

the 11 sites and the two reaches (unimpacted and impacted) examined. Sites are listed from

upstream to downstream. Counts are provided for the current (2019-2020) and 2015 (Washburn

et al. 2020) studies. Site numbers and reaches correspond with those in Figure 1. An asterisk

denotes sites where we failed to detect the species in 2020, thus numbers for these sites were

only from 2019 collections.

2015 2019-2020

Site Site Ncap Nobs Neap Nobs
1 Station Camp Creek 20 20 19 35
2 Big Island 17 31 11 25
3 Upstream Hurricane Branch 9 16 14 20
4 Upstream Oil Well Branch 16 27 15 15

5 Upstream Devils Creek, Blue Heron 5 7 3 5
6 Between Devils Creek & Roaring Paunch 2 12 8 16

7 Mouth of Roaring Paunch Creek 6 16 2 5
8 Downstream 1.3 km of Roaring Paunch Creek 14 20 16 23

9 Upstream 400m Stover Branch 4 6 0 0
10 Downstream of Rock Creek 5 14 2 4*
11 Downstream of KY-92 Bridge 9 11 2 2*
Unimpacted Reach 62 94 59 95
Impacted Reach 45 86 33 55
Total 107 180 92 150
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Table 2. Number of E. lemniscatum individuals observed and standardized per hour of surveying
(Nobs/hour). Sites are listed from upstream to downstream. Standardized counts are provided for
the current (2019-2020) and 2015 (Washburn et al. 2020) studies. Site numbers and reaches

correspond with those in Figure 1.

2015 2019-2020
Site Site Nobs/hour Nobs/hour
1 Station Camp Creek 4.8 5.8
2 Big Island 16.9 8.3
3 Upstream Hurricane Branch 10.7 10.0
4 Upstream Oil Well Branch 19.1 15.0
5 Upstream Devils Creek, Blue Heron 4.7 3.1
6 Between Devils Creek & Roaring Paunch 4.8 8.0
7 Mouth of Roaring Paunch Creek 5.3 1.8
8 Downstream 1.3 km of Roaring Paunch Creek 4.7 7.1
9 Upstream 400m Stover Branch 5.1 0
10 Downstream of Rock Creek 7.0 13
11 Downstream of KY-92 Bridge 11.0 1.0
Unimpacted Reach 10.5 7.9
Impacted Reach 5.6 3.6

Total 7.4 55
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Table 3. Genetic diversity measures for Etheostoma lemniscatum for the unimpacted reach,

impacted reach, and species overall. Measures provided for data collected in the current study

(2019) and from Washburn et al. (2020). Information includes number of individuals analyzed

per group (n), mean number of alleles per locus (Na), allelic richness (AR), mean observed

heterozygosity (Ho), mean expected heterozygosity (He), and p-values for tests of deviation from

Hardy-Weinberg equilibrium (HWE) and bottleneck events. Bold values indicate significance (p

< 0.05 for HWE and confirmed after Bonferroni correction; p < 0.05 for Bottleneck).

Unimpacted and impacted reaches are defined in Figure 1.

n Na AR Ho He HWE  Bottleneck
Unimpacted 62 5.05 4.62 0.59 0.59 0.787 0.009
2015
Impacted 45 5.00 4.66 0.63 0.60 0.493 0.008
Data Set
Species 107 5.75 - 0.61 0.60 0.455 0.013
Unimpacted 59 5.20 4.62 0.58 0.60 0.006 0.032
2019
Impacted 33 4.85 4.48 0.63 0.59 0.628 0.022
Data Set
Species 92 5.75 - 0.60 0.60 0.041 0.045
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Table 4. Analysis of molecular variance (AMOVA) across 3 different data hierarchies. The
AMOVA was conducted using the 2015 and 2019 data sets. The first hierarchy examined
variance among individuals within a defined reach (“impacted” or “unimpacted”) that is assigned
to a data set, represented by year (“2015” or “2019”). The second hierarchy examined variance
between the reaches within each data set. The third hierarchy examined the variance between the
two data sets, representing variation between pre- and post-inundation. Hierarchy of each test
conducted by the AMOVA is provided with the corresponding phi (¢) statistic and p-value.

Significance of variation is based on p < 0.05.

Hierarchy of Test Phi (¢) P-value
Variance between individuals within each reach -0.003 0.51
Variance between reaches within a year 0.003 0.06

Variance between year 0.0001 0.68
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Figure 1. Map of the Cumberland River and Big South Fork Cumberland River in Kentucky and
Tennessee, USA. Wolf Creek Dam on the Cumberland River [indicated by the red star] forms
Lake Cumberland. This reservoir inundates the lower 70 rkm of the Big South Fork during
summer pool; the red arrow represents the extent of inundation impacts upstream. The known

range of Etheostoma lemniscatum is indicated by the shaded box.
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Figure 2. Sites collected for Etheostoma lemniscatum in the Big South Fork. Solid circles
indicate the subset of sites where tissue samples were collected in the current study and genetic
diversity metrics were compared to those estimated from samples collected by Washburn et al.
(2020). Hollow circles indicate other known localities for E. lemniscatum that were examined by
Washburn et al. (2020) but not re-analyzed or examined in this study. Sites impacted by
inundation of the Big South Fork by Lake Cumberland are indicated by the green circle at the
downstream extent of the species’ range [top of map]. Sites that are not directly impacted by
inundation are indicated by the blue circle at the upstream extent of the species’ range [bottom of
map]. Devils Jump is indicated on the map by a red triangle, representing the extent of
inundation within the Big South Fork. The numbers are specific to each site sampled and

correspond with Tables 1 and 2.
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Figure 3. Allelic richness (AR) estimates for the 2015 (circles) and 2019 (triangles) data sets
with 95% CI [shown as bars for each value]. AR values were estimated for the two reaches

(unimpacted sites and impacted sites).
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Figure 4. Inbreeding coefficients (Fis) estimated for the 2015 (circles) and 2019 (triangles) data
sets. Fis values were estimated for the species overall and the two reaches (unimpacted sites and
impacted sites) with 95% CI [shown as bars for each value]. An asterisk indicates estimates that
were significant from 0 (determined by the CI of the estimates) and indicative of inbreeding

(positive values) or outbreeding (negative values).
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Figure 5. Temporal effective population size (Ne) estimates for the species overall and the two
reaches (unimpacted sites and impacted sites), presented with 95% CI. These estimates were
calculated by examining the 2015 and 2019 data sets simultaneously, using a maximum-

likelihood method.
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Figure 6. Temporal Discriminant Analysis of Principal Components (DAPC) plots: (a) all
individuals of both data sets; (b) all individuals within the unimpacted reach of both data sets; (c)
all individuals within the impacted reach of both data sets. Each vertical bar represents an
individual. Individuals are placed in the year block in which they were collected, while the color
of the bars represents the grouping that the DAPC assigned to each individual (2015 group =
green; 2019 group = blue). The amount of color for each bar presents the percent of probability

of correct assignment to a given group by the DAPC.
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Figure 7. Principal Components Analysis (PCA): (a) all
individuals of both data sets; (b) all individuals within the
unimpacted reach of both data sets; (c) all individuals
within the impacted reach of both data sets. Each dot on
the scatter plot represents an individual. Dots are color-
coded indicating the data set in which each individual
belongs (data set denoted by year of collection). Scales of

graphs vary between each PCA.
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Figure 8. Occurrence and abundance of Etheostoma lemniscatum at sites 9-11 and at the Mouth

of Lick Creek. Data presented are counts of observed individuals at each site (Simmons 2019;

our study). Each line represents counts at a single site (green: Site 9; blue: Site 10; yellow: Site

11; purple: site at Mouth of Lick Creek). Site numbers correspond to those in Figure 1. Dam

repairs were completed in 2013, re-inundating E. lemniscatum’s range by 2015. The dotted line

(2018) denotes a prolonged summer pool inundation event.
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Table S1. Pairwise Fst values between the impacted and unimpacted reaches for the 2015 and

2019 data sets. Significance of fixation is based on p < 0.05.
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Fst Value P-value

2015 (pre-inundation) 0.003 0.20

2019 (post-inundation) 0.002 0.52
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Figure S1. Estimates of genetic clusters (K) based on the mean log likelihood and AK in
STRUCTURE: (a) K estimates using the LOCPRIOR model with the unimpacted and impacted
reaches as priors for the current study data set (2019); (b) K estimates using the LOCPRIOR
model with the unimpacted and impacted reaches as priors for the 2015 samples. Black circles
with standard deviation error bars indicated the mean log likelihood estimates of K over 5

iterations for each K-estimate, while the gray diamonds indicate the AK values.
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2019

a)

Unimpacted Impacted

2015
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Figure S2. STRUCTURE plots depicting population structure analyses across 5 iterations for the
optimal K value: (a) K=16 optimal clusters suggested by AK for the 2019 data set; (b) K=22
optimal clusters suggested by AK for the 2015 data set. Each vertical bar represents an
individual’s genotype, and the colors indicate the proportion of the individual’s genotype that is
assigned to a cluster. The reaches used as the priors for the LOCPRIOR method are indicated on

each plot.



