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Abstract

Candy Darters (Etheostoma osburni) and Variegate Darters (E. variatum) are both native to West Virginia and Virginia. The
geographic ranges of these two species were historically separated by Kanawha Falls, a natural barrier to fish dispersal located
at Glen Ferris, WV. In the early 1980s, Variegate Darters or putative hybrids (E. osburni X E. variatum) were first collected
at locations upstream of Kanawha Falls, and have since undergone range expansion. Hybridization with the Variegate Darter
was one of the threats that led to the Candy Darter being listed as Endangered under the U.S. Endangered Species Act in
2018. Genetic and morphologic data were examined for individuals from the New, Gauley, and Greenbrier river drainages.
Individuals were genotyped using a suite of 5 diagnostic microsatellite loci to investigate potential hybridization. Widespread
hybridization was found throughout populations of Candy Darters, with the geographic range of hybridization expanding
from 2004 to 2014. A hybrid zone was observed, with the highest levels of Variegate Darter introgression representing the
kernel within this zone and the locations of first-generation (F1) hybrids at the periphery. F1 hybrids were morphologically
intermediate within and across characters for parental species. Introgressive hybridization threatens the genetic integrity of
the Candy Darter, and may lead to population extirpation or extinction.
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Introduction

Interspecific hybridization can lead to population extirpa-
tion or species extinction (Rhymer and Simberloff 1996),
and has been documented widely within a variety of fish
families (Morizot et al. 1991; Seehausen et al. 1997; Taylor
et al. 2006; Muhlfeld et al. 2009; Almoddvar et al. 2012;
Halas and Simons 2014; Matthews et al. 2016). Of particular
conservation concern is introgressive hybridization between
a native and a non-native species. Specifically, asymmetric
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introgressive hybridization or genetic swamping imperils a
rare native species. A recent example of this phenomenon
involves hybridization between the narrow endemic Candy
Darter (Etheostoma osburni; Hubbs and Trautman 1932)
of the lower New River drainage, USA, and the widespread
Variegate Darter (E. variatum; Kirtland 1840), a non-native
close relative.

The geographic ranges of Candy and Variegate darters
were historically separated by Kanawha Falls, a natural bar-
rier to fish dispersal located at Glen Ferris, WV (Hocutt and
Wiley 1986; Stauffer et al. 1995; Page and Burr 2011). The
Candy Darter is a narrow endemic of the New River drain-
age upstream of Kanawha Falls. Its current range includes
the Gauley and Greenbrier river drainages of West Virginia
and the New River drainage within Virginia (Jenkins and
Burkhead 1994; Stauffer et al. 1995). Within West Virginia,
historic distribution records have documented this species
in the Bluestone River and Indian Creek drainages, where
it appears extirpated. The aforementioned streams are com-
ponents of the New River drainage (Fig. 1). In 2008, due
to limited distribution and population reduction, the Candy
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Darter was listed as vulnerable in West Virginia and Vir-
ginia by the American Fisheries Society (Jelks et al. 2008).
In 2018, the species was listed as Endangered under the
U.S. Endangered Species Act. The Variegate Darter has a
wide distribution in the Ohio River drainage, including the
Kanawha River drainage below Kanawha Falls and exclud-
ing the Wabash and Tennessee River systems; within this
range, it occurs in Indiana, Kentucky, New York, Ohio,
Pennsylvania, and West Virginia (Hubbs and Black 1940;
Stauffer et al. 1995).

The Variegate Darter has been introduced upstream of
Kanawha Falls, and now overlaps the range of the Candy
Darter. It is currently widespread within the New River
drainage of West Virginia downstream of Bluestone dam, the
Greenbrier drainage, and the Gauley River drainage down-
stream of Summersville dam (Wellman 2004; Burns 2007,
Cincotta, unpublished data). The introduction of the Varie-
gate Darter may have resulted from one or more bait-bucket
releases. Kirtland (1840), in the species description of the
Variegate Darter, stated that this darter was “frequently
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taken by fishermen for bait, and preferred to the common
minnows.” The Variegate Darter was first collected upstream
of Kanawha Falls by D. Cincotta (West Virginia Division
of Natural Resources) in 1982 from the New River at Sand-
stone Falls (West Virginia Wildlife Resources (WVWR)
#437). During 1991 through 1996, the National Park Service
collected five specimens (Jesse Purvis, personal communica-
tion) from the New River at Sandstone Falls that possessed
characters intermediate between Candy and Variegate dart-
ers (1991, n=2; 1995, n=1; 1996 n=2; confirmed by Cin-
cotta). In 1993, Cincotta (personal observation) collected
one specimen identified as a Variegate Darter from Anthony
Creek (a tributary to the Greenbrier River). In 1995 and
1999, Cincotta observed what appeared to be both parental
species present in Anthony Creek (WVWR #784). Varie-
gate Darters and/or hybrids were collected in 1997 from
the New River at Stone Cliff Bridge (Cincotta et al. 1999)
and two years later, a substantial population of Variegate
Darters was documented from the Greenbrier River at Ron-
ceverte (Jason Morgan, WV Department of Environmental
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Protection, personal communication; confirmed by Cincotta;
WVWR #1278). Subsequently, in the early 2000s, Wellman
(2004) collected Variegate Darters and hybrids from tribu-
taries widely in the New River gorge, but Cincotta collected
what appeared to be Candy Darters in the mainstem Gauley
River near Swiss within the same time period (i.e., 2002).
During 2004 and 2014, Candy Darters, Variegate Darters,
and putative hybrids (E. osburni X E. variatum) were col-
lected from the New and Gauley river drainages, and finclips
from those specimens were used in the current genetic study.

Based on morphology, hybridization between Variegate
and Candy darters was first observed by Cincotta in 1993
from specimens collected in Anthony Creek. Specimens
collected prior to then were visually identified as Variegate
Darters. The Candy Darter can be morphologically differ-
entiated from the Variegate Darter with higher lateral line
scale, dorsolateral saddle, and orange lateral bar counts (or,
conversely, dark lateral bar counts); the Candy Darter head
generally lacks scales but occasionally has a few scales on
the upper portion of the opercle, whereas the Variegate
Darter typically possesses scales on the opercle; the Candy
Darter breast usually lacks scales whereas the Variegate
Darter breast is usually scaled (Hubbs and Trautman 1932;
Page 1983; Page and Burr 2011). A genetic analysis using
the mitochondrial cytochrome b gene documented hybridi-
zation between Variegate and Candy darters in two of 10
specimens collected in 2001 from Glade Creek, a tributary
of the New River within the New River gorge, West Vir-
ginia (Switzer 2004). Because hybridization and possible
introgression could lead to the extirpation or extinction
of the Candy Darter, additional genetic research was war-
ranted. In order to better inform management actions under
the U.S. Endangered Species Act, it is critical to assess the
geographic extent of hybridization between the two species
and to identify any remaining pure Candy Darter popula-
tions. Therefore, our first objective was to synthesize and
map distributional data for Variegate Darter introgression
in the Gauley and Greenbrier populations of Candy Darter
during two different time-periods (2004 and 2014) using
genetic data. Ultimately, it would be useful for managers
to identify individuals of hybrid origin based on visual
inspection. Therefore, our second objective was to describe
morphological characters for the identification of hybrids
following genetic confirmation of the selected individuals’
hybrid status.

Materials and methods
Collection and preservation

Specimens were collected using a backpack electrofishing
unit and a seine net. A finclip from the right pelvic fin of

each specimen from 2004 (n=148) and 2014 (n=335) was
collected from 11 and 22 sampling locations, respectively
(Table 1; Fig. 1). Also, morphological data were obtained
from 45 of the 335 specimens from 2014. Fin clips were
placed in 99% ethyl alcohol, and then the entire fish was
placed in 10% formalin. Specimens then were washed with
water and stored in 45% isopropyl alcohol.

Genetic characterization

Switzer et al. (2008) developed a set of 15 polymorphic
microsatellite DNA markers for examining genetic varia-
tion within populations and assessing potential hybridiza-
tion between Candy and Variegate darters. Five of these
microsatellite loci (Eos-C2, Eos-C3, Eos-C6, Eos-C112, and
Eos-C117) were found to be diagnostic for differentiation
between the two species. This set of five diagnostic loci was
instrumental in detecting introgression and for identifying
pure and hybrid individuals.

For samples collected in 2004, total genomic DNA was
extracted from each sample using the PUREGENE DNA
extraction kit (Gentra Systems, Inc., Minneapolis, MN) and
resuspended in TE (10 mM Tris—HCI, pH 8.0, I mM EDTA).
A total of 148 individuals from 11 sites within the New
River drainage were collected (Table 1; Fig. 1). Conditions
for microsatellite PCR consisted of 100-300 ng of genomic
DNA, 1x PCR bufter, 2 mM MgCl,, 0.2 mM dNTPs, 0.5 uM
of each primer (forward primers were fluorescently labeled
with FAM, HEX or NED), 1.0 unit of 7ag DNA polymerase
(Promega) and deionized water to a final volume of 10 pl.
The PCR for all loci consisted of an initial denaturation at
94 °C for 2 min; 35 cycles of 94 °C denaturation for 45 s,
58 °C annealing for 45 s, and 72 °C extension for 1 min
30 s; and a 5 min extension at 72 °C. Prior to electropho-
resis, 1 pl of PCR product was diluted 1:10 with deionized
water and mixed. One pl of the diluted PCR product was
added to 12 pl of deionized formamide and 0.5 pl of internal
size standard (GENESCAN-500; Applied Biosystems). This
mixture was denatured at 95 °C for 3 min, placed on ice for
5 min, and then subjected to capillary electrophoresis on
an ABI 3100 automated genetic analyzer. Fluorescent DNA
fragments were analyzed, and genotype data were gener-
ated using GENESCAN software (Applied Biosystems).
Genotyper version 2.0 (Applied Biosystems) DNA fragment
analysis software was used to score, bin, and output allelic
and genotypic data for each individual. Laboratory process-
ing of these samples occurred at the U.S. Geological Survey
Leetown Science Center (WV).

For samples collected in 2014, total genomic DNA was
extracted with the Promega SV 96 Genomic DNA Purifi-
cation System following a modified version of the “Ani-
mal Tissues” protocol (Promega Technical Bulletin Part
#TB303). Approximately 4 ug (+2 ug; or approximately
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Table 1 List of collection sites

Site Stream Drainage Year n n % E. varia-
egumerated to correspond Total E. osburni tum alleles
with the map of the study area
(Fig. 1) 1 Gauley R. (Upper) Gauley R 2014 37 36 0.3

2 Williams R Gauley R 2004 15 15 0.0

3 S. F. Cherry R Gauley R 2004 5 5 0.0

3 S. F. Cherry R Gauley R 2014 16 16 0.0

4 N. F. Cherry R Gauley R 2014 17 17 0.0

5 Laurel C Gauley R 2004 5 5 0.0

5 Laurel C Gauley R 2014 17 17 0.0

6 Cherry R Gauley R 2014 35 33 0.6

7 Gauley R. (Middle) Gauley R 2014 31 25 1.9

8 Gauley R. (Lower) Gauley R 2014 33 0 84.5

9 Bells C Gauley R 2014 17 0 89.4

10 Manns C New R 2004 10 0 88.0

11 Laurel C New R 2004 19 0 100.0

12 Glade C New R 2004 10 0 99.0

13 Lick C New R 2004 17 0 98.8

14 Greenbrier R Greenbrier R 2014 31 0 98.1

15 Anthony C Greenbrier R 2004 27 0 86.7

15 Anthony C Greenbrier R 2014 19 0 95.3

16 Knapp C Greenbrier R 2004 8 8 0.0

16 Knapp C Greenbrier R 2014 12 5 27.5

17 Sitlington C Greenbrier R 2004 12 12 0.0

17 Sitlington C Greenbrier R 2014 13 12 0.8

18 Deer C Greenbrier R 2014 12 8 9.2

19 E. F. Greenbrier R Greenbrier R 2004 20 20 0.0

19 E. F. Greenbrier R Greenbrier R 2014 5 5 0.0

20 Little R. E. F. Greenbrier R Greenbrier R 2014 31 29 0.6

21 W. F. Greenbrier R Greenbrier R 2014 9 8 33

Total number of specimens, number of pure Candy Darters (Etheostoma osburni), and percentage of Varie-
gate Darter (E. variatum) alleles of that sample are given

I mm X 2 mm) of pelvic fin tissue per specimen was pre-
pared in each well of a 96-well plate for a 16-h digestion at
55 °C. The elution process consisted of two 50-ul elutions
(for a total elution volume of 100 ul) and was performed
with a combination of vacuum and centrifugation. Concen-
trations of extracted DNA were quantified with a NanoDrop
Lite spectrophotometer. Conditions of microsatellite PCR
consisted of 20 ng of genomic DNA, 0.4x QIAGEN Mul-
tiplex PCR Master Mix, and 0.2 uM of each primer (with
the forward primer fluorescently labeled) in a 10-ul final
reaction volume. A C1000 Touch (BioRad) thermal cycler
was used to conduct the PCR reaction that consisted of an
initial denaturation at 95 °C for 15 min; 25 cycles of 94 °C
denaturation for 30 s, 57 °C annealing for 90 s, and 72 °C
extension for 60 s; and a 60 °C final extension for 30 min.
Capillary electrophoresis of PCR product (2 pl per reac-
tion) was conducted on a GenomeLab GeXP Genetic Analy-
sis System (Beckman Coulter) with 400-bp size standard
(0.5 ul per reaction) and sample loading solution (27.5 ul
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per reaction). The associated software, GenomeLab GeXP
Series Software Suite, was used to visualize analyzed frag-
ments and manually score alleles to generate genotype data
for each individual. ALLELOGRAM v2.2 (Manaster 2009)
was used to normalize and bin alleles utilizing a positive
control common to all capillary electrophoresis runs. Labo-
ratory processing of these samples occurred at West Virginia
University.

Error of laboratory practices was evaluated. Ten percent
of the tissue samples were selected with a random number
generator. Each of these samples was extracted, amplified,
visualized, and scored again according to the aforementioned
practices. These data were compared to those of the origi-
nal series to identify inconsistencies between allele scoring.
Error rates were summarized as the number of inconsistently
scored alleles divided by the total number of alleles. Error of
allele scoring was also evaluated by randomly selecting 14%
of the original capillary electrophoresis results and having
the results cross-read by another researcher.
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The potential for null alleles was investigated with
MICROCHECKER v2.2.3 (Van Oosterhout et al. 2003).
Default settings were used with a maximum expected allele
size of 500 bp, a 95% confidence interval, and 1000 rand-
omizations. The software GENEPOP v4.2 (Raymond and
Rousset 1995) was used to assess the conformance of geno-
type frequencies to Hardy—Weinberg equilibrium (HWE)
for all sampling sites. A probability test for each locus in
the population was conducted to estimate exact P values
with the Markov chain method. The following Markov chain
parameters were used: Dememorization number=1000; 100
batches; and 1000 iterations per batch. The significance level
was set at a=0.05. Sequential Bonferroni adjustments were
made for multiple tests (Rice 1989). For all analyses, sam-
ples from 2004 to 2014 were run separately.

Hybrids were first identified through a Bayesian analy-
sis of the genetic data, using the software STRUCTURE
v2.3.4 (Pritchard et al. 2000). Ten independent runs for
K =2 (representing the two species) with 100,000 Markov
Chain Monte Carlo (MCMC) iterations and a burn-in
period of 100,000 generations were performed. The default
settings, which included correlated allele frequencies,
assumed admixture, and no prior information, were used.
The composition of each population was determined by
assigning individuals to populations based on affinity to the
cluster representing hybrids. If an individual had a mem-
bership coefficient g >0.994 for the cluster representing
Candy Darters or Variegate Darters, then it was assigned
as a pure-species individual, respectively; otherwise, it was
assigned hybrid status. This membership coefficient was
selected because it was found, upon manual inspection of
the diagnostic loci, that individuals with lower coefficients
(¢ <0.994) possessed a mixture of alleles from the two
species.

A second approach to refine hybrid classifications also
was implemented. NewHybrids v1.1 Beta 3 (Anderson and
Thompson 2002) was used to estimate the posterior prob-
ability of the classification of genotyped individuals. Classi-
fications were defined as Candy Darter, Variegate Darter, F1
hybrid, and advanced-generation (F2 + or backcross) hybrid.
An individual was required to have a posterior probability
of classification of P>0.998 for Candy Darter; otherwise,
it was assigned to the classification with the next-highest
posterior probability. This value was used because a natural
break in the continuity of posterior probabilities occurs at
P=0.998 and because every individual with a probability
P <0.998 for Candy Darter classification was discovered to
have at least one Variegate Darter allele upon manual inspec-
tion of the genotype. Individuals that assigned to F1 hybrid
were manually inspected to verify that they indeed possessed
an F1 genotype (i.e., one Candy Darter allele and one Var-
iegate Darter allele at each locus). If the genotype was not
indicative of an F1 hybrid, then it was not considered to be

an F1 hybrid. While some individuals seemed to be back-
crosses with Candy Darter and other individuals seemed to
be the result of multigenerational backcrossing with Candy
Darters, the small number of diagnostic loci makes it dif-
ficult to reliably distinguish the two. Therefore, this group
was collectively referred to as advanced-generation hybrids.
This method was designed by corroboration with manual
inspection of genotypes, follows natural breaks in the con-
tinuity of posterior probabilities, and imposes the strictest
rules for assignment of pure parental species, F1 hybrids,
and advanced-generation hybrids.

Morphology

Morphological data from F1 hybrids were compared with
those of pure male Candy Darters and Variegate Darters
(Table 2). The F1 specimens represented one male and one
female each from the Gauley and Greenbrier river drainages.
The Candy Darters (n=41) were collected from 12 sites in
the Gauley and Greenbrier river drainages (Table 1). Data
for Variegate Darters are from Page (1983) and Page and
Burr (2011) and specimens (n=30) collected from Dunk-
ard Creek, Monongalia County, West Virginia. Sex was
determined by examining genital papillae and supported
by male nuptial characters such as thickened fins, enlarged
scale margins, and concentrations of pigment. Data for 14
meristic variables were recorded: dorsal-fin spines, dorsal-
fin rays, pectoral-fin rays, pelvic-fin rays, pelvic-fin spines,
anal-fin rays, anal-fin spines, scales above lateral line, scales
below lateral line, scales along lateral line (left), scales
along lateral line (right), circumpeduncle scales, dark lat-
eral bars, and dorsolateral saddles. Presence-absence data
were recorded for four variables: breast squamation (embed-
ded), breast squamation (exposed), opercle squamation, and
supraopercular squamation. Supraopercular squamation may
occur in the dorsolateral region of the head above the opercle
(Fig. 2). The minimum, maximum, and modal values for
meristic variables are reported.

Results
Genetic characterization

The MICROCHECKER analysis found no evidence for scor-
ing error due to stutter, no evidence for large allele drop-
out, and no evidence of null alleles at any of the loci in the
Gauley and Greenbrier populations of pure Candy Darters.
In both 2004 and 2014, collections from all sample sites
were in HWE.

During 2004, several sites with only pure Candy Darter
populations remained in the Gauley and Greenbrier river
drainages (Figs. 3a, 4a). The remaining population of pure
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Table 2 Morphological characters evaluated for Candy Darters (Etheostoma osburni), F1 hybrids, and Variegate Darters (E. variatum)

Character E. osburni (n=41) F1 hybrid (n=4) E. variatum

Min Max Mean SD Mode Min Max Mean SD Mode
Dorsal-fin spines 11 13 12.2 044 12 12 14 1275 096 NA 11-13*
Dorsal-fin rays 12 15 134 070 13 13 13 13.00 0.00 13 12-16 (13)*
Pectoral-fin rays 13 16 14.6 0.60 15 14 15 1475 050 NA 14-16 (15)*
Pelvic-fin rays 5 6 5.07 026 5 5 5 5.00 0.00 5 5
Pelvic-fin spines 1 1 1.00 0.00 1 1 1.00 0.00 1 1
Anal-fin rays 8 11 9.44 0.65 9 8 10 9.00 1.15 NA 8-10 (9-10)*
Anal-fin spines 2 2 2 0.00 2 2 2 2.00 0.00 2 2%
Scales above lateral line 6 9 7.51 0.64 7 7 8 7.25 0.50 NA 6-8 (6-7)*
Scales below lateral line 8 11 9.37 077 9 8 10 9.00 0.82 NA 7-10 (8-9)*
Scales along lateral line (left) 58 71 6444 290 64 55 63 60.25 359 NA 48-60 (50-56) *
Scales along lateral line (right) 59 71 6439 272 68 54 62 5875 34 NA 48-60 (50-56)*
Circumpeduncle scales 21 27 23.59 1.12 23 21 24 22.75 126 NA 20-25 (21-23)*
Dark lateral bars 10 14 11.73 .19 12 7 10 8.33 1.53 NA 7-9 (8)
Dorsolateral saddles 4 6 5.83 044 6 4 5 4.33 0.58 NA 4%
Breast squamation (embedded)  43.9% of specimens 25% of specimens NA*
Breast squamation (exposed) Unscaled 0% of specimens Scaled*
Opercle squamation Unscaled 25% of specimens 70% of specimens
Supraopercular squamation Unscaled 75% of specimens 100% of specimens

Data for Gauley and Greenbrier populations of Candy Darters are combined. Data for Variegate Darters are from Page (1983) and Page and Burr
(2011) as indicated by an asterisk and 30 specimens from Dunkard Creek, Monongalia County, West Virginia

Fig.2 Photograph depicting typical cephalic squamation of the Var-
iegate Darter (Etheostoma variatum). One scale patch is shown on the
opercle. Two scale patches are shown in the supraopercular region.
The hybrid (E. osburniXE. variatum) may possess any or none of
these scale patches

Candy Darters in the Gauley River drainage was found
upstream of Summersville Dam. This included sites 2, 3, and
5. Remaining clusters of pure Candy Darters in the Green-
brier River drainage were found in locations upstream of site
15 (Anthony Creek) at sites 16, 17, and 19. No Variegate
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Darter alleles were detected at these locations, which indi-
cated site 15 as the upstream extent of hybridization in the
Greenbrier River drainage at this time (Table 1; Fig. 5a).
In contrast, populations at downstream locations, such as
sites 10, 11, 12, and 13, consisted solely of Variegate Dart-
ers or hybrids. A small percentage of Candy Darter alleles
were detected at these locations, including two advanced-
generation hybrids at site 10. There are no historic records
of Candy Darters in this region and so these data indicate
that Candy Darter alleles likely were transported to these
locations by colonizing hybrids. Hybrid individuals were
observed at site 15 along with Variegate Darters; no pure
Candy Darters were detected. At site 15, one hybrid indi-
vidual appeared to be an F1 hybrid (p=0.562), while the
remaining individuals appeared to be advanced-generation
hybrids (Fig. 4a). The lack of pure Candy Darters at site 15
indicates that genetic swamping by Variegate Darters has
occurred here.

In 2014, Variegate Darter alleles were detected at all of
the sampling locations in the Greenbrier River drainage,
including locations upstream of site 15, except for site 19
(Figs. 3b, 4b). Two individuals appeared to be F1 hybrids
that were collected from sites 16 and 18 (P=0.652 and
P=0.660, respectively). Pure Candy Darter individuals were
collected at all sites upstream of site 15, but no pure Candy
Darter individuals were collected at site 15 or downstream,
indicating that genetic swamping has occurred in that
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Fig.3 STRUCTURE diagram depicting posterior probability of
assignment (vertical axis) at K=2 clusters for all individuals col-
lected in a 2004 and b 2014. Each individual is represented by a
single vertical bar that is partitioned into one to two segments. The
length of the segments is proportional to the coefficient of member-

portion of the Greenbrier River drainage (Table 1; Fig. 5b).
Small percentages of Variegate Darter alleles also were
detected at two locations above Summersville Dam at sites
1 and 6 (7.0% and 1.0%, respectively; Table 1). The Gauley
River drainage population of Candy Darters upstream of
Summersville Dam appeared to be pure, with the exception
of this low-frequency occurrence of Variegate Darter alleles.
The other sites upstream of Summersville Dam produced
samples comprised entirely of pure Candy Darters, including
sites 3, 4, and 5. Pure Candy Darter individuals were present
at site 7 immediately below Summersville Dam, but hybrids
were also present with a low percentage (2.0%) of Variegate
Darter alleles. Sites 8 and 9, the other two sites downstream
of Summersville Dam, were characterized by high propor-
tions of Variegate Darter alleles and a lack of pure Candy
Darters, indicating that genetic swamping has occurred in
this lower portion of the Gauley River. Two hybrid individu-
als in the Greenbrier River drainage, one from site 16 and
one from site 18, were genotyped as F1 hybrids (P=0.652
and P=0.660; Fig. 4b). Pure Candy and Variegate darters
were both present at site 16. Two hybrid individuals from

ship (g-value) for each species. Dark and light gray represent the
Candy and Variegate darter species, respectively. Site numbers are
indicated in brackets. The relative position of Summersville Dam is
indicated with a dashed line

site 8 downstream of Summersville Dam were genotyped
as F1 hybrids (P=0.655 and P=0.701). Genetic swamping
with the effective loss of Candy Darters appears to have
occurred in the Gauley River drainage from site 8 down-
stream and in the Greenbrier River drainage from site 15
downstream.

Morphologic characterization of F1 hybrid

Lateral line scale count and the presence or absence of
supratemporal, opercular (collectively referred to as cephalic
squamation), and exposed breast squamation allowed for
the visual identification of F1 hybrid individuals. Dorsolat-
eral saddle and dark lateral bar counts also were useful for
reinforcing hybrid individual identification. One F1 hybrid
had Variegate Darter lateral line scale counts of 55 and 54
(left and right, respectively), 4 dorsolateral saddles, and 7
dark lateral bars, but lacked cephalic and exposed breast
squamation that would be expected to be present on a Var-
iegate Darter. Three individuals had Candy Darter lateral
line scale counts, but possessed cephalic squamation. These
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Fig.4 Posterior probability of assignment (vertical axis) to four clas-
sifications: Candy Darter (Etheostoma osburni), Variegate Darter (E.
variatum), F1 hybrid (E. osburni X E. variatum), advanced-generation
hybrid (F2+, backcross with Candy Darter, backcross with Variegate

individuals also had species character conflicts among dor-
solateral saddle and dark lateral bar counts. All F1 hybrids
possessed characters of both parental species (Table 2). A
photograph of an individual that expresses hybrid characters
is shown in Fig. 6. Photographs of Candy and Variegate dart-
ers are given in Figs. 7 and 8.

Discussion
We have detected an expansion of the hybridization zone in

the span of 10 years, with the replacement of native Candy
Darter alleles by introduced Variegate Darter alleles. Only
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Darter) for samples collected in a 2004 and b 2014. Site numbers are
indicated in brackets. The relative position of Summersville Dam is
indicated with a dashed line

four sites that were surveyed in 2014 appear to contain exclu-
sively pure Candy Darter individuals, three of which were
upstream of Summersville Dam in the Gauley River drain-
age. The other site (Site 19) in the Greenbrier River drainage
was adjacent to one site (20) upstream where hybridization
was detected. Morphological traits (e.g., lateral line scale
count, presence/absence of cephalic squamation, exposed
breast squamation) were evaluated that allow for the visual
identification of F1 hybrids in the field.

The Variegate Darter has invaded the native range of
Candy Darter, resulting in widespread introgression and
the loss of native Candy Darter populations. Since at least
1982, the introduced Variegate Darter has expanded its range
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Fig.5 Proportions of Variegate Darter (Etheostoma variatum) alleles
(open diamonds) per site detected during this study in a 2004 and b
2014. Solid circles indicate the presence of pure Candy Darters (E.
osburni) in a sample. Open circles indicate the collection location of

Fig.6 Etheostoma osburniXE. variatum. 71 mm SL male, Deer
Creek, Pocahontas Co., WV, 7 March 2017

Fig.7 Candy Darter (Etheostoma osburni). 80 mm SL male, Cherry
River, Nicholas Co., WV, 8 March 2017

within the New River drainage below Bluestone Dam. Our
results support the inference of an increase in introgressive
hybridization and genetic swamping from 2004 to 2014. The

(b) (2012 s
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O F1 Hybrid ~ 003 lo
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y R. ; )
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first generation (F1) hybrids (E. osburniX E. variatum). Lines (dams)
and asterisks (waterfalls) represent important landmarks referred to in
the text. The proportion of Variegate Darter alleles within each sam-
ple where they were detected is labeled

Fig.8 Variegate Darter (Etheostoma variatum). 66 mm SL male,
Twentymile Creek, Nicholas Co., WV, 19 April 2017

collection of F1 hybrids during both time-periods indicates
that such hybridization is ongoing. Site 15 (Anthony Creek)
was the upstream-most extent of hybridization in the Green-
brier River drainage in 2004, but hybridization was detected
at all sites except a small sample at Site 19 upstream of
Site 15 in 2014. No hybridization was detected upstream of
Summersville Dam in 2004, but a low percentage of Varie-
gate Darter alleles was detected at two locations upstream
of Summersville Dam in 2014. The presence of an active
hybrid zone was not detected upstream of Summersville
Dam, but this drainage should be monitored for the pos-
sible development of such a phenomenon (Allendorf et al.
2001). There are also four populations of Candy Darter in
Virginia that should be monitored for signs of introgressive
hybridization. The hybrid zone could be spreading naturally
from a single introduced nucleus or could be facilitated by
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additional introductions (e.g., bait bucket, aquarium release)
of Variegate Darter alleles. Introductions may be occurring
repeatedly at the same location or sporadically throughout
the drainage. Variegate Darter alleles also may be trans-
ported by human movement of hybrid individuals.

It seems more likely that the current state of the hybrid
zone is a natural expansion of the zone of contact. Introgres-
sive hybridization is one mechanism that facilitates disper-
sal of invasive fish species (Hitt et al. 2003; Walters et al.
2008; Ward et al. 2012). Expansion, following introduction
and establishment, is characteristic of some hybrid swarms
(Kolar and Lodge 2001). Candy Darter alleles were detected
in samples from sites 9, 10, and 13, for which no records of
Candy Darters exist. The presence of Candy Darter alleles in
these samples suggests natural dispersal of hybrid individu-
als to this area from a former population of Candy Darters.
The presence of Variegate Darters and hybrids in the New
River drainage, the thoroughness of genetic swamping of
Candy Darters by Variegate Darters within the hybrid zone,
the presence of hybrids where Candy Darters were previ-
ously absent, and the pattern of species’ alleles along a con-
centration continuum suggest a natural dispersion of hybrids
and hybridization in the Greenbrier and lower Gauley river
drainages. If dispersion of the hybrids and Variegate Darters
was to rely solely on widespread anthropogenic introduc-
tions, it may be expected to appear as many concentrated
populations of hybrids or Variegate Darters rather than a
single, dendritic continuum. This interpretation does not pre-
clude the possibility of past, contemporary, or future Var-
iegate Darter introductions simultaneous to natural disper-
sion, and does not explain the presence of Variegate Darter
alleles in the Gauley River drainage above Summersville
Dam, which were likely the product of additional and sepa-
rate introduction events.

Hybridization has the potential to lead to population
extinction, most often due to genetic swamping instead of
demographic swamping (Todesco et al. 2016). Small popula-
tions can be more susceptible to the threat of introgression
due to the limited availability of conspecific mate options
(Lawson et al. 2017). Introgression in small populations
has been observed to result in increased genetic diversity
and effective population size, as observed in the endemic
mottled duck (Anas fulvigula maculosa) after introgression
with introduced mallard ducks (A. platyrhynchos) (Peters
et al. 2014). However, these effects are often observed when
introgression rates are low (Roberts et al. 2010). At high
rates of introgression, genetic swamping can occur, with
small native populations being the most threatened. For
example, specialist species often exist at smaller population
sizes, making them more vulnerable to genetic swamping.
This phenomenon was observed when the obligate estuarine
Black Bream (Acanthopagrus butcheri) was replaced by the
migratory marine Yellowfin Bream (A. australis) through
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introgression (Roberts et al. 2010). Introgression is a sig-
nificant threat for rare endemic species, such as Bartram’s
Bass, which is endemic to the Savannah River basin and is
threatened by extensive introgression with the introduced
nonnative Alabama Bass (Bangs et al. 2018). Population
viability can be further compromised when the hybrids have
reduced fitness relative to the parental species. Examples of
this include hybridization between native Westslope Cut-
throat Trout (Oncorhynchus clarki lewisi) and introduced
Rainbow Trout (0. mykiss) (Muhlfeld 1999), and the native
Roanoke Bass (Ambloplites cavifrons) and introduced Rock
Bass (A. rupestris) (Eschenroeder and Roberts 2018).

The fitness consequences of introgression between Candy
and Variegate darters are unknown. One possible conse-
quence is outbreeding depression. This would occur when
hybrid individuals exhibit lower fitness within the Candy
Darter geographic range than the parental species. However,
it has been argued that outbreeding depression is uncommon,
temporary if it does occur, and predictable (e.g., long sepa-
ration time, different adaptations) (Frankham et al. 2017).
Another potential outcome is heterosis, or hybrid vigor,
which is the production of hybrid offspring that exhibit fit-
ness traits that are superior to those of the parental species.
Such may be the case only in F1 hybrids, and outbreeding
depression may occur in subsequent generations (Muhlfeld
et al. 2009; Eschenroeder and Roberts 2018). Given the
widespread dispersal of hybrids in the New, Gauley, and
Greenbrier river drainages, introgression is likely not result-
ing in outbreeding depression. Variegate Darters appear to
be found in warmer habitats than Candy Darters (Jenkins
and Burkhead 1994). Cold stream temperatures may favor
Candy Darters and decrease the rate of Variegate Darter
introgression; however, it is not a complete barrier to Varie-
gate Darter gene flow, as evidenced by the discovery of Var-
iegate Darter alleles in certain headwater locations sampled
in the Greenbrier River drainage. Field data on survival and
reproduction would be required to assess the fitness con-
sequences of hybridization between Candy and Variegate
darters.

The F1 hybrid phenotype exhibited a range of characters
that overlap with both parental species. All of the meristic
character ranges of the F1 hybrid overlapped with ranges for
the Candy Darter as well as with published ranges for the
Variegate Darter (Page 1983; Jenkins and Burkhead 1994).
No single character was diagnostic for the identification of
a hybrid. Identifying a hybrid relied on identifying contra-
dicting characters that may not be the same in other hybrid
individuals. A notable character that aided in the identifica-
tion of a hybrid was the presence of cephalic squamation.
Although Page (1983) lists the opercular squamation as vari-
able in Candy Darters, this study found that it, in conjunction
with squamation of the supraopercular region, was useful for
distinguishing hybrids. F1 hybrids expressed combinations
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of meristic and pigmentation characters of both parental spe-
cies, as well as intermediacy of single characters.

There are limitations to using only microsatellite loci to
detect hybridization. It is possible for a specimen to possess
nuclear genotypes from one parental species but have mito-
chondrial haplotypes from another parental species (Wilson
and Bernatchez 1998; Vila et al. 2003). Therefore, the rate of
introgression may be underestimated in this study. Another
study observed a greater range of introgression with non-
neutral single nucleotide polymorphisms (SNPs; Fitzpatrick
et al. 2009). Inclusion of these additional genetic markers
would likely further refine the detection of introgression
between these two species. Additionally, inclusion of mito-
chondrial DNA can identify sex-biased hybridization and
help detect historical introgression.

The detrimental effects of human-induced introductions
of an invasive species are apparent in the results of this
research. This study found strong evidence that the Candy
Darter in the Greenbrier River drainage is threatened with
genetic swamping by the Variegate Darter. The influence of
the hybridization in this drainage is pervasive. A loss of the
Greenbrier population of Candy Darters would result in a
substantial gap in the geographic range and genetic diversity
of this species. Evidence of Variegate Darter introduction
into the Gauley River drainage above Summersville Dam
was detected as low concentrations of Variegate Darter
alleles; however, the presence of a large-scale hybridiza-
tion has yet to be observed in the upper drainage. Only a
small number of pure Candy Darter populations remain,
making these populations a priority for preservation and
management.
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