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The history of riverine fish diversification is largely a product of geographic isolation. Physical barriers that
reduce or eliminate gene flow between populations facilitate divergence via genetic drift and natural selection,
eventually leading to speciation. For freshwater organisms, diversification is often the product of drainage basin
rearrangements. In young clades where the history of isolation is the most recent, evolutionary relationships can
resemble a tangled web. One especially recalcitrant group of freshwater fishes is the Johnny Darter (Etheostoma
nigrum) species complex, where traditional taxonomy and molecular phylogenetics indicate a history of gene
flow and conflicting inferences of species diversity. Here we assemble a genomic dataset using double digest
restriction site associated DNA (ddRAD) sequencing and use phylogenomic and population genetic approaches to
investigate the evolutionary history of the complex of species that includes E. nigrum, E. olmstedi, E. perlongum,
and E. susanae. We reveal and validate several evolutionary lineages that we delimit as species, highlighting the
need for additional work to formally describe the diversity of the Etheostoma nigrum complex. Our analyses also
identify gene flow among recently diverged lineages, including one instance involving E. susanae, a localized and
endangered species. Phylogeographic structure within the Etheostoma nigrum species complex coincides with
major geologic events, such as parallel divergence in river basins during Pliocene inundation of the Atlantic
coastal plain and multiple northward post-glacial colonization routes tracking river basin rearrangements. Our
study serves as a nuanced example of how low dispersal rates coupled with geographic isolation among
disconnected river systems in eastern North America has produced one of the world’s freshwater biodiversity
hotspots.

1. Introduction that closely related organisms frequently tend to occupy “neighboring

districts” separated by barriers (Jordan 1905; Allen 1907). Despite

Southeastern North America is a global hotspot of freshwater fish
biodiversity underlain by patterns of allopatric endemism (Abell et al.
2000; Collen et al. 2014; Elkins et al. 2019). Across this region, the
dendritic structure of rivers facilitates geographic isolation and diver-
sification. Directional water flow and physical barriers limit dispersal
(Selkoe et al. 2015; Davis et al. 2018; Lujan et al. 2020) and local
adaptation to flow regimes, depths, or substrates can produce patchy
distributions (Ward and Stanford 1983). In addition, river courses shift
over long timescales due to erosion, glaciation, sedimentation, and other
geologic processes which can isolate previously connected populations
(Tight 1903; Bishop 1995). Allopatric speciation is so prevalent in
freshwater fishes that it was codified as “Jordan’s Law”, which states
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centuries of study, many North American fish species remain undis-
covered and undescribed, creating an obstacle to conservation and study
of this incredible biodiversity (Warren et al. 2000; April et al. 2011).
Darters are a clade of approximately 250 species which comprise a
large portion of North American endemic fish diversity (Lundberg et al.
2000; Near et al. 2011). This clade exemplifies the predominance of
allopatric speciation in freshwater fishes; 93 % of darter sister species
pairs are geographically separated (Near et al. 2011; Page and Burr
2011). Allopatry in darters may be explained by a combination of
limited dispersal capabilities, habitat specialization, and the fragmented
nature of river basins (Etnier and Starnes 1993; Page 1983). Lack of gene
flow between allopatric lineages promotes genetic and phenotypic
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divergence which can make identifying new species straightforward.
However, some darter species have large, continuous ranges which
encompass substantial genetic and phenotypic variance (Page 1983).
Delimiting widespread lineages is challenging due to complex histories
of range fluctuation, secondary contact, and isolation by distance (Kim
et al. 2022; Burbrink and Ruane 2021). Many widespread darter species
contain undescribed biodiversity delimited by river basin structure,
reflecting the broader allopatric patterns of darter diversification (Ceas
and Page 1997; Ray et al. 2006; Piller et al. 2008; MacGuigan et al. 2021;
Bossu and Near 2009; Hollingsworth and Near 2009).

One of the most geographically widespread darter lineages is the
Etheostoma nigrum species complex. This group is phylogenetically nes-
ted in the clade Boleosoma, which also includes E. vitreum, E. podoste-
mone, and E. longimanum (Heckman et al. 2009; Near et al. 2011,
MacGuigan and Near 2019). The Etheostoma nigrum complex contains
four currently recognized species: E. nigrum Rafinesque, E. olmstedi
Storer, E. susanae (Jordan), and E. perlongum (Hubbs and Raney). Two of
these species, E. nigrum and E. olmstedi, have continental-scale ranges
with broad overlap in the James, Roanoke, Tar, and Neuse Rivers of
Virginia and North Carolina, the Lake Ontario drainage basin in western
New York, and the Ottawa River and St. Lawrence River basins in
Ontario and Quebec (Fig. 1). Unlike many darter species, Etheostoma
nigrum and E. olmstedi are habitat generalists, occupying freshwater
systems with various substrate types and flow regimes (Leidy 1992). The
other two species in the complex have small geographic ranges;
E. susanae is restricted to a small portion of the upper Cumberland River
and E. perlongum is endemic to Lake Waccamaw in North Carolina
(Fig. 1). The only previous range-wide genetic assessment of the
Etheostoma nigrum complex used two loci with poor phylogenetic reso-
lution and identified several instances of mitochondrial introgression
(Heckman et al. 2009). Lack of phylogenetic resolution may be due to
recent divergence; the crown age of the Etheostoma nigrum species
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complex is approximately three million years before the present (Near
and Keck 2013). Recent diversification coupled with a large geographic
distribution provides an opportunity to investigate the early stages of
geographic isolation and speciation.

In this study, we examine whether the Etheostoma nigrum species
complex recapitulates allopatric diversification processes that broadly
characterize North American freshwater fish diversity (Wiley and
Mayden 1985; Mayden 1988; Near et al. 2003; April et al. 2011; See-
hausen and Wagner 2014). We utilize double digest restriction site
associated DNA (ddRAD) sequencing to assemble a large genomic
dataset encompassing the range of all species in the Etheostoma nigrum
complex. With this genomic context, we attempt to resolve the evolu-
tionary history and species-level diversity in the clade. We compare
analyses of genome-wide ddRAD markers to analyses of a single mtDNA
marker commonly employed in phylogeographic studies (Heckman
etal. 2009; Keck and Near 2010; Hayes and Piller 2018). In addition, we
investigate the extent of hybridization and gene flow between lineages
in the Etheostoma nigrum species complex. Our analyses identify several
cases of peripheral isolation and genetic divergence within this
geographically widespread species complex, which correlate with spe-
cific paleogeographic events. Although we find evidence of secondary
contact and hybridization between closely related lineages, river basin
structure limits the extent of introgression. Our results demonstrate that
the fragmented geography of freshwater environments can curb the
homogenizing effects of gene flow and prevent fusion of widespread
lineages following secondary contact. The Etheostoma nigrum species
complex provides a window into the allopatric diversification process
that produced much of North American fish diversity.

55
|

50
|

45

40

35
1

30

E. susanae

25

contact

E. perlongum

"E. olmstedi

Etheostoma nigrum

Etheostoma susanae

Etheostoma olmstedi

-110 -100 -90 -80

Etheostoma perfongum

-70

Fig. 1. Range map for current taxonomy of the Etheostoma nigrum species complex with sampling localities marked. Yellow indicates the area of range overlap
between E. nigrum and E. olmstedi. Etheostoma susanae image courtesy of Richard C. Harrington. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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2. Methods
2.1. Sample collection and sequencing

We collected tissues from all seven recognized species of Boleosoma:
Etheostoma vitreum, E. podostemone, E. longimanum, and the Etheostoma
nigrum species complex consisting of E. olmstedi, E. perlongum, E. nigrum,
and E. susanae (Heckman et al. 2009, Near et al. 2011). In addition, we
sampled E. mariae as an outgroup taxon. Our final dataset included 449
total specimens: 443 specimens of the Etheostoma nigrum species com-
plex from 189 unique localities, 5 specimens of the other Boleosoma
species, and 1 outgroup specimen (Fig. 1; Table S1). With all appropriate
state scientific collection permits and following IACUC protocol number
2018-10681, fish were euthanized in MS-222 before tissue samples were
taken from the right pectoral fin. Tissues were preserved in 95 % ethanol
at —20 °C. DNA was extracted from tissues using a standard Qiagen
DNEasy Blood and Tissue Kit. Prior to library preparation, we cleaned
DNA extractions using an ethanol precipitation: 3 M sodium acetate (pH
= 5.2) was added equal to 10 % of the total volume of the DNA
extraction, followed by 100 % ethanol equal to 2.5 times the total vol-
ume of DNA. After mixing, the extractions were incubated for 10 min at
—80 °C. Samples were centrifuged for 30 min at 8,000 RCF, the super-
natant was discarded, and the DNA pellet was washed with 250 uL of
cold 70 % ethanol. Samples were centrifuged again for five minutes at
8,000 RCF and the supernatant was discarded. We allowed the pellet to
air dry for ~15 min, then resuspended with the desired amount of
DNAse-free water.

We performed a modified version of the double digest restriction site
associated DNA (ddRAD) sequencing protocol outlined in Peterson et al.
(2012) and Poland et al. (2012). We digested 200 ng of DNA from each
sample for 8 h at 37 °C using the restriction enzymes Pstl and Sbfl.
Samples were visually checked using a 2.5 % agarose gel to ensure
complete digestion. We ligated custom adapters using T4 DNA ligase
and an incubation period of three hours at 22 °C. The adapters contained
a set of 96 unique 8-10 bp barcodes. Barcode sequences were generated
using https://www.deenabio.com/services/gbs-adapters with at least
two mutational differences between any pair of barcodes to avoid mis-
assignment during demultiplexing. Samples were then pooled and
cleaned using a QIAquick PCR purification kit. We performed 12 rounds
of PCR, each cycle with 30 s at 98 °C, 30 s at 62 °C, and 30 s at 72 °C.
Following the 12 cycles, we held for 10 min at 17 °C. After PCR, sets of
96 samples with unique barcodes were pooled to perform a 300-500
base pair size selection using a Blue Pippen 2 % agarose gel cassette. Size
selection was confirmed using an ABI Bioanalyzer High Sensitivity DNA
assay. Size selection and fragment analysis were performed at the Yale
DNA Analysis Facility on Science Hill. We sequenced each 96-sample
genomic library using one lane of Illumina HiSeq 4000 with 100 or
150 base pair single-end reads at the University of Oregon Genomics and
Cell Characterization Core Facility. We inspected raw read quality using
FastQC (Andrews, 2010).

We used the Etheostoma perlongum genome (MacGuigan 2020, NCBI
BioProject PRINA682188) to map and assemble the ddRAD dataset with
iPyrad v.0.9.81 (Eaton and Overcast 2020). After demultiplexing the
Mlumina reads in iPyrad step 1, we trimmed raw reads using CutAdapt
(Martin 2011). Reads were trimmed to 100 bp and three rounds of
trimming were used to remove adapter contamination and restriction
cut sites (“-b TGCAG”, “-a TGCAG”, and “-a CCGAGATCGGAAGAGC”).
Trimmed reads were then used as input for iPyrad steps 2-7 (see
Table S2 for assembly parameters).

In addition to ddRAD sequencing, we also amplified the complete
protein-coding region of the mitochondrial cytochrome b (cytb) gene
using polymerase chain reaction (PCR) with previously described
primers and annealing conditions (Near et al. 2000). Amplified double-
stranded DNA was purified using 20 % polyethylene glycol DNA pre-
cipitation. Forward and reverse DNA strands were sequenced at the Yale
Keck DNA Sequencing Facility using Big Dye Terminator Reaction Kits
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(Applied Biosystems, Foster City, CA). Sequencing was carried out on an
Applied Biosystems 3730xL (Applied Biosystems, Foster City, CA). We
trimmed and assembled reads into contiguous sequences using Geneious
v.8.0.5 (https://www.geneious.com). We then aligned these sequences
using the program MUSCLE v.3.8.425 (Edgar 2004). We checked each
alignment of protein-coding sequences by eye for erroneous insertions or
deletions.

2.2. Phylogenetic analyses

We performed concatenated maximum likelihood phylogenetic an-
alyses of the ddRAD dataset and inferred a maximum likelihood cytb
gene tree using IQTree v.2.1.1 (Minh et al. 2020). To determine the
impact of missing data on the phylogenies inferred using ddRAD data,
we used three datasets with different minimum specimens-per-locus
thresholds: 270 of 449 specimens (<40 % missing data), 314 of 449
specimens (<30 % missing data), and 360 of 449 specimens (<20 %
missing data). We used a GTR + gamma nucleotide substitution model
for all ddRAD analyses. For analyses of the cytb gene sequences, we
partitioned by codon position and performed substation model optimi-
zation (“-m MFP + MERGE”) with ModelFinder (Kalyaanamoorthy et al.
2017). We ran each tree search until 100 unsuccessful tree search iter-
ations were completed. To assess topological support, we also performed
1,000 ultrafast bootstrap replicates (Hoang et al. 2018).

In addition to concatenated phylogenetic analyses, we inferred a
species tree from the ddRAD dataset using the multispecies coalescent
model implemented in the SNAPP package for BEAST v.2.5.2 (Bryant
et al. 2012; Bouckaert et al., 2019). To achieve reasonable runtimes, we
assembled four smaller datasets that sampled one to five individuals
from each of the major lineages identified in concatenated phylogenetic
analyses (Table S3). One SNAPP dataset contained all major lineages
from the Etheostoma nigrum clade, while the other three SNAPP datasets
focused on the Etheostoma olmstedi clade. To maximize the number of
SNPs in the SNAPP analyses, we selected individuals with the most loci
before cross-sample alignment in iPyrad step 6. Using VCFTools v.0.1.15
(Danecek et al. 2011), we retained only biallelic SNPs (“~max-alleles
27), excluded singletons, and removed SNPs with missing data (“~max-
missing 1.0”). Additionally, we retained only one SNP per 10,000 bp
window (“~thin 10000”) to avoid using loci in tight physical linkage.

We used the Ruby script provided by Stange et al. (2018) to prepare
SNAPP input files and specify a time calibration on the root node. We
used a normally distributed root age prior (mean = 13.23 Ma, sd = 1.42
Ma) based on previous time-calibrated darter phylogenies (Near et al.
2011; Near and Keck 2013). We also constrained the monophyly of the
Etheostoma nigrum species complex. All other priors and parameter set-
tings were left at default values. For the SNAPP analyses focusing on the
Etheostoma olmstedi clade, we performed four independent SNAPP ana-
lyses, each running for 500,000 MCMC generations. Due to issues with
convergence for the Etheostoma nigrum clade dataset, we performed two
independent SNAPP analyses for 1,000,000 MCMC generations. We
discarded the first 25 % of each MCMC as burnin and assessed conver-
gence and mixing of parameters using Tracer v.1.7.1 (Bouckaert et al.,
2019). Posterior tree distributions were combined using LogCombiner
v.2.5.2 and summarized using TreeAnnotator v.2.5.2 as a maximum
clade credibility tree with median node age estimates (Bouckaert et al.,
2019). All phylogenies were visualized using FigTree v.1.4.4 and the R
package ggtree v.2.0.1 (Yu et al. 2017).

2.3. Population structure analyses

We assembled several sets of SNPs for population genetic analyses.
Using VCFTools, we retained only biallelic SNPs (“~max-alleles 2”) and
removed sites that contained more than 10 % missing data (“-max-
missing 0.9”). We also removed true singletons and private doubletons
identified by the “-singletons” flag in VCFTools since these markers can
confound inference of population structure (Linck and Battey 2019).
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Finally, we thinned our dataset to include a single SNP per 10,000 base
pair window (“~thin 10000”) to minimize the effects of physical linkage
on our inference of population structure. While the above filtering
removed SNPs with large amounts of missing data, some individuals in
our dataset still contained large proportions of missing data. Therefore,
we used the impute function in the R package LEA to replacing missing
genotypes with a random value weighted by the observed genotype
probabilities (Frichot et al. 2014).

We first performed population structure analyses using all samples
from the Etheostoma nigrum species complex. However, our analyses of
the entire species complex identified many genetic clusters, making
interpretation difficult. Therefore, we also performed population struc-
ture analyses separately for the three major clades within the Etheostoma
nigrum complex: the Etheostoma nigrum clade (139 specimens, 70 local-
ities), the Etheostoma maculaticeps clade (58 specimens, 32 localities),
and the Etheostoma olmstedi clade (246 specimens, 87 localities). We also
assembled a dataset consisting of the two Atlantic coast clades,
E. olmstedi and E. maculaticeps. For each dataset, we performed filtering
and missing data imputation as described above.

We deployed three population clustering approaches for each data-
set, incrementing the number of genetic clusters (K) from one to a
maximum of seventy (for analyses of the entire E. nigrum complex) or
fifty (for analyses of the subclades). All three methods are considered
robust to departures from population genetic model assumptions such as
Hardy-Weinberg equilibrium (Frichot et al. 2014). First, we utilized the
snmf function in the R package LEA v.3.4.0 (Frichot and Francois 2015).
For these analyses, we performed 10 repetitions for each K value. We set
the regularization parameter (alpha) to 10, the tolerance to 0.00001, the
maximum number of algorithm iterations to 1,000, and the proportion
of masked genotypes for cross-entropy validation of K values to 0.05. For
each value of K, the replicate with the minimum cross-entropy score was
selected for further visualization and comparison with other clustering
methods. A cross-validation approach using cross-entropy criteria was
performed to determine the optimal value of K.

The second population clustering approach utilized the R package
TESS3R v.1.1 (Caye et al. 2016), which also uses sparse non-negative
matrix factorization to estimate ancestry coefficients, but includes a
spatial regularization parameter (lambda). We used the default value of
lambda = 1 for our analyses, which indicates that nearby individuals
should have more similar ancestry coefficients, as expected under an
isolation-by-distance model (Caye et al. 2018). We performed 10 repli-
cate runs for each K value with a maximum of 1,000 algorithm itera-
tions. All other parameters were set to default values. Cross-validation
using cross-entropy criteria was performed to determine the optimal
value of K.

The final population clustering approach utilized discriminant ana-
lyses of the principal components (DAPC) of genetic variation with the R
package adegenet v.2.1.4 (Jombart 2008). First, we assigned individuals
to genetic clusters using K-means clustering of genetic principal com-
ponents as implemented by the find.clusters function. We retained all
principal component axes for K-means clustering, used 1,000 random
starting centroids, and performed 10,000,000 iterations for each value
of K. All other parameters were left at default settings. We then used the
groups identified by K-means clustering to perform DAPC, implemented
by the dapc function. The proportion of variance retained in discrimi-
nant analysis can affect the stability of group membership probabilities
(Jombart and Collins 2015); therefore, we compared discriminant
analysis results retaining principal components that accounted for 70 %,
80 %, 90 %, and 95 % of the cumulative variance in dataset. To deter-
mine the optimal number of genetic clusters, we calculated BIC scores
for each value of K.

To visualize the spatial context of genetic structure, we used the plot
function in TESS3R to construct interpolated surfaces based on Q-
matrices of ancestry coefficients (LEA and TESS3R) or the discriminant
analysis assignment proportions (DAPC). We used thin plate spline
regression (“interpol = FieldsTpsModel()”) with a grid resolution of
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1,000. The union of all interpolated surfaces was plotted (“method =
‘map.max’”") and restricted to species ranges using custom shapefiles.

2.4. Tree-based gene flow estimation

We used the program TreeMix v.1.13 as implemented in iPyrad
v.0.9.81 (Pickrell and Pritchard 2012; Eaton and Overcast 2020) to infer
the history of gene flow between lineages identified by phylogenetic and
population structure analyses. We included one to five samples from
every major lineage in the Etheostoma nigrum and Etheostoma olmstedi
clades plus five samples from the Etheostoma maculaticeps clade
(Table S3). VCFTools was used to assemble a dataset of biallelic SNPs
(“~max-alleles 2”), excluding singletons (“—singletons™) and SNPs with
more than 20 % with missing data (“~max-missing 0.8”). SNPs were also
required to be present in at least half of the samples for each lineage. To
avoid biases due to physical linkage, iPyrad was used to sample one
random SNP per 10,000 base pair window (“~thin 10000”). To account
for the heterogeneity of gene flow across the genome, we ran TreeMix
using 100 randomly sampled SNP subsets. For each SNP subset, we ran
several sets of TreeMix analyses with 0 to 10 allowed migration edges.
We summarized the results using a custom R script, retaining migration
edges detected in greater than 20 % of SNP subsets for each set of
analyses.

3. Results
3.1. Phylogenetic inference

We sequenced 443 specimens of the E. nigrum complex (Table S1)
sampled from 189 unique localities, with a median of two specimens per
locality (minimum = 1, maximum = 10). All individuals in the ddRAD
dataset are represented by at least 187,000 reads (mean = 3.7e6 reads,
sd = 2.4e6 reads) and 22.6X average read depth per locus. iPyrad
identifies 382,413 ddRAD loci mapping to the reference genome which
are used to assemble all subsequent datasets. Additionally, we assem-
bled a 1,229 bp alignment of the complete coding region of the mtDNA
gene cytb with flanking tRNA genes for 757 specimens.

We inferred maximum likelihood (ML) phylogenies using three
concatenated ddRAD alignments: 46,564 loci with <40 % missing
samples per locus, 28,210 loci with <30 % missing samples per locus,
and 12,822 loci with <20 % missing samples per locus. The total percent
of missing sites in each concatenated ddRAD alignment is 42.1 %, 38.1
%, and 32.3 %, respectively. Each of the ddRAD phylogenies have a high
frequency of nodes with strong node support and resolve Etheostoma
vitreum as the sister lineage of all other species of Boleosoma (Fig. S1). In
the ddRAD phylogenies, the two colorful species E. podostemone and
E. longimanum form a clade sister to the Etheostoma nigrum species
complex (Fig. S1). Theses relationships within Boleosoma are also
strongly supported in species tree analyses of ddRAD SNPs (Fig. 2).
However, in the mtDNA phylogeny, E. longimanum is sister to the
E. olmstedi clade, E. vitreum is sister to E. olmstedi plus E. longimanum, and
E. podostemone is nested within the E. nigrum clade (Fig. S2).

The ddRAD phylogenies resolve three strongly supported clades
within the Etheostoma nigrum species complex. The Etheostoma nigrum
clade comprises most populations currently recognized as E. nigrum,
excluding populations in rivers on the Atlantic Seaboard in North Car-
olina and Virginia (Fig. 2, Fig. S1). The Etheostoma maculaticeps clade
comprises all populations currently identified as E. olmstedi south of the
Neuse River basin, as well as E. perlongum from Lake Waccamaw, North
Carolina (Fig. 2, Fig. S2). The Etheostoma olmstedi clade comprises
E. olmstedi populations north of the Cape Fear River basin plus all pop-
ulations in Virginia and North Carolina currently recognized as E. nigrum
(Fig. 2, Fig. S2). While the Etheostoma olmstedi and Etheostoma nigrum
clades are sister lineages in the ddRAD phylogenies (Fig. 2, Fig. S1), the
mtDNA phylogeny resolves the Etheostoma maculaticeps clade sister to
the Etheostoma nigrum clade (Fig. S2).
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Fig. 2. a) Maximum likelihood concatenated ddRAD phylogeny inferred from 46,564 loci with < 40 % missing samples per locus, branch lengths proportional to the
expected number of substitutions per site. Nodes with bootstrap support >=95 % are unlabeled. Nodes with bootstrap support < 70 % are collapsed. Etheostoma
mariae, E. vitreum, E. podostemone, and E. longimanum are pruned from the phylogeny. Yellow branches indicate samples from the area of overlap between E. nigrum
and E. olmstedi, blue branches indicate samples from the upper Roanoke River. b) Range map of clades in the Etheostoma nigrum species complex. Yellow indicates
E. nigrum and E. olmstedi zone of contact, blue indicates the upper Roanoke River. Green shading indicates specific E. nigrum lineages. White points indicate localities

included in species tree and TreeMix analyses. ¢) Geographic interpolation of

ancestry coefficients (LEA and TESS3R) or assignment probabilities (DAPC) for four

genetic clusters. White points indicate all sampling localities. d-e) SNAPP time-calibrated species trees for Boleosoma, with expanded sampling for the E. nigrum clade
or the E. olmstedi clade. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.1.1. Etheostoma nigrum Phylogeography

ddRAD and mtDNA phylogenies resolve three early diverging line-
ages within the Etheostoma nigrum clade. The two earliest diverging
lineages occupy the Paint Rock River system of Tennessee and Alabama
and the Red River system of Oklahoma and Arkansas (Fig. 2, Fig. S3).
The ddRAD phylogenies resolve these as sister lineages, while the
mtDNA gene tree resolves the Red River lineage sister to all other
E. nigrum populations (Fig. S4). Additionally, the ddRAD phylogeny
resolves one individual from the Ouachita River basin sister to in-
dividuals from the Red River system (Fig. S3); in the mtDNA phylogeny,
this individual is deeply nested within the more inclusive E. nigrum clade
(Fig. S4). The third early diverging lineage in the ddRAD phylogenies is
E. susanae, endemic to the upper Cumberland River in Kentucky (Fig. 2,
Fig. S3). However, in the mtDNA phylogeny, E. susanae is sister to
populations of E. nigrum from the upper Cumberland River and the
adjacent upper Kentucky River system (Fig. S4).

In the ddRAD phylogenies, most of the sampled populations of
Etheostoma nigrum resolve into two geographically widespread clades.
The first clade contains individuals from the Ohio River basin and from
the contact zone between E. olmstedi and E. nigrum in western New York
(clade 1, Fig. S3). Within this clade, E. nigrum populations from the
upper Kentucky River and the upper Cumberland River (clade 3, Fig. S3)
are deeply split from all other Ohio River populations (clade 4, Fig. S3).
The other widespread clade within E. nigrum is distributed as far north as
Wisconsin, as far west as Colorado, and as far south as Alabama (clade 2,
Fig. S3). In both widespread clades, the northernmost populations tend
to be nested within paraphyletic lineages comprised of more southerly
populations.

In the mtDNA phylogeny there are also two widespread, well-
supported clades that generally correspond to the widespread ddRAD
clades. There are a few notable exceptions: three individuals from
tributaries of the lower Tennessee River are nested within the Ohio River
clade (clade 1, Fig. S4), Etheostoma podostemone is nested within the
Mississippi River clade in the mtDNA tree (clade 2, Fig. S4), and in-
dividuals from the upper Cumberland and Kentucky Rivers resolve sister
to E. susanae (clade 3, Fig. S4).

3.1.2. Etheostoma maculaticeps Phylogeography

The ddRAD phylogenies resolve the northernmost populations of
Etheostoma maculaticeps from the Cape Fear River as the sister lineage of
all other populations of E. maculaticeps (Fig. S5). Populations from the
Savannah, Santee, and Altamaha basins form a strongly supported clade
that also includes a geographically disjunct population from the St.
Johns River in Florida (Fig. S5). Samples from the Little River (New
River-Ohio River system) resolve sister to a geographically proximate
population of E. maculaticeps in the Atlantic watershed Pee Dee River
basin (Fig. S5). The mtDNA phylogeny has poor support for relationships
within E. maculaticeps and does not resolve the same broad phylogeo-
graphic patterns (Fig. S6). The Lake Waccamaw endemic Etheostoma
perlongum resolves as a clade nested within E. maculaticeps populations
from the Waccamaw River in the ddRAD phylogenies (Fig. 2, Fig. S5). In
the mtDNA phylogeny, E. perlongum does not form a clade and is
intermixed with individuals from the Waccamaw River (Fig. S6).

3.1.3. Etheostoma olmstedi Phylogeography

The Etheostoma olmstedi clade exhibits complex phylogeographic
patterns. All populations in the James, Appomattox, Chowan, Roanoke,
Tar, and Neuse river basins upstream of the Fall Line (the boundary
between the Coastal Plain and the Piedmont geologic provinces) are
currently recognized as E. nigrum. However, mtDNA and ddRAD phy-
logenies reveal that these populations are more closely related to
E. olmstedi (Fig. 2, Fig S7). In the ddRAD phylogenies, individuals from
the James River upstream of the Fall Line and the Appomattox River
resolve as sister clades, which together comprise the earliest diverging
lineage in the Etheostoma olmstedi clade (Fig. 2, Fig. S7). Individuals
from the Chowan, Roanoke, Tar, and Neuse (CRTN) basins resolve in a
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strongly supported clade (Fig. 2, Fig S7). The population from Big Reed
Island Creek in the New River basin, a presumed non-native introduc-
tion, is deeply nested within the CRTN clade and most closely related to
individuals from the headwaters of the Roanoke River (Fig. S7). Finally,
populations above the Fall Line in the Rappahannock River resolve as a
clade that corresponds to the subspecies E. olmstedi vexillare, which we
treat as a distinct species Etheostoma vexillare (Jordan) (Fig. 2, Fig. S7).
All other populations of E. olmstedi form a widespread clade ranging
from Virginia to Ontario (Fig. S7).

Relationships between the CRTN clade, Etheostoma vexillare, and
widespread Etheostoma olmstedi clade are not strongly supported in the
ML ddRAD phylogenies. There is moderate node support in two of the
ddRAD phylogenies for a sister relationship between the CRTN clade and
the widespread Etheostoma olmstedi clade, while the third ddRAD phy-
logeny infers a strongly supported sister relationship between E. vexillare
and the widespread Etheostoma olmstedi clade (Fig. S7). The northern-
most populations in the widespread clade are nested within a para-
phyletic grade consisting of more southerly populations (Fig. S7). The
mtDNA phylogeny has poor overall phylogeographic resolution of
E. olmstedi lineages (Fig. S8).

3.1.4. Etheostoma olmstedi x. E. nigrum contact zone

We sampled several populations in the western New York contact
zone between Etheostoma olmstedi and E. nigurm. ddRAD phylogenies
reveal that one E. olmstedi lineage and two E. nigrum lineages are present
in the contact zone (Fig. 2a). The first E. nigrum lineage is widespread in
the Lake Ontario basin and is most closely related to upper Ohio River
populations (Fig. S3). The second E. nigrum lineage is found only in Red
Creek, a small tributary of Lake Ontario. This lineage is most closely
related to populations from the Lake Erie basin and the upper Mississippi
River basin (Fig. S3). Phylogenetic analysis of mtDNA haplotypes re-
veals widespread, bidirectional introgression within the Lake Ontario
drainage basin (Fig. S3, S4, S7, S8). However, we do not find intro-
gressed mtDNA haplotypes in any individuals outside of the Lake
Ontario contact zone in New York (Fig. S3, Fig. S7). We reserve detailed
examination of hybridization and genomic introgression in western New
York for a future study.

3.2. Species tree inference

Deeper relationships in the SNAPP species tree are congruent with
the concatenated ML phylogenies (Fig. 2). Etheostoma maculaticeps is
consistently resolved as the sister lineage of all other species in the
Etheostoma nigrum complex. However, species tree relationships within
the E. nigrum clade differ significantly from the ML trees (Fig. 2D). The
Red River and Paint Rock River lineages are poorly supported as sister
taxa in a clade with the widespread Mobile and Mississippi basin
E. nigrum clade (Fig. 2D). Etheostoma susanae resolves in a clade with the
remaining E. nigrum, including those from the Kentucky and upper
Cumberland rivers (Fig. 2D). The second most common posterior tree
topology resolves Paint Rock E. nigrum sister to the Mobile and Mis-
sissippi E. nigrum lineage (Fig. S9). All E. nigrum lineages originate in the
mid-late Pliocene or early Pleistocene, approximately 2.5-3.5 Ma.

Relationships within the Etheostoma olmstedi clade inferred by spe-
cies tree analyses also differ from the ML phylogenies. The Appomattox
River and upper James River lineages are not resolved as sister lineages
in the species trees (Fig. 2D, E, Fig. S10), though this relationship is
frequently observed in the posterior tree distribution (Fig. S9).
Depending on taxon sampling, Etheostoma vexillare is strongly supported
as sister to the coastal, northern E. olmstedi lineage (Fig. 2E, Fig. S10B) or
sister to the coastal, northern lineage and the CRTN lineage (Fig. S10A).
The upper Roanoke and CRTN lineages are strongly supported as sister
when both are included in the species tree analysis (Fig. 2E). However,
when the CRTN lineage is excluded, the upper Roanoke lineage resolves
with moderate support as sister to E. nigrum (Fig. S10B). The upper
James River lineage, Appomattox River lineage, and E. vexillare
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originate from the mid Pliocene to the early Pleistocene (Fig. 2E,
Fig. S10). In contrast, the divergence time of the upper Roanoke lineage
varies from early Pliocene to mid Pleistocene depending on taxon
sampling (Fig. 2E, Fig. S10).

3.3. Population genetic structure

Model selection identifies 16-31 distinct genetic clusters as optimal
to explain genetic variation within the Etheostoma nigrum species com-
plex (Fig. S11). At K = 4, all population genetic methods identify the
same four genetic clusters (Fig. 2C) which correspond to the three major
clades (Fig. 2A) plus a cluster in the upper Roanoke River. To aid
interpretation of population structure, we examine genetic clustering
results independently for each clade, grouping upper Roanoke River
populations with the Etheostoma olmstedi clade. In addition, we examine
genetic clustering results for a dataset consisting of all populations on
the Atlantic coast (the E. olmstedi and E. maculaticeps clades). For most
datasets, TESS3R identifies the largest optimal K value, while K-means
clustering identifies the lowest optimal K value (Fig. S11). The optimal K
value is thus strongly influenced by the choice of method and model
comparison. For our assessment of population structure within the
Etheostoma nigrum species complex, we discuss results for a range of K
values but focus on the smallest optimal K value identified across each
set of analyses for detailed interpretation.

3.3.1. Etheostoma nigrum population structure

LEA, TESS3R, and K-means clustering identify 12, 15, and 11 clus-
ters, respectively as optimal to explain the genetic variation within the
Etheostoma nigrum clade (Fig. S11). For LEA and K-means clustering, a
large range of K values result in similar cross-entropy or BIC scores. All
three analyses identify similar genetic clusters up to K = 4 (Fig. S12).
There is some correspondence between phylogenetic clades and genetic
clusters. For example, at K = 4, one genetic cluster corresponds to the
upper Cumberland River and Kentucky River clade, another cluster
matches the upper Ohio River clade, while the remaining two genetic
clusters comprise the widespread Mobile and Mississippi clade (Fig. S12,
S3). Above K = 4, clustering methods identify slightly different groups.
For instance, each method identifies six similar clusters at K = 11: an
upper Mississippi and Missouri River cluster (cluster 1, Fig. 3A), a lower
Mississippi River cluster (cluster 2, Fig. 3A), an upper Kentucky River
and Cumberland River cluster (cluster 3, Fig. 3A), a cluster corre-
sponding to E. susanae (cluster 4, Fig. 3A), a cluster in the lower Ten-
nessee River (cluster 5, Fig. 3A), and a Mobile River and Ouachita River
cluster (cluster 6, Fig. 3A). However, LEA and TESS3R identify the Paint
Rock River as a distinct cluster (cluster 7, Fig. 3A), while TESS3R and
DAPC identify a cluster in the lower Ohio River (cluster 10, Fig. 3A).
Overall, clustering results identify more E. nigrum genetic structure in
the south, with many small pockets of distinct genetic ancestry.

3.3.2. Etheostoma maculaticeps populations structure

Analyses of the Etheostoma maculaticeps clade reveal less population
structure than the E. nigrum or E. olmstedi clade. Model selection with
LEA, TESS3R, and K-means clustering identifies 6, 45, or 4 clusters as
optimal to describe the genetic variation (Fig. S11). All three methods
identify similar genetic clusters up to K = 6, although K-means clus-
tering generally has higher individual assignment probabilities
(Fig. 3B). At K = 4, we identify four genetic clusters that match clades in
the ddRAD phylogenies (Fig. S5): the Cape Fear River basin (cluster 1,
Fig. 3B) the upper Pee Dee and New rivers (cluster 2, Fig. 3B), the lower
Pee Dee River, Waccamaw River, and Lake Waccamaw (cluster 3,
Fig. 3B), and the Santee, Savannah, Altamaha, and St. Johns rivers
(cluster 4, Fig. 3B). Despite its geographic isolation, the Florida popu-
lation in the St. Johns River does not form a distinct genetic cluster
(Fig. 3B). Although we sampled four populations in the Waccamaw
River, including one population only 20 km downstream of Lake Wac-
camaw, E. perlongum from Lake Waccamaw was identified as a distinct
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genetic cluster in some analyses (Fig. S13).

3.3.3. Etheostoma olmstedi population structure

Despite having a smaller range size than Etheostoma nigrum, we
detect a similarly high degree of genetic structure in the E. olmstedi
clade. LEA, TESS3R, and K-means clustering model selection infer 19,
36, and 9 clusters to optimally describe genetic variation in the Etheos-
toma olmstedi clade (Fig. S11). Up to K = 5, all methods produce
consistent clustering results (Fig. S14). At K = 9, genetic structure is also
consistent across methods with one exception. LEA identifies two ge-
netic clusters in the James River (clusters 7 and 9, Fig. 3C), while
TESS3R and DAPC identify a cluster restricted to the Appomattox River
(cluster 9, Fig. 3C). Like the E. nigrum clade, there is substantially more
genetic structure in southern populations of E. olmstedi. Populations of
Etheostoma olmstedi from the Virginia coastal plain north to Ontario are
comprised of only two genetic clusters (clusters 1 and 2, Fig. 3C). The
remaining seven genetic clusters occur in rivers of Virginia and North
Carolina, described in detail below.

Atlantic Seaboard Population Structure — The Etheostoma olmstedi
and Etheostoma maculaticeps clades occupy coastal plain rivers of the
Atlantic Seaboard that share many freshwater connections. Population
structure analyses with LEA, TESS3R, and K-means reveal 25, 32, and 12
clusters as optimal to describe genetic variation within these clades
(Fig. S11). At K = 12, three of the genetic clusters are restricted to the
Etheostoma maculaticeps clade (Fig. 4A, Fig. S15) and are identical to
genetic structure inferred when analyzing E. maculaticeps alone
(Fig. S13). Likewise, the remaining nine genetic clusters of the Etheos-
toma olmstedi clade (Fig. 4A) are identical to genetic structure inferred
when analyzing E. olmstedi alone (Fig. 3). Signals of admixture are weak
and inconsistent between the Etheostoma maculaticeps and Etheostoma
olmstedi clades despite their abutting ranges. One noteworthy exception
is the single E. maculaticeps specimen sampled from the upper Cape Fear
River, which has approximately 50 % ancestry derived from E. olmstedi
(“EmacFG_FEAR_NC”, Fig. S15).

Several genetic clusters within the Etheostoma olmstedi clade are
delimited by the Fall Line, the boundary between the Coastal Plain and
the Piedmont geologic provinces. The Rappahannock River upstream of
the Fall Line (E. vexillare) is comprised of a single genetic cluster with no
admixture (Fig. 4B). Our analyses detect some admixture from
E. vexillare in Rappahannock populations downstream of the Fall Line
(Fig. 4C). One individual from a locality just downstream of the Fall Line
has approximately 60 % ancestry derived from the E. vexillare genetic
cluster (“EolmUF_RAPP_VA”, Fig. 4C). Similarly, populations in the
James River and Appomattox River upstream of the Fall Line form
distinct genetic clusters, but with little downstream admixture (Fig. 4B).
Surprisingly, the York River exhibits no such genetic break at the Fall
Line (Fig. 4B).

The Chowan, Roanoke, Tar, and Neuse (CRTN) river basins contain
four genetic clusters (Fig. 4B). However, unlike populations in the
Rappahannock, James, and Appomattox, CRTN genetic clusters are not
delimited by the Fall Line. Three genetic clusters in the Chowan River
and Roanoke River basins exhibit clinal variation from upstream to
downstream with no hard breakpoints (Fig. 4B). The fourth genetic
cluster is largely restricted to the Tar and Neuse basins. In some CRTN
populations, LEA and TESS3R detect admixture derived from the
widespread coastal and northern Etheostoma olmstedi genetic clusters
(Fig. 4B, Fig. S15). These admixed populations are limited to the Tar,
Neuse, and Chowan basins, plus the middle and lower reaches of the
Roanoke River. Populations in the Roanoke River upstream of the Fall
Line exhibit little or no admixture with the northern E. olmstedi genetic
clusters (Fig. 4B, Fig. S15).

3.4. Tree-based migration estimation

We used TreeMix to examine signals of gene flow in 100 random sets
of 10,871 unlinked SNPs, retaining migration edges detected in greater
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Fig. 3. Population structure for each clade in the Etheostoma nigrum species complex. Geographic interpolation of ancestry coefficients (LEA and TESS3R) or
assignment probabilities (DAPC) for a) the E. nigrum clade, b) the E. maculaticeps clade, and c) the E. olmstedi clade. Each clade displays the number of genetic clusters
(K) with the lowest BIC score from K-mean clustering (Fig. S10). Genetic clusters are labeled on each map. For the LEA and DAPC analyses of the E. nigrum clade, no
individuals were strongly assigned to the 11th genetic cluster. Sampling localities are marked on each map.
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Fig. 4. Population structure for the Etheostoma olmstedi and E. maculaticeps along the Atlantic Seaboard. a) Geographic interpolation of LEA ancestry coefficients for
12 genetic clusters. b) Small white points indicate sampling localities. Pie charts display ancestry coefficients averaged across all individuals at each locality. c) Bars

represent individual ancestry coefficients within the Rappahannock River basin.

than 20 % of SNP subsets. TreeMix likelihood scores plateau for analyses
with more than four migration edges (Fig. S16A) and the same four
migration edges are consistently detected in >75 % of SNP subsets
(Fig. S16B). Across all analyses with more than four migration edges, no
other migration edge is supported by more than 50 % of SNP subsets
(Fig. S16B). Therefore, we focus on the TreeMix analyses with four
allowed migration edges. With four migration edges, the bifurcating
TreeMix topology is nearly identical the ML phylogenies (Fig. 2, Fig. S1)
except for the upper Roanoke River Etheostoma olmstedi lineage, which is
resolved as sister to the Etheostoma nigrum clade (Fig. 5A), a result also
observed in some species tree analyses (Fig. S10B).

All SNP subsets identify a migration edge from Etheostoma susanae to
the upper Kentucky River and Cumberland River populations of
E. nigrum (Fig. 5A,B). This edge has a mean migration weight of 0.20
(Fig. 5C), indicating that about 20 % of E. nigrum genomic ancestry in
the upper Kentucky and Cumberland rivers is derived from gene flow
with E. susanae (Fig. 5A). There is considerable variance in the estimated
migration weight for this edge (sd = 0.05) compared to the other three
migration edges (sd = 0.007, 0.005, and 0.007). The spatial extent of
E. susanae gene flow is limited; TreeMix does not detect gene flow from
E. susanae to E. nigrum populations further downstream in the Kentucky
River or Ohio River basins (Fig. S16B).

The next three strongest signals of gene flow involve lineages on the
Atlantic Seaboard. 98 % of SNP subsets identify a migration edge from
the upper Roanoke Etheostoma olmstedi lineage into the geographically
adjacent upper James E. olmstedi lineage with a mean migration weight
of 0.10 (Fig. 5). 97 % of SNP subsets also identify a migration edge from

the upper Roanoke E. olmstedi lineage into the Chowan, lower Roanoke,
Tar, and Neuse (CRTN) lineage with a migration weight of 0.24 (Fig. 5).
91 % of SNPs subsets identify a final migration edge from E. maculaticeps
into the CRTN lineage with a migration weight of 0.08 (Fig. 5). Although
we observe mtDNA introgression within the western New York contact
zone between E. olmstedi and E. olmstedi, TreeMix analyses do not infer a
migration edge between these lineages (Fig. S16B).

4. Discussion

Phylogenetic and population structure analyses uncover an intricate
history of geographic isolation and secondary contact in the Etheostoma
nigrum species complex. Our results provide a robust phylogenetic hy-
pothesis of relationships within this group. We reveal that the Etheos-
toma nigrum complex is a microcosm of the pervasive pattern of
allopatric speciation observed in darters and other clades of freshwater
fishes (Near et al. 2011, Seehausen and Wagner 2014). We highlight
unrecognized species-level diversity, both validating and revising the
taxonomy of species within the Etheostoma nigrum complex. This study
illustrates the power of genomic data to decipher tangled evolutionary
histories at the species boundary.

4.1. A revived southern species: Etheostoma maculaticeps

Current taxonomy recognizes four species within the Etheostoma
nigrum complex: E. nigrum Rafinesque, E. olmstedi Storer, E. susanae
(Jordan), and E. perlongum (Hubbs and Raney). Etheostoma nigrum and
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Fig. 5. TreeMix estimation of gene flow with four allowed migration edges. a) TreeMix network topology. Numbers represent the proportion of SNP subsets that
inferred the given clade. Branch lengths are proportional to the TreeMix drift parameter. Arrows indicate inferred migration edges. b) Proportion of 100 SNP subsets
that infer each migration edge. c¢) Distribution of migration weights inferred by 100 SNP subsets for each migration edge.

E. olmstedi are widespread and largely isolated on opposite sides of the
Appalachian Mountains (Fig. 1). However, phylogenetic analyses of
mtDNA and ddRAD data reveal that E. olmstedi is not monophyletic. All
populations of E. olmstedi south of the Neuse River basin resolve as the
sister clade of northern E. olmstedi plus E. nigrum (Fig. 2).

The southern Etheostoma olmstedi clade did not escape the notice of
earlier taxonomists. Cope (1870) described Boleosoma maculaticeps from
the Catawba River in North Carolina as a distinct species largely based
on the presence of two anal fin spines, compared to Etheostoma olmstedi
which has only a single anal fin spine. Boleosoma maculaticeps was later
treated as a subspecies (Jordan 1888). However, Cole (1957) also found
that 77 % of individuals (n = 1,206) from southern populations (E. o.
maculaticeps) had two anal fin spines while 91 % of northern E. olmstedi
individuals had one anal fin spine (n = 2,752). Other meristic trait
distributions largely overlap between the two species (Cole 1957, 1967).
Additional phenotypic differences remain unstudied, particularly male
breeding pigmentation patterns. Based on the genetic distinctiveness of
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southern E. olmstedi populations and the diagnostic character of two anal
fin spines, we treat Etheostoma maculaticeps (Cope) as a distinct species
in the darter clade Boleosoma.

There is little evidence of contemporary admixture between Etheos-
toma olmstedi and E. maculaticeps; however, we found one E. maculaticeps
specimen from the upper Cape Fear River that exhibits admixed ancestry
suggestive of gene flow with E. olmstedi. Populations of E. maculaticeps in
the upper Cape Fear River are morphologically similar to E. olmstedi,
including an interrupted infraorbital canal (Cole 1957, 1967, 1971). In
addition, TreeMix analyses identify a minor signal of gene flow from
E. maculaticeps to E. olmstedi populations in the Chowan, lower Roanoke,
Tar, and Neuse rivers, which we discuss in detail below. Further genetic
and morphological investigation of wupper Cape Fear River
E. maculaticeps is needed to explore the possibility of introgression with
E. olmstedi.

Unlike Etheostoma nigrum and E. olmstedi, we find no evidence of
widespread secondary contact between E. maculaticeps and E. olmstedi
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even though these taxa occupy coastal rivers that are connected during
flooding and periods of low sea level (Cole 1967; Zorach 1971). Indeed,
the Cape Fear-Neuse drainage divide is a biogeographic dispersal barrier
for many taxa with disparate ecologies (Hocutt et al. 1986, Engle and
Summers 1999). The geologic history of the region may explain this
biogeographic boundary. The Cape Fear arch is an area of uplift roughly
centered along the Cape Fear-Neuse divide and extending onto the
continental shelf (Markewich 1985; Wheeler 2006; Van De Plassche
et al. 2014), with recent uplift starting in the mid-Pliocene (Harris et al.
1979, Hack 1982; Markewich 1985). Piedmont rivers on either side of
the Cape Fear arch differ in gradient, shape, direction, and paleo-
drainage connections due to underlying geologic formations (Hack
1982, Baum et al. 1979). Recent uplift caused downcutting and deeper
incision of the Cape Fear River during the late Cenozoic, likely reducing
opportunities for inter-basin dispersal via stream capture or flooding
events (Markewich 1985). We hypothesize that uplift along the Cape
Fear arch created a strong geographic dispersal barrier preventing
widespread secondary contact and gene flow between E. olmstedi and
E. maculaticeps.

4.2. Comments on the Lake Waccamaw Endemic, Etheostoma perlongum

Etheostoma perlongum, endemic to Lake Waccamaw, North Carolina,
has a more elongate body, more vertebrae, and more lateral line scales
than E. maculaticeps (Hubbs and Raney 1946; Krabbenhoft et al. 2009).
The streamlined morphology of E. perlongum is hypothesized to be an
adaptive response to higher predation pressure in an open lake envi-
ronment (Hubbs and Raney 1946), making E. perlongum the only known
case of lacustrine ecological speciation within darters. We find that
E. perlongum is phylogenetically nested within E. maculaticeps and most
closely related to E. maculaticeps from the Waccamaw River (Fig. S5).
Although we sampled several localities in the Waccamaw River,
Etheostoma perlongum from Lake Waccamaw forms a distinct genetic
cluster in population structure analyses at higher K values (Fig. S13).
This genetic differentiation is remarkable considering that Lake Wac-
camaw formed only 15,000-32,000 years ago (Stager and Cahoon
1987). It is unlikely that genetic differentiation would be observed over
such a small spatial scale if gene flow is unrestricted between Lake
Waccamaw and the Waccamaw River. Rapid lacustrine speciation is
common in fishes, exemplified by the 500-1,000 cichlid species endemic
to Lake Victoria that diversified in the past 14,600 years (Seehausen
2006). We consider E. perlongum a distinct species and suggest thorough
genomic sampling of the Waccamaw basin will uncover the evolutionary
history of this unusual lineage.

4.3. Undescribed biodiversity at the range periphery of Etheostoma
nigrum

There are many peripheral, geographically isolated populations in
the Etheostoma nigrum species complex. However, geographic isolation is
not always indicative of evolutionary distinctiveness. For example, the
St. Johns River in Florida contains a disjunct population of
E. maculaticeps separated by about 270 km from the closest populations
in Georgia. Likewise, the Platte River basin in Colorado and Wyoming
contains isolated populations of E. nigrum that are about 400 km up-
stream of the closest populations in Kansas and Nebraska. Despite their
geographic isolation, neither of these populations are genetically
distinct (Fig. S3).

However, in some cases, peripheral isolation does lead to evolu-
tionary divergence. We observe a striking pattern in the Etheostoma
nigrum clade: the three earliest diverging lineages are all peripheral
isolates. The oldest lineages in ddRAD and mtDNA phylogenies are
found in the Red River and Paint Rock River at range periphery of
E. nigrum (Fig. 2, Fig. S2). Species tree inference suggests that the Paint
Rock River and Red River lineages originated in the late Pliocene, ~2.6
Ma (Fig. 2D). Mitochondrial DNA introgression is common in darters
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(Near et al. 2011), so persistence of old mtDNA lineages unique to the
Paint Rock River and Red River suggests a lack of gene flow with other
E. nigrum populations. However, one E. nigrum individual from the upper
Ouachita River resolves as sister to the Red River lineage in the ddRAD
phylogenies (“EngrBK_OCHI_AR”, Fig. S3). Although the Ouachita River
basin is adjacent to the Red River basin, they only share a freshwater
connection far downstream near the Mississippi River delta. We hy-
pothesize that there was historical gene flow from the isolated Red River
lineage into upper Ouachita River E. nigrum populations through a
paleodrainage connection (Matthews and Robison 1982; Mayden 1985).

The Red River and Paint Rock River E. nigrum lineages may represent
distinct and morphologically cryptic species, but a thorough analysis of
phenotypic variation is necessary. Unfortunately, there has been no
morphological study of E. nigrum that included specimens from the Paint
Rock River. Individuals from the Red River basin were included in an
unpublished master’s thesis, but no diagnostic morphological charac-
teristics were identified (Krotzer 1990).

4.4. Etheostoma susanae genetic divergence and gene flow

Etheostoma susanae is endemic to the Cumberland River upstream of
the Cumberland Falls, a significant dispersal barrier. Etheostoma nigrum
is largely absent downstream of the Cumberland Falls, with only a
handful of confirmed records despite intensive sampling throughout the
river basin (Etnier and Starnes 1993). Our study does not include
specimens from these rare populations. Previous studies of darter
mtDNA haplotypes suggested a close relationship between E. susanae
and upper Kentucky River E. nigrum (Strange 1998; Heckman et al.
2009). Additionally, Strange (1998) found a population of E. nigrum in
the Poor Fork of the upper Cumberland River that was thought to be
occupied exclusively by E. susanae. Our comprehensive mtDNA sam-
pling confirms these earlier results and resolves E. susanae sister to upper
Kentucky and Cumberland River E. nigrum (Fig. S4). Etheostoma nigrum
has expanded further downstream in the Cumberland River than pre-
viously suspected.. We identified an E. nigrum specimen (EngrEK -
POFK_KY, YPM ICH.027390) from a locality 22 km downstream of the
original Poor Fork locality reported in Strange (1998).

In the mtDNA gene tree, a clade comprising Etheostoma nigrum
populations from the upper Kentucky and Cumberland rivers and
E. susanae is resolved as the sister lineage of all other E. nigrum except for
the Paint Rock River and Red River lineages (Fig. S4). In contrast, ML
ddRAD analyses resolve E. susanae as the sister lineage of all other
populations of E. nigrum except for the Red River and Paint Rock River
(Fig. 2, Fig. S3), while populations from the upper Kentucky and Cum-
berland rivers are nested within E. nigrum and most closely related to
populations in the Ohio River basin (clade 4, Fig. S3). Species tree
inference supports a different topology but still resolves upper Kentucky
and Cumberland populations as the sister lineage of populations in the
Ohio River basin (Fig. 2D). Thus, it appears there is complete replace-
ment of E. nigrum mtDNA haplotypes in the upper Kentucky and Cum-
berland rivers with E. susanae mtDNA haplotypes. This mtDNA
introgression is likely not recent, considering there is 1.9 % sequence
divergence between upper Kentucky River and Cumberland River
E. nigrum haplotypes and E. susanae haplotypes. There are no E. susanae
mtDNA haplotypes in E. nigrum populations further downstream in the
Kentucky River, indicating that historical mtDNA introgression was
spatially limited (Fig. S4).

Previous biogeographic studies hypothesized that headwater ex-
change explains the shared fauna of the upper Cumberland River and
Kentucky River systems (Kuehne and Bailey 1961; Jenkins et al. 1972;
Starnes and Starnes 1978, 1979). For instance, the darter species
Etheosoma baileyi is restricted to the upper Cumberland and Kentucky
basins, while the darter sister species pair E. sagitta and E. spilotum are
separated in the upper Cumberland and upper Kentucky basins (Kuehne
and Bailey 1961; Near et al. 2011). Our analyses strongly support this
hypothesized headwater connection. In addition to the mtDNA
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introgression, TreeMix analyses reveal that about 20 % of E. nigrum
genomic ancestry in the upper Kentucky and Cumberland rivers derives
from gene flow with E. susanae (Fig. 5). This gene flow may have also
produced morphological intergradation between E. susanae and upper
Kentucky River E. nigrum (Starnes and Starnes 1979).

Etheostoma susanae has a contentious taxonomic history (Starnes and
Starnes 1979; O’Bara 1991; Strange 1998). Morphological differences
thought to distinguish E. susanae from E. nigrum include an interrupted
preoperculomandibular (POM) canal, lack of scales on the nape, oper-
culum, and midbelly, and an interrupted preorbital stripe of dark
pigmentation (Jordan and Swain 1883; Starnes and Starnes 1979).
However, many E. nigrum populations show variation in the degree of
squamation, and other E. nigrum populations also exhibit interrupted
POM canals (Underhill 1963; Cole 1971; Krotzer 1990). Pigmentation
differences remain the only reliable diagnostic character. Our analyses
reveal that E. susanae is a deeply divergent lineage that originated in the
late Pliocene (Fig. 2D), validating the continued recognition of
E. susanae as a distinct species. Etheostoma susanae is listed as endan-
gered under the United States Endangered Species Act and has experi-
enced dramatic population declines due to habitat degradation from
regional mining operations (Starnes and Starnes 1979; O’Bara 1991;
Strange 1998). Range expansion of E. nigrum in the Poor Fork of the
Cumberland River could facilitate additional gene flow between these
lineages and poses a threat to E. susanae, highlighting the need for a
detailed population-level study to inform conservation action.

4.5. Atlantic Fall Line biogeography

The Atlantic Fall Line marks the boundary between the Coastal Plain
and the Piedmont physiographic provinces and is spanned by many
parallel rivers flowing from mountain headwaters to the Atlantic Ocean.
The Coastal Plain is a low gradient, low elevation region with deep
sedimentary formations (Fenneman 1914, Fenneman 1938) and slug-
gish, marshy rivers that often have low pH blackwater conditions
(Jenkins and Burkhead 1993). In contrast, the Piedmont region com-
prises an eroded portion of the Appalachian Mountains (Fenneman
1914, 1938) with variable freshwater habitats, ranging from slow, sandy
streams near the Fall Line to moderate-gradient, rocky streams further
inland (Jenkins and Burkhead 1993). The Fall Line itself is a distinct
geologic feature where metamorphic Piedmont bedrock increases in
slope, resulting in a series of waterfalls or rapids when rivers cross the
boundary (Renner 1927; Carlston 1969).

Uplift of the Piedmont combined with regular inundation of the
Coastal Plain throughout the Cenozoic make the Fall Line an important
biogeographic feature. Indeed, many organisms have distributions
influenced by the Fall Line, including turtles (Tinkle 1959), salamanders
(Pauly et al. 2007; Beamer and Lamb 2008), trees (Shankman and Hart
2007), and freshwater fishes (Collette 1962; Williams and Robins 1970;
Lang and Echelle 2011). Many freshwater fish distributions span the Fall
Line, and it is suggested to play a role in population structure of
Micropterus cataractae (Taylor et al. 2018) and Gambusia holbrooki
(Hernandez-Martich and Smith 1997). However, there has been no
range-wide assessment of genomic variation for a species distributed
above and below the Fall Line.

Etheostoma olmstedi presents an ideal system to study the biogeo-
graphic role of the Fall Line. Our analyses reveal that populations up-
stream of the Fall Line in the James River, Appomattox River, and
Rappahannock River comprise the three earliest diverging lineages in
the Etheostoma olmstedi clade (Fig. 2). Population structure analyses
identify a genetic break at the Fall Line in these river basins with evi-
dence of downstream gene flow across the Fall Line in only the Rappa-
hannock River (Fig. 3). A fourth early diverging lineage of E. olmstedi
straddles the Fall Line in the Chowan, Roanoke, Tar, and Neuse basins
(Fig. 2). Some populations in the Chowan, lower Roanoke, Tar, and
Neuse (CRTN) basins are admixed with the coastal, northern E. olmstedi
clade (Fig. 3). Species tree and TreeMix analyses also infer a close
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phylogenetic relationship between the CRTN populations and coastal,
northern E. olmstedi (Fig. 5, Fig. S10B). However, Roanoke River pop-
ulations above the Fall Line are genetically distinct and are not admixed
with coastal, northern E. olmstedi, though there is a strong signal of
downstream gene flow from the upper Roanoke lineage into other CRTN
populations (Fig. 5). In some analyses, the upper Roanoke lineage re-
solves as sister to the E. nigrum clade (Fig. S10B). There is a weak signal
of gene flow from the upper Roanoke lineage into the upper James
lineage that may indicate historical stream capture between these basins
(Fig. 5).

When admixed CRTN populations are excluded, time-calibrated
species tree analyses infer that the upper Roanoke (4.3 Ma), James
(3.7 Ma), Appomattox (3.4 Ma), and Rappahannock (2.6 Ma) lineages all
originated in the mid to late Pliocene (Fig. S10B). The mid-Pliocene
(2.9-3.3 Ma) is notable for considerably warmer global temperatures
(Raymo et al. 1996) that were accompanied by elevated sea levels,
extending the shoreline as far inland as the Fall Line (Dowsett and
Cronin 1990; Miller et al. 2005, 2012; Krantz 1991; Kominz et al. 2008;
Rovere et al. 2015). We hypothesize that Pliocene inundation provided
conditions for the initial allopatric isolation and subsequent divergence
of E. olmstedi lineages above the Fall Line.

The Coastal Plain was reopened to colonization by freshwater species
after sea levels receded during the early Pleistocene. While the upper
James and Appomattox lineages evidently remained isolated upstream
of the Fall Line, there are signals of downstream gene flow from the
upper Rappahannock and upper Roanoke lineages into the Coastal Plain.
We hypothesize that the Rappahannock River contains an active hybrid
zone, discussed in detail below. However, gene flow in the Roanoke
River basin is more complex. Populations in the CRTN basins have
ancestry derived from upper Roanoke E. olmstedi and coastal, northern
E. olmstedi. Additionally, TreeMix detects a minor signal of gene flow
from E. maculaticeps into the CRTN populations (Fig. 5). We hypothesize
that the CRTN basins were colonized from three different directions
when sea levels fell in the Pleistocene, producing admixed populations
that may represent the remnants of an old hybrid swarm.

4.6. Unrecognized species diversity within Etheostoma olmstedi

Deep divergence time estimates suggest the four Fall Line lineages of
Etheostoma olmstedi are distinct species (Fig. 2E). Populations in the
upper Rappahannock River are inconsistently treated as a subspecies
E. olmstedi vexillare (Jordan 1880; Cole 1957; Page 1983; Near et al.
2011). Cole (1967) noted the presence of morphological intermediacy
between E. o. vexillare and E. olmstedi from the upper Pamunkey River of
the York River basin. While we included samples from the Pamunkey
River above the Fall Line, these individuals are not closely related to E. o.
vexillare in the molecular phylogenetic analyses (Fig S7). However, in
the Rappahannock River just below the Fall Line there is evidence for
secondary contact between E. olmstedi and E. o. vexillare, with genetic
admixture (Fig. 4C) and morphological intermediacy (Cole 1967).
Unidirectional downstream gene flow is limited to the Rappahannock
River system (Fig. 4B,C) and Cole (1967) detected only a single
morphologically intermediate individual out of 50 specimens from just
downstream of the Fall Line. Based on our genetic analyses and the
morphological distinctiveness described by Cole (1967), we treat
Etheostoma vexillare (Jordan) as a distinct species.

Populations of Etheostoma olmstedi in the upper James and Appo-
mattox Rivers are genetically distinct with no evidence of secondary
contact or gene flow downstream of the Fall Line (Fig. 4B). In contrast,
populations in the upper Roanoke River exhibit extensive downstream
gene flow into populations of the Chowan, lower Roanoke, Tar, and
Neuse (CRTN) rivers (Fig. 4B). These three lineages have a complex
taxonomic history. Cole (1957) described minor morphological differ-
ences and suggested subspecies status for the lineages above the Fall
Line, but later considered them to be only “racially distinct” members of
E. nigrum due to the supposedly diagnostic trait of interrupted
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infraorbital canals (Cole 1971). While the infraorbital canal is con-
istently interrupted in E. nigrum, other cephalic canals show consider-
able geographic variation in completeness (Krotzer 1990). Additionally,
presence of a complete infraorbital canal is not a fixed character in
E. olmstedi, with 13 % of individuals from a range-wide sample exhib-
iting an incomplete canal (n = 1,459) (Cole 1957). Therefore, features of
the cephalic canal system are not reliable morphological characters to
diagnose species of the Etheostoma nigrum complex.

Instead, we hypothesize that Etheostoma olmstedi lineages upstream
of the Fall Line are paedomorphic. Some features of the cephalic system
form late during development in other darter species (Collette 1962).
Etheostoma olmstedi lineages upstream of the Fall Line generally attain
smaller maximum body size and reduced numbers of lateral line scales
compared to downstream populations, possibly indicating a truncated
developmental period in colder, higher elevation streams (Cole 1967).
Taken together, our results suggest that these lineages above the Fall
Line are distinct species, neither E. nigrum nor E. olmstedi. A detailed re-
evaluation of the morphology of these lineages is needed, but we suggest
that the upper James River, Appomattox River, and upper Roanoke
River lineages are distinct and undescribed species.

5. Conclusions

We present a range-wide investigation of genomic variation in a
geographically widespread and taxonomically complex group of fresh-
water fishes. Our results show that high levels of genetic structure pre-
dispose the Etheostoma nigrum species complex to allopatric speciation.
This genetic structure includes unrecognized species-level biodiversity,
namely 1) E. maculaticeps ranging along the Atlantic Coast from North
Carolina to Florida, 2) several peripherally isolated E. nigrum lineages
including E. susanae and two new putative species in the Red River and
Paint Rock River, and 3) three old E. olmstedi lineages and E. vexillare in
Virginia and North Carolina that have diverged in parallel upstream of
the Fall Line. Divergence time estimates for these four Fall Line lineages
suggest that Pliocene uplift and inundation along the Atlantic slope
provided a geologic mechanism for initial geographic isolation and
subsequent genetic differentiation. Lastly, despite a widespread contact
zone, introgression between E. nigrum and E. olmstedi is limited to the
Lake Ontario basin in western New York. Patterns of allopatry and
secondary contact within the Etheostoma nigrum species complex provide
a window into the process of speciation in darters and other lineages of
freshwater fishes.
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