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Abstract

Species with highly restricted geographic distributions are key components of biodiversity hotspots. In southeastern North America, a global
hotspot of temperate freshwater biodiversity, such microendemic distributions exhibited by freshwater fishes have been attributed to geographic
isolation related to spatial shifts in suitable habitat associated with climatic and geologic processes. Here, through examination of phylogenetic
relationships and analysis of abiotic characteristics of the environment, we test hypotheses for the origin of microendemism within the Holiday
Darter Etheostoma brevirostrum (Suttkus and Etnier) species complex. Phylogenomic analyses of double digest restriction-site-associated DNA
(ddRAD) sequence data find four geographically disjunct and highly diverged lineages each of which exhibit remarkably narrow geographic
distributions in the Coosa River system in Alabama, Georgia, and Tennessee, USA. We employ comparative analyses of environmental variables
to quantify the degree of ecological specialization exhibited by E. brevirostrum as compared to other darter lineages that have also diversified at
small scales within other river basins. We propose that ecological specialization to high-elevation streams underlain by metamorphic rock as well
as the presence of knickpoints, steep sections of river channels that act as barriers to dispersal between tributaries, generated opportunities for
geographic isolation and diversification in E. brevirostrum.
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Introduction ographically disjunct from that of their closest relatives
(Fast et al., 2024; Fluker et al., 2019; George et al., 2010;

Mi i f he ph h i
icroendemism refers to the phenomenon where species Hollingsworth & Near, 2009; Keck & Near, 2010; Kim &

have an extremely restricted geographic distribution or _
range much smaller than that of widespread or more Conway, 2014; Kim et al., 2023; Near & Thomas, 2015).

typical endemic species (Anderson, 1994; Kruckeberg & These species span a wide range of body sizes and ecological

Rabinowitz, 1985; Liu et al., 2024; Vences et al., 2009) guilds, from diminutive minnows (Leuciscidae) and darters
’ ’ 2 ] " " (Etheostomatinae) to large predatory black basses (Mi-

cropterus) and omnivorous suckers (Catostomidae) (Page &
Burr, 2011).

Researchers have proposed numerous links between het-
erogeneity of geologic and climatic characteristics of Earth’s
surface and the presence of microendemic species. Geo-
graphically disjunct distributions for species that require
rheophilic or relatively colder habitat conditions are often

Southeastern North America is renowned as a temperate hypothesized as relictual, representing the shifting distribu-

freshwater biodiversity hotspot (Elkins et al., 2019; Jelks 'Fion }(;f C(l)qler habitalts Fhlat w.erzzl oncle more wideskp.read dur-
1. 2008: Ki 1. 2015: Lundb 1. 2000: ing the Pleistocene glacial periods (Blanton & Jenkins, 2008;
e a’, ; Jenkins et al., ; Lundberg et ab, > Boschung & Mayden, 2004; Burr & Page, 1993; Etnier

& Starnes, 1993; Kim & Conway, 2014; Kinziger et al.,
2000; Mayden, 1988; McKeown et al., 1984; Robinson et

By their very nature, these species have small population
sizes making them particularly vulnerable to threats such
as habitat loss and climate change (Gaston, 1994; Omollo
et al., 2024; Rabinowitz, 1981). The presence of microen-
demic species is increasingly recognized as a key compo-
nent of biodiversity hotspots, and identifying and investi-
gating the origin of such distributions is critical for biodi-
versity research (Forest et al., 2007; Myers et al., 2000).

Lydeard & Mayden, 1995), harboring numerous species
of fishes with highly restricted distributions that are ge-

Received November 14, 2024; revisions received June 1, 2026; accepted June 8, 2026

Associate Editor: Catherine Linnen; Handling Editor: Héléne Morlon

© The Author(s) 2026.Published by Oxford University Press on behalf of The Society for the Study of Evolution (SSE).

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other
permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site-for further information please contact
journals.permissions@oup.com

9202 1990}20 20 UO Josn Aieiqi ajeA AQ 1.G192/8/0€02/6/08/2101ME/IN|0AS/WO0"dNO"0IWSPEDE WO} PAPEO|UMOQ


https://doi.org/10.1093/evolut/qpag123
mailto:mfstokes@fsu.edu
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com

Evolution (2026), Vol. 80, No. 9

al., 2012; Sterling et al., 2020; Wiley & Mayden, 1985;
Williams, 1968; Wood et al., 2025). The fragmentation of
rivers by topographic barriers such as waterfalls and gorges
has also been linked to endemic fish distributions in South
America and New Zealand (Dias et al., 2013; Waters et al.,
2024). Similarly, smaller-scale topographic breaks have been
linked to the development of strong population structure
within fishes of a coastal plain river system in the southeast-
ern United States (Stearman et al., 2025).

In the southern Appalachians, recent evidence suggests ge-
ographic isolation related to underlying geologic processes
may be a mechanism that drove allopatric diversification
at small geographic scales within darters (Kim et al., 2023;
Stokes et al., 2023). For example, the Etheostoma chermocki
species complex in the Black Warrior River of northern Al-
abama is comprised of six species restricted to small catch-
ments (Brownstein et al., 2025; Kim et al., 2023; Mayden &
Kuhajda, 2025). These isolated catchments flow over car-
bonate rocks and are separated from each other by river
channels situated on siliciclastic rocks (Kim et al., 2023),
suggesting that the patchy distribution of bedrock geology
may generate opportunities for within-river basin allopatric
divergence at small geographic scales. Indeed, in another
case study the distribution and diversification within the
Greenfin Darter (Nothonotus chlorobranchius) was linked
to the progressive erosion of metamorphic rock in the upper
Tennessee River (Stokes et al., 2023). Yet, it is unclear how
broadly the presence of heterogeneous geology may have af-
fected the diversification of fishes within this North Ameri-
can freshwater biodiversity hotspot.

In this study, we investigate abiotic predictors for the evo-
lution of geographically disjunct and narrow distributions
exhibited by lineages within the Holiday Darter Etheostoma
brevirostrum species complex which consists of five mi-
croendemic and geographically disjunct populations in the
upper Coosa River system in the Mobile River Basin in
Georgia, Alabama, and Tennessee, USA (Suttkus & Etnier,
1991). Specifically, the lineages of the complex are found
in the Choccolocco-Shoal Creek system of Alabama, the
Conasauga River system in Georgia and Tennessee, and
the Coosawattee River, the upper Etowah River, and the
Amicalola Creek systems in Georgia (Figure 1). Each of
the disjunct lineages has a remarkably narrow geographic
distribution, occupying a less than approximately 30-km
stretch of stream habitat flowing over various types of
bedrock geology that differ in chemical and physical prop-
erties (Figure 2A-D) (Hatcher, 2007; Tull et al., 2023).

The uneven spatial distribution of habitat associated with
different rock types in the Coosa River could cause geo-
graphic disjunction within E. brevirostrum in different ways.
First, each isolated lineage may be specialized to distinct
habitat conditions, which would suggest the role of adap-
tive evolution. Alternatively, each lineage may occupy a sim-
ilar ecological niche representing allopatric isolation and
nonadaptive evolution. Physical barriers could also explain
the presence of disjunct, narrow distributions within the
Etheostoma brevirostrum complex. For example, the head-
waters of the major Coosa River tributaries are separated
by knickpoints, which are steep river sections that could act
as physical barriers to dispersal between lineages (Figure 2C
and D). On a contemporary timescale, impoundments con-
structed in the 20th century upstream of Great Smoky Fault
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in the Coosawattee and Etowah Rivers likely impede disper-
sal between lineages (Figures 1 and 2) (Fast et al., 2024).

We investigate the origin of microendemism within the
Etheostoma brevirostrum species complex through phy-
logenomic analyses using a double digest restriction-site-
associated DNA (ddRAD) sequencing dataset. We find that
there are four highly diverged lineages, each of which ex-
hibits a microendemic and disjunct geographic distribution.
We also analyzed environmental variables and topography
to determine whether abiotic features correlate with the
species distributions. We find that ecological specialization
to the upland environment and the presence of fluvial bar-
riers between tributaries played important roles in the di-
versification of lineages that comprise the Etheostoma bre-
virostrum complex. We then compared the degree of eco-
logical specialization of the Etheostoma brevirostrum com-
plex to that exhibited by two other rock-type specialists, the
Etheostoma chermocki complex (Kim et al., 2023) and N.
chlorobranchius (Stokes et al., 2023). Our results indicate
that for darters, ecological specialization is often a prereq-
uisite for within-basin geographic isolation and allopatric
lineage divergence.

Materials and methods

Specimen sampling and ddRAD data collection and
assembly

We sampled 63 specimens of the Etheostoma brevirostrum
complex throughout their geographic ranges (Figure 1 and
Supplementary Table S1). Following previous phylogenetic
hypotheses (Kim et al., 2023; MacGuigan & Near, 2019;
Near & Keck, 2013; Near et al., 2011), we sampled sev-
eral closely related species as outgroup taxa for molecular
analyses: Etheostoma atripinne, E. bellator, E. chermocki, E.
colorosum, E. coosae, E. etnieri, E. lachneri, E. ramseyi, E.
simoterum, E. tallapoosae, and E. zonistium (Supplementary
Table S1). Our specimen sampling was conducted with ap-
propriate collecting permits. Specimens were collected using
a seine, euthanized using MS-222, and the right-side pec-
toral fin was removed to provide tissue for DNA extrac-
tion. Fin-clips were stored in 100% non-denatured ethanol
and the whole-body specimens were fixed in 10% forma-
lin before being transferred to 75% ethanol for long-term
preservation. Fin-clips and voucher specimens were cata-
loged and deposited at the Yale Fish Tissue Collection and
Yale Peabody Museum, respectively. All handling of animals
and experimental protocols were approved by Yale Univer-
sity IACUC (No. 2015-10681;2018-10681; 2021-10681).
The preparation of ddRAD libraries followed protocols
outlined in Peterson et al. (2012), using Pstl/Mspl restric-
tion enzymes. The details of genomic DNA extraction and
ddRAD library preparation are described in Kim et al.
(2022). DNA fragments were sequenced using single-read
sequencing on a NovaSeq 6000 at University of Oregon’s
Genomics & Cell Characterization Core Facility (http:/
gc3f.uoregon.edu). The demultiplexed reads were analyzed
with ipyrad v.0.9.90 (Eaton & Overcast, 2020), using de-
fault settings with the following exceptions: “reference” for
assembly method, “ddrad” for datatype, “TGCAG, CCG”
for restriction overhang, a minimum depth of 8x, a maxi-
mum fraction of 5% uncalled bases (N) allowed in a con-
sensus sequence, and a 90% of similarity at which two
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Figure 1. Geographic range of the Etheostoma brevirostrum complex. Circles indicate museum collection records with GPS coordinates retrieved from
Fishnet2 and survey results presented in Sizemore and Howell (1990). Highlighted circles mark the collection localities of specimens used in the double
digest restriction-site-associated DNA (ddRAD) phylogenomic analysis. See Supplementary Table S1 for a complete list of specimens used in this study.

sequences are identified as being homologous. The mini-
mum number of specimens sharing a locus, hereafter re-
ferred to as “min,” was set to 50%-100% of the to-
tal number of specimens included in a dataset, depending
on the specific analysis. We used a published genome of
a congener Etheostoma perlongum (NCBI Assembly No.
GCA_026937815.1, MacGuigan et al., 2023) as the refer-
ence sequence to align ddRAD loci.

Phylogenomic and divergence time analyses

The phylogenetic relationships of the Etheostoma brevi-
rostrum complex were inferred using a concatenated dataset
of 26,177 ddRAD loci (“min,” 80%) for 104 specimens that
included all collected specimens of the Etheostoma brevi-
rostrum complex and 11 outgroup taxa. Maximum likeli-
hood phylogenetic analysis was performed using IQ-TREE
2 (Minh et al., 2020). The best-fit sequence substitution
model (TVM+F+R3) was determined using ModelFinder
(Kalyaanamoorthy et al., 2017) implemented in IQ-TREE
based on the Bayesian information criterion (BIC). We as-
sessed topological support with 1,000 ultrafast bootstrap
replications (Hoang et al., 2018). The final tree was visu-

alized in FigTree v.1.3.1 (tree.bio.ed.ac.uk/software/figtree)
and rooted with the clade containing E. atripinne and
E. simoterum, following previous phylogenetic analyses of
darters (Kim et al., 2023; MacGuigan & Near, 2019; Near
et al., 2011).

We performed a population structure analysis with a
sparse non-negative matrix factorization algorithm using
the “snmf” function implemented in the R package “LEA
v.3.0.0” (Frichot & Frangois, 2015). Because the results of
the phylogenetic analysis of the concatenated ddRAD-loci
dataset consistently resolved the Etheostoma brevirostrum
complex as a clade, we excluded all outgroup taxa from the
population structure analysis and created new datasets with
ipyrad that only included 63 specimens from the Etheostoma
brevirostrum complex. We also reduced our dataset to con-
tain the least amount of missing data and one randomly se-
lected biallelic SNP per locus (1,237 SNPs; “min,” 100%)
because genotype-based analyses can be sensitive to miss-
ing data (van Buuren, 2018). For the snmf analysis, we
searched for the regularization parameter (@) and the opti-
mal number of ancestral populations (K) based on the cross-
entropy criterion (Alexander & Lange, 2011) across a wide
range of parameters (¢ = 0.5, 1, 10, and 100; K = 1-10)
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Figure 2. Topographic map (A) and geologic map (B) of the upper Coosa River system with collections records of the Etheostoma brevirostrum complex
and major impoundments. White circles indicate collections records with GPS coordinates retrieved from Fishnet2 and Sizemore and Howell (1990). (C)
Longitudinal topographic profiles of the upper Coosa River system. The rivers where E. brevirostrum are found are plotted in colors that correspond

to Figure 1. The pre-impoundment topography in the Coosawattee and Etowah Rivers are shown with dashed lines. (D) Longitudinal river profiles shaded

by the underlying bedrock geology.

with 10 replications for each scenario on a genotype data
matrix.

We inferred a species tree using three different methods:
(i) the Polymorphism-aware Phylogenetic Model (PoMo,
Schrempf et al., 2016) as implemented in IQ-TREE that uses
site frequency data for populations, accounting for incom-
plete lineage sorting, (ii) the site-based coalescent frame-
work using the quartet inference approach SVDQuartets
(Chifman & Kubatko, 2014) as implemented in PAUPx
v.4.0a168, and (iii) the SNAPP full-coalescent Bayesian in-
ference method (Bryant et al., 2012) as implemented in
BEAST v.2.5.2 (Bouckaert et al., 2019). We treated each
of the five major IQ-TREE lineages and snmf popula-
tion groups of the Etheostoma brevirostrum complex as
species. For the PoMo analysis, which is more suitable for
population-level relationships, the original dataset was sub-
sampled to include four to five specimens per lineage for
the Etheostoma brevirostrum complex and four specimens
of E. ramseyi as an outgroup. To reduce the effect of link-
age among SNPs, this dataset was thinned to include only

sites which were 10,000 bp apart (yielding 37,466 sites) us-
ing VCFtools v.0.1.16 (Danecek et al., 2011). The best-fit
sequence substitution model (TVMe+FQ+P+N9) was de-
termined using ModelFinder based on BIC, and topolog-
ical support was assessed with 1,000 ultrafast bootstrap
replications. For the SVDQuartets and SNAPP analyses, the
original dataset was subsampled to include 65 specimens
consisting of four to seven specimens per lineage for the
Etheostoma brevirostrum complex and two to six specimens
per species for all 11 outgroup taxa. The SVDQuartets anal-
ysis was performed on a dataset of one randomly selected
SNP per locus from 89,310 loci that were shared by 50%
of the specimens in the dataset to sample higher degrees of
within-species genetic variation while minimizing the com-
putational burden. We used an exhaustive quartet sampling,
standard 1,000 bootstrap replicates, and a multispecies co-
alescent tree model.

In the SNAPP analysis, we also estimated divergence
times among the five lineages of the Etheostoma brevi-
rostrum complex using a strict molecular clock method.
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We subsampled one randomly selected biallelic SNP per lo-
cus from 1,507 loci that were shared by 90% of the speci-
mens in the dataset to minimize computational burden using
the R package “phrynomics” (http://github.com/bbanbury/
phrynomics). We applied one age prior with a normal distri-
bution to the most recent common ancestor (MRCA) of all
16 taxa that include five lineages of the Etheostoma brevi-
rostrum complex and 11 outgroup taxa (13.58 Mya; 16.13-
11.24 Mya, 95% highest posterior density [HPD]), derived
from Near and Keck (2013). Two independent runs of 4 mil-
lion generations were performed, sampling parameters every
200 generations. Tracer v.1.7.1 (Rambaut et al., 2018) was
used to check convergence of the independent runs, to deter-
mine the number of generations discarded as burn-in, and to
confirm that effective sample sizes (ESS) were over 200. Post-
burn-in tree samples were annotated for mean height using
TreeAnnotator (https://www.beast2.org/programs) and the
final trees were visualized in FigTree v.1.3.1.

To estimate directionality and relative magnitude of gene
flow among the five lineages of the Etheostoma brevirostrum
complex, we used TreeMix v.1.13 (Pickrell & Pritchard,
2012) implemented in ipyrad. From the dataset used in the
IQ-TREE analysis, we subsampled unlinked SNPs that are
shared by at least 50% of the specimens in each of the
lineages (21,113 SNPs). We inferred the maximum likeli-
hood tree of the lineages with a migration edge of 0 and
then compared the likelihoods of the migration edges up to
10. We identified the point where log-likelihood values be-
gin to plateau, indicating the optimal number of migration
edges.

Genomic divergence

We employed a heuristic approach to investigate whether
the degree of genomic divergence within the complex is
consistent with species-level divergence. We calculated the
genealogical divergence index (gdi) (Jackson et al., 2017;
Leache et al., 2019) using theta (a proxy for population
size) and tau (a proxy for divergence time) parameter esti-
mates resulting from the algorithm A0O of BPP v.4.1 (Yang,
2015). The BPP analyses were performed using at least four
specimens from geographically spaced sampling locations
for each lineage of the Etheostoma brevirostrum complex.
Species delimitation hypotheses were tested hierarchically;
we started with a five-species hypothesis that includes all five
lineages of the Etheostoma brevirostrum complex treated
as different species, and then hierarchically lumped sister
lineages as one species until no lineage had a gdi value
less than 0.20, which is the minimum threshold for diver-
gence expected among distinct species (Jackson et al., 2017;
Leache et al., 2019). The dataset contained loci shared by all
specimens of the dataset (1,556 loci). With the R package
“PopGenome” (Pfeifer et al., 2014), we estimated average
nucleotide diversity within and between lineages as a basis
for the theta and tau priors (Nei, 1987). The species tree in-
ferred from the SVDQuartets, PoMo, and SNAPP analyses
was used as the guide species tree. For each species delimi-
tation hypothesis, we performed two independent runs for
100,000 generations, sampling parameters every 50 genera-
tions, with a burn-in of 50,000 generations. Tracer was used
to check stationarity and to confirm that ESS were over 200.
Post-burn-in parameter estimations were combined for the
gdi calculation.

Stokes et al.

Lastly, we calculated pairwise fixation indices (Fst) (Weir
& Cockerham, 1984) and Nei’s standard genetic distance
(Ds) (Nei, 1987) with the R package “hierfstat” (Goudet,
2005) among the five lineages of the Etheostoma brevi-
rostrum complex.

Environmental niche analysis

We used principal component analyses (PCA) to assess the
relative importance of different abiotic variables for predict-
ing the disjunct distributions exhibited by lineages within
the Etheostoma brevirostrum complex. We then placed this
analysis in a comparative framework and estimated the de-
gree of ecological specialization exhibited by the species
complex as compared to two other darter lineages that
also exhibit evidence for within-basin allopatric diversifica-
tion and an affinity for certain rock types, the Etheostoma
chermocki complex (Black Warrior River) and Nothono-
tus chlorobranchius (upper Tennessee River). We included
all species recently described within the Etheostoma cher-
mocki complex (Brownstein et al., 2025; Kim et al., 2023;
Mayden & Kuhajda, 2025) and all lineages within N.
chlorobranchius (Stokes et al., 2023). The lineages within the
Etheostoma brevirostrum complex and N. chlorobranchius
are generally found on metamorphic rock while species
within the Etheostoma chermocki complex are found on car-
bonate rocks.

Presence data of all species were acquired from Fish-
net2 (http://www.fishnet2.net/). Presence data for E. brevi-
rostrum were augmented by data from Sizemore and Howell
(1990) (Figure 1). We snapped each locality to the near-
est NHDPlus (v2) flowline and assigned the locality a CO-
MID, removing duplicated COMIDs, so each flowline as-
sociated with a presence locality was represented only one
time. To build a pseudoabsence dataset, we randomly sam-
pled 1,000 flowlines from a spatially uniform distribution
within the HUC8 watersheds where the study taxa are
found. We did not sample within 1 km of a presence locality.
We then extracted catchment-level environmental variables
from the EPA StreamCat database (https://www.epa.gov/
national-aquatic-resource-surveys/streamcat-dataset) using
the R package “StreamCatTools” and the National Land
Cover Database (NLCD) (Dewitz, 2021). We calculated the
proportion of the watershed of each locality underlain by
types of bedrock geology using the State Geologic Map
Compilation (SGMC; Horton et al., 2017). For each NHD
flowline in the dataset we extracted the following variables:
the percentage of the upstream area with forested land cover,
the proportion of upstream drainage area for each locality
that was underlain by metamorphic (N. chlorobranchius and
E. brevirostrum) or carbonate bedrock (Etheostoma cher-
mocki species complex), mean monthly precipitation, mean
annual discharge, mean monthly temperature, mean eleva-
tion, slope, and velocity. We log-transformed discharge, ve-
locity, elevation, and slope. To make the analysis comparable
across species, we kept only the rock-type variable that is as-
sociated with each species and collapsed this into one vari-
able, metamorphic rocks for the Etheostoma brevirostrum
complex and N. chlorobranchius, carbonate rocks for the
Etheostoma chermocki complex. All variables were scaled
prior to PCA conducted with the R package “FactoMineR”
(Lé et al., 2008). After testing for colinearity of variables, we
removed velocity and elevation variables from the analysis.
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We first assessed the evidence for ecological niche diver-
gence among the lineages of the Etheostoma brevirostrum
complex following the approaches of McCormack et al.
(2010) and Stokes et al. (2026). To do so, we implemented
a multivariate analysis of variance (MANOVA), comparing
the effect of lineage identity on the first five principal com-
ponent (PC) dimensions (each explaining at least 10% of
the variation in the data). The effect of lineage identity was
significant (Pillai’s trace = 1.44, F4204) = 5.77,p < 0.001);
thus, we employed post hoc analysis of variance (ANOVA)
for each PC dimension and corrected for multiple compar-
isons using a Bonferroni adjustment. The lineage term had a
significant effect for PC1 and PC3 (p < 0.001). We then em-
ployed a Tukey’s honestly significantly different (HSD) test
to assess for pairwise differences in PC1 and PC3 among
each of the lineages using a Bonferroni adjustment for mul-
tiple comparisons (Supplementary Table S2).

Next, we assessed disparity in environmental variables
between presence data associated with each of the three
taxon systems (Etheostoma brevirostrum, E. chermocki
complexes, and N. chlorobranchius) and pseudoabsence
data. We first implemented a MANOVA for each of the
taxon systems to compare the effect of presence versus pseu-
doabsence on the first five PC dimensions (Supplementary
Table S3). Next, we employed a post hoc analysis to inves-
tigate which PC dimensions explained differences between
the presence and pseudoabsence localities within each taxon
group using two-tailed Welch’s ¢-tests along the first five PC
axes and correcting the p-values for multiple comparisons
using a Bonferroni adjustment. Finally, we compared the de-
gree of specialization across the three taxon systems using
two metrics (Ascanio et al., 2024; Lu et al., 2021). The first
metric characterizes the size of the niche estimated as the
volume of the convex hull encompassing all presence points
for each system normalized by the volume of the convex hull
encompassing all pseudoabsence points for each species or
species complex. Second, we compared the relative distance
between the presence and pseudoabsence distributions by
summing the pairwise Mahalanobis distances between the
centroids of the two distributions.

Topographic analysis and phylogeographic
hypotheses

We constructed two dendrograms to reflect predicted re-
lationships within the Etheostoma brevirostrum complex
given different biogeographic scenarios: geographic adja-
cency (i.e., stream distance) and isolation upstream of knick-
points. All topographic analyses, including the creation of
longitudinal topographic profiles of the upper Coosa River
(Figure 2C and D), were conducted using TopoToolbox2
(Schwanghart & Scherler, 2014) in MATLAB and the one-
arcsecond (~30 m) 3DEP digital elevation model (USGS,
2017). Where the surface topography was obscured by deep
reservoir water, we digitized historic topographic maps to
infer the pre-dam longitudinal profiles of the Etowah River
(USGS, 1896) and the Coosawattee River (USGS, 1955). The
cumulative height of knickpoints between lineages was cal-
culated by identifying knickpoints, defined as convex por-
tions of a river’s topographic profile, using TopoToolbox’s
“knickpointfinder” function with a tolerance of 10 m. The
revised pre-dam topography was used for the reservoir-
obscured portions of the mainstem Etowah and Coosawat-

2035

tee Rivers. The steps in the topography associated with the
more downstream mainstem Coosa River dams (Weiss Lake
and Neel Henry Lake) were manually removed. The stream-
wise distance and cumulative height of knickpoints between
the most downstream E. brevirostrum locality in each lin-
eage was calculated and used to develop biogeographic hy-
potheses for the relative degree of isolation between tribu-
taries.

We derived two distance matrices, geographic distance
and cumulative knickpoint height, represented by a Ma-
halanobis distance calculated from the PCA, between each
lineage. The distance matrices were inputted to the “se-
qlinkage” function in MATLAB to produce branching den-
drograms to reflect expected phylogenetic relationships
given the hypothesized biogeographic scenarios (geographic
agency and isolation upstream of knickpoints).

Results

Phylogenomic and divergence time analyses

We analyzed the ddRAD loci dataset using four phyloge-
netic approaches: a maximum likelihood analysis of the
concatenated loci dataset using IQ-TREE and species tree
analyses using SVDQuartets, PoMo, and SNAPP. The max-
imum likelihood analysis resolves five major lineages in
the Etheostoma brevirostrum complex and the population
structure analysis shows that each of the five lineages has
distinct genomic ancestry (Figure 3A). The five lineages cor-
respond to the five geographically disjunct populations in the
Coosawattee River, Conasauga River, Choccolocco-Shoal
Creek, upper Etowah River, and Amicalola Creek systems.
The four phylogenetic analyses consistently place the pop-
ulation of the Coosawattee River system as the sister lin-
eage to all other lineages within the complex and identify
two sets of sister lineages: the first pair is the populations of
the Conasauga River and Choccolocco-Shoal Creek systems,
and the second pair is the populations of the upper Etowah
River and Amicalola Creek systems (Figure 3A and B).

The SNAPP strict molecular clock analysis estimates the
timing of divergence between the MRCA of the Etheostoma
brevirostrum complex and its sister lineage that consists
of E. tallapoosae and E. ramseyi as 4.04 Mya (5.10-3.09
Mya, 95% HPD; Figure 3C). Major diversification within
the Etheostoma brevirostrum complex occurred in the mid-
to late-Pleistocene. The age of the MRCA of the Coo-
sawattee River lineage and the clade containing other lin-
eages of the complex is 1.37 Mya (1.79-1.00 Mya, 95%
HPD; Figure 3C). The two sets of sister lineages are es-
timated to have diverged around 1.05 Mya (1.36-0.78
Mya, 95% HPD; Figure 3C). The most recent splits in-
ferred in the molecular phylogeny are the MRCAs of the
upper Etowah River and Amicalola Creek lineages around
0.55 Mya (0.78-0.36 Mya, 95% HPD; Figure 3C) and
the Conasauga River and Choccolocco-Shoal Creek lineages
with an estimated divergence time of 0.84 Mya (1.11-0.57
Mya, 95% HPD; Figure 3C).

The TreeMix analysis identifies signatures of two gene
flow events: one from the lineages of the Etheostoma brevi-
rostrum complex distributed in the Amicalola Creek system
to the outgroup taxa, and one from the upper Etowah River
lineage to the Conasauga River lineage (Supplementary
Figure S1).
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Genomic divergence

We tested whether the degree of genomic divergence is con-
sistent with species delimitation in the Etheostoma brevi-
rostrum complex using the genealogical divergence index
(gdi). When we treat all five major lineages separately, the
upper Etowah River lineage has a range of gdi values that
includes 0.20, which is the minimum threshold for diver-
gence expected among distinct species when supported by
other lines of evidence such as phenotype, behavior, or ecol-
ogy (Jackson et al., 2017; Leache et al., 2019) (Figure 4). All
lineages have gdi estimates expected for distinct species (gdi
= 0.27-0.60) when the complex is divided into the following
four lineages: E. cf. brevirostrum in the Coosawattee River
system, E. brevirostrum distributed in the Choccolocco-
Shoal Creek system that bears the type locality of the species,
E. cf. brevirostrum in the Conasauga River system, and E.
cf. brevirostrum in the upper Etowah River and Amicalola
Creek systems. The four lineages exhibit mean gdi values be-
tween 0.27 and 0.60 that fall in the range expected for dis-
tinct species when supported by other lines of evidence such
as phenotype, behavior, or ecology (Jackson et al., 2017)
(Figure 4). Pairwise Fst and Ds values are highest between
E. cf. brevirostrum in the Coosawattee River system and E.
cf. brevirostrum in the Amicalola Creek system (Fsy = 0.76,
Ds = 0.35), while the lowest values are found between E. cf.
brevirostrum distributed in the upper Etowah River system
and the Amicalola Creek system (Fs = 0.38, Ds = 0.09)
(Supplementary Table S4).

Environmental niche analysis

There is some evidence for disparity in environmental vari-
ables among lineages within the Etheostoma brevirostrum
complex. In a MANOVA, the effect of lineage on the first
five PC dimensions is significant (Pillai’s trace = 1.37,
Fap04) = 5.31, p < 0.001) and follow-up ANOVAs show
that PC1 and PC3 differ among the lineages (Table 1). Using
a Tukey’s HSD test, we find that all pairwise comparisons ex-
cept for Etowah/Coosawattee and Conasauga/Choccolocco-
Shoal Creek are significantly different from each other
along PC1. Along PC3 all lineages are significantly differ-
ent except for Etowah/Coosawattee (Supplementary Table
S2). This result is consistent with visualization of the PC
space in which there is considerable overlap between the
Etowah/Coosawattee and Conasauga/Choccolocco-Shoal
Creek (Figure 5). The analysis is similar when the popula-
tions distributed in the Amicalola and upper Etowah are
split into separate lineages.

Despite the observed among-lineage habitat disparity,
each of the lineages within the complex is nested within
the environmental niche space represented by the pseudoab-
sence data (Figure 5). We further quantified the degree of
specialization indicated by the PCA for E. brevirostrum in
the context of two other apparent rock-type specialist darter
lineages, the Etheostoma chermocki complex and Nothono-
tus chlorobranchius. MANOVAs show that the effect of
presence versus pseudoabsence is significant for all three
study species (Supplementary Table S3). River reaches oc-
cupied by lineages of the Etheostoma brevirostrum com-
plex are significantly different from the pseudoabsence en-
vironment along all PC dimensions (p < 0.01 after Bonfer-
roni correction) (Table 2). In sum, the lineages within the
Etheostoma brevirostrum complex tend to inhabit cooler,
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forested, high-slope tributaries underlain by metamorphic
rock (Figures 2 and 5). The Etheostoma chermocki complex
presence/pseudoabsence localities differ along PC3 and PCS5
(geology, climate, and hydrology) and N. chlorobranchius
differs along PC1-3 (hydrology, landcover, climate, and ge-
ology) (Tables 1 and 2). The Etheostoma brevirostrum com-
plex has an intermediate convex hull volume associated
with presence points (1.5) as compared to the Etheostoma
chermocki complex (1.1) and N. chlorobranchius (10.3)
(Table 3). Yet, the Etheostoma brevirostrum complex occu-
pies a smaller fraction of the space associated with pseu-
doabsence localities (0.0019) than does the Etheostoma
chermocki complex (0.0057). In the distance-based analysis,
Etheostoma chermocki complex exhibits the greatest Maha-
lanobis distance between the presence and pseudoabsence
distributions (122), while N. chlorobranchius exhibits the
least (4) (Table 3).

Topographic analysis

The Etheostoma brevirostrum complex is found upstream
of major knickpoints in the mainstem Coosawattee (~50 m
high) and Etowah (~15 m high) Rivers. These sharp con-
vexities in the digital elevation model are accentuated due to
the presence of the Allatoona and Carters Lakes (Figure 2);
however, pre-dam topography reconstructed from historic
topographic maps confirms that the underlying land surface
is also characterized by a topographic break (dashed lines
in Figure 2C). In contrast, the Conasauga River lineage and
E. brevirostrum distributed in the Choccolocco-Shoal Creek
system are both located on steeper parts of the river but lack
significant knickpoints separating the two. The mainstem
Coosa River dams are not associated with major pre-dam
knickpoints. A dendrogram produced using the geographic
(stream) distance between lineages has a topology that is in-
consistent with the phylogenetic relationships inferred in the
species tree analysis, while a dendrogram produced from the
cumulative knickpoint height between lineages has a topol-
ogy that exactly matches the phylogenetic relationships of
the Etheostoma brevirostrum complex (Figure 6A-C).

Discussion

The four geographically disjunct lineages of the Etheostoma
brevirostrum complex exhibit exceptionally small geo-
graphic distributions, each occupying less than a 30-km
river reach within the upper Coosa River system (Figure 1).
Analyses of ddRAD sequence data suggest a high degree
of genomic divergence between these four lineages: E. cf.
brevirostrum in the Coosawattee River system; E. brevi-
rostrum in the Choccolocco-Shoal Creek system; E. cf. bre-
virostrum in the Conasauga River system; and E. cf. bre-
virostrum distributed in the upper Etowah River and Am-
icalola Creek systems. These four lineages share common an-
cestry approximately 1.5 Mya (Figure 3) and high values of
Fsr (0.38-0.76) and Ds (0.15-0.35) (Supplementary Table
S4). The estimated genealogical divergence index (gdi) is be-
tween 0.27 and 0.60, consistent with delimitation of unique
species given observed phenotypic or ecological variation.
We propose that there is undiscovered biodiversity within
this group, yet further analyses are needed to test the sensi-
tivity of the gdi estimates to SNP filtering and sampler repre-
sentation. Further research on phenotypic disparity among
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its own species. In a fourspecies hypothesis, the most recently diverged sister pair, the upper Etowah River and Amicalola Creek lineages, is lumped as
one species. Violin plots for genealogical divergence index (gdi) are aligned with and shown on the right of species phylogeny for each species

delimitation hypothesis.

Table 1. Percent contribution of variables to the first five principal component (PC) dimensions and the results of post hoc ANOVAs that test for differences
among lineages within the Etheostoma brevirostrum complex along each PC axis.

Variables PC1 (27%) PC2 (20%) PC3 (16%) PC4 (12%) PC5 (10%)
Temperature 17 4 17 0.5 1
Precipitation 2 22 10 0.5 55
Hydrologic conductivity 3 0 6 84 3
Slope 30 10 9 0 0.5
Discharge 11 17 25 0 2.6
Forest 24 16 0.6 3 0.6
Developed 12 23 1.5 0 28
Geology 2 8 31 12 9
Interpretation Hydrology, Hydrology, Geology, climate, Hydrologic Climate,
landcover, climate landcover hydrology conductivity landcover
ANOVA significance (**p < 0.01) o o

Note. The ANOVAs followed a significant MANOVA. The p-values were adjusted for multiple comparisons using a Bonferroni adjustment. Tukey’s HSD was
used to establish which lineages differed along PC1 and PCS5. Those results are presented in Supplementary Table S2.

Table 2. The significance of the difference between the presence and pseudoabsence data along each principal component (PC) dimension assessed for
the three lineages of interest using Welch's two-tailed t-test (xxp < 0.01 after Bonferroni correction for multiple comparisons).

Variables PC1 (27%)

PC2 (20%)

PC3 (16%) PC4 (12%) PC5 (10%)

ok

Etheostoma brevirostrum complex
Etheostoma chermocki complex
Nothonotus chlorobranchius

ok

ok

ok

sk sk ok

ok ok

sk

these four lineages is also recommended. Despite uncertainty
that remains surrounding species delimitation, the lineages
within this group represent a useful case study for investigat-
ing the conditions that promote within-river basin allopatric
diversification of freshwater fishes.

Many microendemic species are suggested as biogeo-
graphic relicts of species that once had wide distributions
when suitable climatic and environmental conditions existed
over a larger area. Examples are found in both terrestrial and
aquatic systems across the globe, spanning from the alpine
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one and two.

Table 3. A comparison of the degree of ecological specialization across
three darter lineages with an affinity to bedrock geology.

Ratio of convex Mahalanobis

Convex hull hull volume distance
volume (presence to (presence to
(presence)  pseudoabsence) pseudoabsence)
Etheostoma 1.5 0.0019 12
brevirostrum complex
Etheostoma chermocki 1.1 0.0057 122
complex
Nothonotus 10.3 0.068 4

chlorobranchius

Note. The degree of specialization was assessed first by comparing the vol-
ume of the convex hull encompassing presence localities for each study sys-
tem versus the volume occupied by the pseudoabsence data, and second by
estimating the sum of the Mahalanobis distance between the presence and
pseudoabsence distributions.

mountain-top “sky islands” (Quammen, 1997) to tropical
regions including iconic biodiversity hotspots Madagascar
and New Caledonia (e.g., Bell et al., 2021; Buckley et al.,
2018; Copilas-Ciocianu & Petrusek, 2015; Dénes et al.,
2016; Enge, 2005; Froufe et al., 2008; He et al., 2019;
Jeon & Suk, 2014; Massatti & Knowles, 2014; Pie et al.,
2019; Platania & Gomez-Zurita, 2023; Poelstra et al., 2021;
Tang et al., 2018; Townsend et al., 2009; Woolbright et al.,
2014; Yoshikawa et al., 2008). In North America, microen-
demic species with hypothesized relictual distributions likely
had larger distributions during the Pleistocene glacial peri-
ods when cooler habitat conditions were more widespread
(e.g., Blanton & Jenkins, 2008; Burr & Page, 1993; Etnier
& Starnes, 1993; Kim & Conway, 2014; Mayden, 1988;
Sterling et al., 2020).

Consistent with a climate relict hypothesis, the E. brevi-
rostrum complex is distributed in streams with cooler tem-

peratures (Figure 5 and Tables 1 and 2). The most recent
diversification events within the complex occurred ~1 Mya,
consistent with the mid-Pleistocene Transition from glacier
cycles with a periodicity of ~100 to 41 kyr (Herbert, 2023).
It is possible that longer glacial periods may have facilitated
ecological specialization to cool habitats. There is not an ap-
parent tectonic event that corresponds with the timing of di-
versification. Hypothesized topographic rejuvenation of the
Appalachian Mountains is estimated to be a Miocene-aged
event (Spotila & Prince, 2022), pre-dating the reconstructed
history of diversification inferred here (Figure 3C).
Divergent ecological specialization to unique habitat con-
ditions has been suggested as another mechanism that gen-
erates microendemic distributions of terrestrial species (e.g.,
Anacker et al., 2011; Bauer et al., 2006; Cacho & Strauss,
2014; Fine & Baraloto, 2016; Nattier et al., 2012, 2013;
Poot et al., 2012). There is some evidence of disparity in
environmental variables among lineages of the Etheostoma
brevirostrum complex (Table 1). PCA of environmental vari-
ables shows two clusters associated with the presence of
the species complex: the first cluster includes lineages in
the Conasauga River and Choccolocco-Shoal Creek sys-
tems, and the second cluster includes lineages in the upper
Etowah River and Coosawattee River systems (Figure 5).
Without behavioral or phenotypic evidence for local adap-
tation, we posit that differences in abiotic variables associ-
ated with each lineage are a byproduct of allopatry, rather
than representative of ecological divergence that drove or
influenced the outcome of allopatry. The Etheostoma bre-
virostrum complex mostly occupies forested streams, with
high topographic gradients, underlain by metamorphic rock
(Figure 5 and Table 1). These results are consistent with
Anderson et al. (2012) who also conclude that E. cf. brevi-
rostrum in the Etowah River system is more likely to occur
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in reaches with a high percentage of forest cover upstream.
A multivariate combination of geologic, climatic, and topo-
graphic predictors appears to be required for explaining the
geographic distribution of these lineages. For example, the
Etheostoma brevirostrum complex is absent in the high gra-
dient Little River Canyon that flows over siliciclastic rock as
well as the relatively lower gradient tributaries of the Coo-
sawattee River and Etowah River that flow over metamor-
phic rock (Figure 2). We propose that ecological specializa-
tion to high-gradient, cool, forested streams underlain by
metamorphic rock generated the opportunity for geographic
isolation and nonadaptive allopatric diversification.
Specialization to fluvial habitats associated with particu-
lar types of bedrock geology has played a role in allopatric
speciation within other species complexes of darters with ge-
ographically restricted distributions (Kim et al., 2023; Stokes
et al., 2023). For example, dispersal mediated allopatric di-
versification among species of the carbonate-rock special-
ist Etheostoma chermocki complex was driven by erosion
that exposed geographically separated patches of carbonate

Stokes et al.

rock in the upper Black Warrior River system (Brownstein
et al.,2025; Kim et al., 2023). In another case study, the ero-
sion of metamorphic bedrock in the upper Tennessee River
system has reduced available habitat for N. chlorobranchius
over the last 5 million years, isolating lineages in upstream
tributaries (Stokes et al., 2023). The geologic setting of the
upper Coosa River (E. brevirostrum) is similar to that of
the upper Tennessee River (Nothonotus chlorobranchius), in
which the headwaters are located in the metamorphic and
igneous rocks of the ancient Appalachian orogen (Figure 2B
and D) and the mainstem is located in the sedimentary rocks
of the Valley and Ridge province (Figure 2B and D). Despite
the similar physiographic context, lineages of the E. brevi-
rostrum complex exhibit a higher degree of ecological spe-
cialization than the lineages of N. chlorobranchius (Table 3).
Indeed, the analysis of convex hull volumes of presence ver-
sus pseudoabsence distributions suggests the Etheostoma
brevirostrum complex has a slightly higher degree of spe-
cialization than the E. chermocki complex. In contrast, the
distance-based analysis finds that environmental variables
associated with the presence of the Etheostoma chermocki
complex are the most dissimilar from the pseudoabsence
data (Table 3). For all three systems, we propose that ecolog-
ical specialization to habitats that are unevenly distributed
across the landscapes was a prerequisite for subsequent ge-
ographic isolation and allopatric diversification.

In the Coosa River system, just as in the Tennessee River
system, the metamorphic rocks of the Blue Ridge have
eroded over time, reducing available habitat for the meta-
morphic rock-associated species of the Etheostoma brevi-
rostrum complex. However, the phylogeographic patterns
of the Etheostoma brevirostrum complex are not well ex-
plained by this scenario. The erosion of the metamorphic
bedrock would generally have proceeded in an upstream
fashion (Stokes et al., 2023) (Supplementary Figure S2; see
Supplementary Material) and thus would likely have iso-
lated the most downstream distributed E. brevirostrum in
the Choccolocco-Shoal Creek system first, whereas we find
that this lineage is in fact sister lineage to the most upstream
lineage located in the Conasauga River system (Figures 1
and 3). While the temporal change in bedrock exposure
does not completely explain the geographic history of spe-
ciation or present-day distribution of the lineages of the
Etheostoma brevirostrum complex, the geologic contact be-
tween the metamorphic rocks of the Blue Ridge and sedi-
mentary rocks of the Valley and Ridge is associated with a
topographic break or knickpoint (Figure 2D) that could have
contributed to geographic isolation.

We propose that knickpoints, or steep sections of the river
channel, associated with the contrast in bedrock erodibil-
ity that distinguishes the Blue Ridge physiographic province
from the Valley and Ridge province may have acted as a bio-
geographic barrier and mechanism of geographic isolation
for the lineages of the Etheostoma brevirostrum complex.
Knickpoints with greater topographic relief that separate lin-
eages are correlated with older nodes in the phylogenies. In-
deed, the knickpoint dendrogram topology exactly matches
the phylogenetic relationships of the Etheostoma brevi-
rostrum complex (Figure 6B—C). For example, the mainstem
Coosawattee River is characterized by an approximately 50-
m high knickpoint (Figure 2C and D) and E. cf. brevirostrum
distributed in the system forms the earliest diverging lineage
of the species complex (Figure 3). In contrast, the lineages
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distributed in the Conasauga River and Choccolocco-Shoal
Creek systems are not separated by a knickpoint and are
sister lineages despite the long geographic distance (approx-
imately 493 km) that separates them along the fluvial net-
work. Our results suggest that lineages in the Coosawattee
River and Etowah River systems have experienced greater
geographic isolation due to the higher knickpoints located
within their mainstem river channels, which have acted as
effective barriers to gene flow despite their geographic adja-
cency (Figures 1, 2, and 6B). Complicating this interpreta-
tion is the evidence for gene flow between the Etowah and
Conasauga River systems (Supplementary Figure S1). One
possibility is that downstream dispersal from the Etowah
to the Conasauga remained a possibility, but that upstream
dispersal is limited by the steep topography of the lower
Etowah River.

Indeed, a series of low waterfalls in the lower Etowah
River mainstem has been hypothesized to act as a phys-
ical barrier for two other species of darters, Etheostoma
scotti Cherokee Darter and Nothonotus etowahae Etowah
Darter, endemic to the upper Etowah River system (Bauer
et al., 1995; Wood & Mayden, 1993). Additionally, sev-
eral species of fishes that are distributed in the western
portion of the Coosa River system that extends from the
Conasauga River downstream to the Choccolocco-Shoal
Creek system are absent in the Coosawattee River and
Etowah River systems upstream of the contact between sed-
imentary and metamorphic rock. Such species include gener-
alists that are tolerant to various habitat conditions includ-
ing types of bedrock, e.g., Luxilus chrysocephalus Striped
Shiner, Lythrurus lirus Mountain Shiner, Notropis asper-
ifrons Burrhead Shiner, Rhinichthys obtusus Western Blac-
knose Dace, and Nothonotus jordani Greenbreast Darter
(Boschung & Mayden, 2004), indicating that the distribu-
tional break in the lower Coosawattee and Etowah Rivers
may not be attributable to different bedrock types and
is more likely related to the topographic barrier. In other
river systems, the migration of knickpoints on contemporary
timescales has been linked to changes in community struc-
ture (Stearman & Heitmuller, 2024; Stearman & Schaefer,
2023) and the development of strong population structure
in Nothonotus rubrus Bayou Darter (Stearman et al., 2025).
These results demonstrate how transient geomorphic fea-
tures (e.g., knickpoints) may promote genetic discontinuities
within river systems.

The topographic barriers in the mainstem Coosawat-
tee and Etowah Rivers are the locations of impoundments
built in the 20th century, Allatoona Dam and Carters Dam
(Figure 2). However, given the divergence time of approx-
imately 1.5 Mya for the age of the MRCA of the lineages
that comprise the Etheostoma brevirostrum complex, we
do not attribute the observed microgeographic isolation to
the presence of impoundments. Dam construction on the
Coosa River throughout the 20th century is hypothesized
to have resulted in the extinction of up to 32 species of
freshwater mollusks (Freeman et al., 2005). Although no
freshwater fish extinctions have been related to the construc-
tion of impoundments in the Coosa River system, Fast et
al. (2024) suggest that there has been recent isolation and
loss of genetic diversity within Etheostoma trisella Trispot
Darter as a result of anthropogenic habitat fragmentation.
The microendemic distribution exhibited by the species of
the Etheostoma brevirostrum complex illustrates how easily
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such biodiversity losses can be overlooked, adding urgency
to the use of high-resolution phylogenetic information to en-
sure thorough documentation of species diversity in the re-
gion. In addition, given their narrow distributions and dis-
tinctiveness, our results underscore the importance of man-
aging and protecting each lineage within the Etheostoma
brevirostrum complex.

The development of microendemic distributions within
the Etheostoma brevirostrum complex stems from multi-
ple interacting factors. Our findings point to a synergistic
effect between two primary drivers: ecological specializa-
tion to higher-elevation streams underlain by metamorphic
rock and geographic isolation caused by topographic bar-
riers. Knickpoints, persistent features in the slowly eroding
southern Appalachians (Gallen, 2018; Miller et al., 2013;
Spotila & Prince, 2022; Stokes et al., 2023) likely facilitated
widespread vicariance leading to microgeographic isolation
of freshwater organisms throughout the rivers and streams
of this biodiversity-rich region. Topographic and geologic
complexity have been linked to the diversification of fresh-
water fishes across the globe (Val et al., 2022; Waters et al.,
2026), yet establishing mechanisms of within-river basin di-
versification remains challenging. In this case, a combina-
tion of preexisting ecological specialization, physical barri-
ers, and geographic separation appears to be key in shaping
the distribution patterns observed in the Etheostoma brevi-
rostrum complex.
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