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Abstract 

Speciation does not always lead to complete reproductive isolation, which can result in hybrid zones with gene flow. In freshwater fishes, 
secondary contact and hybridization can arise when river courses shift. Shifting river courses can create physical and ecological dispersal barriers, 
producing fragmented species distributions within the same stream system. Here, we investigate a secondary contact zone in western New York 
(USA) between the Tessellated Darter ( Etheostoma olmstedi ) and the Johnny Darter ( Etheostoma nigrum ), integrating double digest restriction 
site associated DNA sequencing (ddRADseq), low-coverage whole genome sequencing (lcWGS), and mtDNA datasets. Our analyses reveal a 
complex tri-lineage hybrid zone of E. olmstedi and two divergent E. nigrum lineages. lcWGS and ddRADseq approaches yield similar overall 
results for population genetic structure; however, the two approaches differ in estimates of the magnitude of population differentiation. Several 
sites with ongoing admixture are proximate to stream confluences and form a temporally stable mosaic of hybridization across the contact 
zone. We observe active and apparently st able st ates of hybridization, supporting the hypothesis that niche partitioning by stream size maintains 
species identity. The species and populations in the contact zone maintain high levels of genome-wide differentiation across streams. Our study 
provides insight into the dynamic process of secondary contact and highlights the array of possible genomic outcomes of hybridization. 
Keywords: hybridization, secondary contact, population genomics, fishes, sequencing approaches 
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ntroduction 

iological species are interbreeding groups of natural pop-
lations forming independent evolutionary lineages ( Mayr,
942 ). However, speciation does not always lead to com-
lete reproductive isolation, allowing for interbreeding be-
ween species in hybrid zones ( Harrison, 1993 ). Hybrid
ones provide natural experiments to study speciation dy-
amics in non-model systems where hybridization can in-
rease or decrease diversification by producing novel phe-
otypes and genotypes, which can exploit new ecological
iche spaces. Hybrid zones most often arise when allopatric
pecies come into secondary contact ( Abbott et al., 2013 ;
arton & Hewitt, 1985 ; Harrison & Larson, 2014 ). Nat-
rally fragmented freshwater systems provide ideal condi-
ions for secondary contact hybrid zones. Physical and eco-
ogical dispersal barriers can lead to fragmented species dis-
ributions created via river basin rearrangement over time
hrough erosion, glaciation, sedimentation, and other geo-
ogical processes, resulting in allopatric speciation due to
imited gene flow ( Bishop, 1995 ; Kim et al., 2023 ; Tight,
903 ; Wiley & Mayden, 1985 ). In river and stream fish
a  
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opulations, secondary contact and hybridization can arise
hen river courses shift. There are many possible genomic
utcomes when two species come into contact and interact,
anging from maintenance of species boundaries to complete
erging of the species into a hybrid swarm ( Harrison, 1993 ;
unemark et al., 2019 ). 
In this study, we examined an unusual secondary con-

act hybrid zone between two darter species: Johnny Darter
 Etheostoma nigrum ) and Tessellated Darter ( E. olmstedi ).
arters are a clade of freshwater fishes comprising around
50 species distributed across eastern North America ( Near
t al., 2011 ). Etheostoma nigrum and E. olmstedi are two
f the most widespread darter species with ranges stretch-

ng from the Hudson Bay to the Gulf coast. These species
re largely split into two drainage basins, the Atlantic coast
nd the Mississippi River basin ( Heckman et al., 2009 ;
acGuigan et al., 2023 ). The E. nigrum and E. olmstedi

lades are a species complex that diverged from a common
ncestor approximately 3–5 million years ago ( MacGuigan
t al., 2023 ). Unlike most closely related darter species
 MacGuigan et al., 2023 ), E. nigrum and E. olmstedi share
 large area of range overlap in the Great Lakes and St.
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Figure 1. Mosaic secondary contact between three darter lineages from two species ( E. nigrum and E. olmstedi ). (A) Maximum likelihood ddRAD 

phylogeny displayed as a cladogram (modified from MacGuigan et al., 2023 ). Branch colors indicate the three lineages present in the contact zone. Gray 
branches in the phylogeny indicate species or lineages not discussed in this manuscript. Boxes below the phylogeny indicate the position of individuals 
from the contact zone. (B) Map colors indicate the range of E. olmstedi (orange), the two E. nigrum lineages (dark and light green), and the contact zone 
(gray). (C) Representative photos of breeding males. (D) Expanded map of region highlighted by white box in (A). Watershed boundaries are indicated by 
white lines. Points are RADseq sampling localities colored by clade. 
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Lawrence River basins. Their range overlap is a result of sec- 
ondary contact, as glaciers covered much of this region until 
about 13–20 thousand years ago ( Clark et al., 2009 ; Dalton 

et al., 2020 ). Morphology-based analysis of the contact zone 
showed that E. nigrum tends to inhabit small streams, while 
E. olmstedi is found in larger rivers within the contact zone 
( Chapleau et al., 1985 ). Moreover, early morphological stud- 
ies also indicated the two species are hybridizing in the areas 
where their geographic ranges overlap ( Cole, 1965 ). 

Prior phylogeographic analyses revealed that E. nigrum 

and E. olmstedi are an unusual case of secondary contact 
between three distinct evolutionary lineages ( MacGuigan et 
al., 2023 ). Phylogenetic and population structure analyses 
based on nuclear and mitochondrial markers ( MacGuigan 

et al., 2023 ) identified two geographically widespread and 

deeply divergent E. nigrum lineages ( Figure 1A ). One of 
these lineages is largely restricted to the Ohio River basin 

(light green, Figure 1B ), while the other lineage is dis- 
tributed throughout the Mobile River, Mississippi River,
Great Lakes, and the Hudson Bay basin (dark green, Figure 
1B ). These lineages are likely the product of two separate 
postglacial colonization routes. Both E. nigrum lineages are 
present in the contact zone with E. olmstedi ( Figure 1D ).
However, it remains unclear whether all three lineages are 
ctively hybridizing in the contact zone. Thus, E. nigrum 

nd E. olmstedi present an ideal system to examine the evo-
utionary patterns, interactions, and consequences of intra- 
nd inter-specific hybridization in a single secondary contact 
one. 

Speciation studies have historically relied on genetic 
arkers to broadly characterize population structure, ad- 
ixture, and gene flow in hybrid zones ( Grainger Hunt &

elander, 1973 ; Harrison, 1986 ; Moore, 1977 ; C. Moran et 
l., 1980 ). Many studies of hybrid zones use reduced rep-
esentation sequencing (e.g., GBS, RADseq, amplicon pan- 
ls, etc.) as a cost-effective method to generate data across
 broad (but sparse) swath of the genome ( Christe et al.,
016 ; Curto et al., 2019 ; Marinček et al., 2023 ; Natola et
l., 2022 ; Saarman & Pogson, 2015 ; van Riemsdijk et al.,
023 ; Walsh et al., 2023 ). Reduced representation methods,
specially restriction site associated DNA sequencing (RAD- 
eq), are effective to study population structure, gene flow,
nd demography, or to study the genetic basis of local adap-
ation ( Catchen et al., 2013 ; Combosch & Vollmer, 2015 ;
uevas et al., 2021 ; Gunn et al., 2022 ; Laporte et al., 2015 ;
owry et al., 2017 ). However, RADseq datasets may be lim- 

ted by missing data and gaps when RAD loci are sparsely
nd non-uniformly distributed across the genome. This se- 
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uencing method misses adaptive SNPs if they are not within
he same haplotype block and in high linkage disequilibrium
 Lowry et al., 2017 ), or if only one allele of a heterozygous
ndividual is sequenced leading to allelic dropout ( Gautier et
l., 2013 ; Souza et al., 2017 ). 
Alternatively, whole-genome sequencing (WGS) is in-

reasingly used to study non-model organisms ( Lou et al.,
021 ). Much higher resolution (marker density), more uni-
orm sequencing depth, and broad coverage across the
enome are some strengths of WGS datasets over reduced
epresentation methods, such as RADseq. WGS has been
hown to yield higher resolution of population differenti-
tion; for example, Szarmach et al. (2021) demonstrated
hat WGS was more effective at identifying outlier FST peaks
han reduced representation sequencing methods. The more
ecent approach of low-coverage WGS (lcWGS) presents a
ost-effective method for analyzing population structure and
enetic differentiation in non-model organisms. lcWGS ben-
fits from the more even distribution of sequencing depth
cross the genome compared to reduced representation se-
uencing, albeit with low sequencing coverage (e.g., < 5x on
verage). While lcWGS is powerful at generating genome-
ide datasets at the population level, it presents limita-

ions at the individual level due to unreliable SNP calling
rom low sequencing depth ( Therkildsen & Palumbi, 2017 ).
lthough lcWGS depends on a reference genome, unlike

ome reduced-representation approaches like RADseq, the
ncreasing availability of high-quality reference genomes is
itigating this constraint (e.g., Jin et al., 2023 ; Karimi et al.,
022 ; Kaye & Wasserman, 2021 ; Krabbenhoft et al., 2021 ;
ang et al., 2023 ). 
We examined population structure and genetic differen-

iation in the secondary contact hybrid zone between E.
igrum and E. olmstedi using both lcWGS and ddRAD
atasets. Our analyses aimed to investigate whether there is
road-scale collapse into a single hybrid swarm or mainte-
ance of species boundaries and draw conclusions on hy-
rid zone dynamics and structure. We examined whether
he hypothesis of ecological niche partitioning by stream
ize ( Chapleau et al., 1985 ) is supported by analyses of ge-
etic data. Furthermore, we compare the efficacy of lcWGS
ersus RADseq (ddRAD) for the inference of population
tructure, admixture, and genomic differentiation in the
ybrid zone. Our results reveal different spatial patterns
f hybridization and evidence of habitat partitioning be-
ween Etheostoma olmstedi and E. nigrum within the area
f range overlap. We identify E. nigrum ancestry in the
maller, upstream tributaries and E. olmstedi ancestry in
he larger, mainstem reaches. Hybridization follows a mo-
aic pattern in which hybrids of E. nigrum and E. olm-
tedi tend to occur near confluences of small tributaries and
arger streams. The species and populations in the contact
one maintain high levels of genome-wide differentiation
cross streams. Analyses of both lcWGS and RADseq data
ield generally similar patterns of population structure and
dmixture but differ in their estimates of the amount of
opulation differentiation. FST estimates for RADseq data
re on average higher, and regional shifts in FST are less
efined compared to signals detected by lcWGS analyses.
ur study reveals how a single secondary contact zone can
roduce a diverse spectrum of genomic outcomes, an ef-
ect amplified by the presence of three distinct evolutionary
ineages. 
aterials and methods 

ample collection and sequencing 

e collected 295 specimens and tissues of E. nigrum and E.
lmstedi from their secondary contact zone in western New
ork ( Table S1 ). Sampling localities were concentrated in the
enesee River system (within the contact zone), but we also

ampled several allopatric localities from outside the con-
act zone ( Figure 1 and Figure 2A ). Sample collection was
erformed under scientific collection permits for New York
LCPSCI #85 and #2962). Following Yale IACUC protocol
umber 2018-10681 and University at Buffalo IACUC pro-
ocol number 2019-00161, fish were euthanized in buffered

S-222 before tissue samples were taken from the right pec-
oral fin or right lateral musculature. Tissues were preserved
n 95% ethanol at −20◦C or directly flash frozen at −80◦C.

For the lcWGS dataset, genomic DNA was extracted from
sh muscle tissue ( n = 295) using the Pure Link Genomic
NA Mini Kit (Invitrogen, Thermo Fisher Scientific, Inc.)
r DNEasy Blood & Tissue Kit (Qiagen, Inc.) following the
anufacturer’s protocols. DNA extractions were quantified
sing Qubit 3.0 broad range fluorometric assays (Thermo-
isher Inc.). DNA samples were then diluted to target 2.5
g DNA/μl ultrapure water. Genomic DNA libraries were
repared following a modified version of the Tn5 protocol
y Picelli et al. (2014) , plating 2 μl per sample. Briefly, the
rotocol involved tagmentation with Tn5 transposase, liga-
ion with dual-indexed Illumina i5 and i7 adapters, and 12
ounds of PCR amplification. We pooled our samples into
wo libraries with 148 and 147 samples. We performed an
MPure XP bead cleanup selecting for fragments larger than
00 base pairs, followed by quality control using a Qubit
.0 fluorometer and Nanodrop spectrophotometer measur-
ng A260/280 and A260/230. Our final 295 genomic DNA
amples were pooled and sequenced with 2 × 150 base pair
llumina NovaSeq low-coverage whole genome sequencing
n two S4 flow cells (Admera, Inc.). 
We compared our lcWGS data to two additional pub-

ished genetic datasets: a ddRAD dataset and alignment of
he partial coding sequence of a mitochondrial DNA gene,
ytochrome b ( cytb ) (MacGuigan et al., 2023 ). The ddRAD
nd cytb datasets contained the same 112 E. nigrum and E.
lmstedi individuals ( Table S1 ). 26 individuals were repre-
ented in all three datasets (i.e., lcWGS, ddRAD, and cytb ). 

iltering and genotyping 

ow coverage WGS reads were demultiplexed using BBMap
. 38.87 ( Bushnell, 2014 ) with a Hamming distance of
 followed by read quality control using FastQC v.
.11.9 ( Andrews, 2010 ). We performed adapter clipping
ith Trimmomatic v. 0.39 ( Bolger et al., 2014 ) to retain
nly paired reads. To map our sequence data, we used
he Etheostoma perlongum genome ( MacGuigan et al.,
023 ) (NCBI GCA_026937815.1) in Bowtie 2 v. 2.3.4.1
 Langmead & Salzberg, 2012 ), followed by read filtering us-
ng SAMtools v. 1.9 ( Li et al., 2009 ) with a MAPQ filter = 20,
emoval of PCR duplicates with Picard v. 2.26.11 ( Broad
nstitute et al., 2019 ), and paired end read overlap clipping
sing BamUtil v. 1.0.14 ( Jun et al., 2015 ). For the ddRAD
ataset (MacGuigan et al., 2023 ), we used BAM files gen-
rated by step 6 of the ipyrad v.0.9.81 pipeline ( Eaton &
vercast, 2020 ). 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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Figure 2. Complex population structure between sampling localities within the secondary contact zone and allopatric localities from outside the contact 
zone. (A) Map of all sampled streams and rivers in the range of the contact zone. Map colors indicate the range of E. olmstedi (orange), the two E. 
nigrum lineages (dark and light green), and the contact zone (gray). (B) Admixture analyses for ddRAD samples and (C) admixture analyses for lcWGS 
samples. Localities are sorted from upstream (left) to downstream (right), except for Honeoye Creek, where several smaller tributaries were sampled. 
Populations are plotted by watersheds. Bar plots of individual ancestry coefficients for three ancestral populations (K), estimated from ddRAD or lcWGS 
data. Bars indicate individuals, color indicates the proportion of genomic ancestry for each ancestral population. Orange indicates E. olmstedi ancestry, 
and both shades of green indicate E. nigrum ancestry. Colored horizontal bars indicate shared individuals between ddRAD and lcWGS datasets. 

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/80/3/644/8400350 by Yale Library user on 18 April 2026



648 Schwarz et al.

 

(  

m  

f  

d  

f  

h  

r  

-  

F  

i  

t  

a  

u  

t  

a  

(  

c  

a  

(  

f
o

P

W  

d  

p  

A  

w  

R  

t  

i  

(  

a  

l  

p  

t  

d

S

T  

E  

f  

m  

A  

d  

o  

7  

w  

c  

t  

w  

u  

c  

C  

l  

f  

B  

c  

R  

s  

R

a  

c  

W
2  

r  

S  

S  

a  

s  

o  

4  

o  

d  

R

S

A  

n  

a  

d  

6  

c  

s  

s  

u

P
w

W  

g  

e  

2  

l  

U  

d  

q  

t
 

t  

t  

(  

t  

s  

i  

c  

r  

(
 

(  

o  

t  

p  

p  

2  

T  

R  

p  

o  

m  

m  

C  

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/80/3/644/8400350 by Yale Library user on 18 April 2026
We estimated genotype likelihoods using ANGSD v. 0.921
 Korneliussen et al., 2014 ). We retained sites present in
ore than 90% of individuals (minimum 265 individuals

or the lcWGS dataset, minimum 100 individuals for the
dRAD dataset), and polymorphic sites with minor allele
requency greater than 5%. When calling genotype likeli-
oods, we also used the following ANGSD parameters: -
emove_bads 1, -trim 0, -minMapQ 20, -minQ 20, -GL 2,
doGlf 2, -doCounts 1, -doMajorMinor 1, and -doMaf 3.
or the lcWGS dataset, we used -setMinDepth 265 and spec-

fied the “-setmaxDepth” filter to be 10-fold larger than
he number of individuals, as the average sequencing depth
cross all individuals was 1.9x. For the ddRAD dataset, we
sed -setMinDepth 100 and increased the -setMaxDepth set-
ing to 100 times the number of individuals, as the aver-
ge ddRAD sequencing depth across all individuals was 22x
 MacGuigan et al., 2023 ). To mitigate the effect of physi-
al linkage on our population structure analyses, we used
 custom R script to generate a subsampled list of SNPs
one per 10 kb window), which was provided to ANGSD
or final genotype likelihood estimation using the “-sites”
ption. 

opulation structure analysis 

e used the thinned lcWGS and ddRAD genotype likelihood
atasets generated by ANGSD to perform principal com-
onent analysis (PCA) with PCAngsd v. 1.10 ( Meisner &
lbrechtsen, 2018 ). The covariance matrix from PCAngsd
as used as input for PCA using the prcomp function in the
 package stats v. 4.1.3 ( Venables & Ripley, 2002 ). Addi-

ionally, we estimated individual admixture proportions us-
ng PCAngsd for between 2 and 10 ancestral populations
 K ), with five replicates per K value. We used the R pack-
ge POPHELPER v. 2.3.1 ( Francis, 2017 ) to plot mean log-
ikelihood values for K 2–10. In addition, we used previous
hylogenetic analyses ( MacGuigan et al., 2023 ) to identify
he mitochondrial ancestry of all individuals in the ddRAD
ataset. 

liding window genetic differentiation 

o evaluate the population genetic differentiation between
. olmstedi and E. nigrum , we calculated the unfolded site

requency spectrum (SFS) using the full datasets to esti-
ate the magnitude of population differentiation ( FST ) using
NGSD with the full lcWGS and ddRAD datasets. Only in-
ividuals that could be confidently assigned to E. olmstedi
r E. nigrum based on the admixture analyses (greater than
5% ancestry) were included in species level analyses. For
ithin-species analyses of E. nigrum , we filtered individuals

arrying the primary Ohio River basin haplotype into ances-
ry bins of ≥89%, ≥95%, and ≥ 97% for three sets of pair-
ise FST analyses. In the lcWGS dataset, we included individ-
als from Allegheny, Honeoye, Marsh, Oatka, and Bennetts
reeks, and calculated FST values relative to the Tonawanda
reek population, which represents the Lake Erie basin

ineage. For the ddRAD dataset, we included individuals
rom the Upper Genesee River, Marsh, Allegheny, Bennetts,
lack, Irondequoit, Oatka, and Honeoye creeks. FST was
alculated against individuals from both Tonawanda and
ed Creeks (Lake Erie basin lineage) to increase sample

ize. To assess within-lineage differentiation in the Ohio
iver basin E. nigrum lineage, we conducted additional FST 
nalyses restricted to individuals with ≥97% inferred an-
estry from Bennetts, Marsh, Oatka, and Honeoye creeks.
e supplied the E. perlongum genome ( MacGuigan et al.,

023 ) as an outgroup to define the ancestral state. Using the
ealSFS option in ANGSD , we computed each population
FS, and combined them to obtain the two-dimensional joint
FS between the populations. To calculate FST , we performed
 sliding-window scan of 100 kb windows with 10 kb step
ize using the realSFS function and calling the -whichFst 1
ption. We performed regression analysis using R version
.2.3 and the R package qqman (Turner, 2018) on a subset
f 26 individuals that are present in both ddRAD and lcWGS
atasets. All analyses were performed on the UBCCR cluster.

esults 

equencing results 

fter concluding all bioinformatic steps, we retained a fi-
al average of 1.9x sequencing depth across all samples
nd all sites in the lcWGS dataset ( Figure S1 ) and 13.7x
dRAD sequencing depth. The full lcWGS dataset contained
,970,787 polymorphic sites, while the full ddRAD dataset
ontained 768,236 polymorphic sites. Following SNP sub-
ampling, our final datasets for population structure analy-
es consisted of 65,972 lcWGS sites and 22,196 ddRAD sites
sed for analyses of population structure. 

opulation structure of allopatric populations and 

ithin the contact zone 

e sampled a large secondary contact zone between E. ni-
rum and E. olmstedi in western New York, as well as sev-
ral allopatric reference populations ( Figure 1 and Figure
A ), using RADseq, lcWGS, and mtDNA haplotypes to ana-

yze the population structure and population differentiation.
sing 26 individuals shared between ddRAD and lcWGS
atasets, we evaluated the consistency of results across se-
uencing approaches to assess concordance and identify po-
ential discrepancies in population genetic inferences. 

For the admixture analyses, K-log likelihoods revealed
hat two clusters are the best fit for both datasets, since
here was the sharpest increase from K = 1 to K = 2
 Figure S2A, B ). Since the PCAs ( Figure 3A, D ) show
hree distinct clusters, and previous phylogenetic analy-
es show there are three divergent evolutionary lineages
n this contact zone ( MacGuigan et al., 2023 ), we de-
ided to focus our admixture interpretation on the K = 3
esults, although we also report results for K = 2–10
 Figures S3 , S4 ). 

In the PCAs, individuals generally form three clusters
 Figure 3A, D ). Two of these clusters occur at opposite ends
f the first PC axis ( Figure 3B, C, E, F ). PC1 explains most of
he observed variance and separates the sampled allopatric
opulations of E. nigrum and E. olmstedi .Individuals with
ure E. olmstedi ancestry in the admixture analyses ( Figure
B, C ) cluster on the far-right end of PC1 ( Figure 3C, F ).
his includes samples from the Cohocton River, Oswego
iver basin, Cayuga Lake basin, and Tuscarora Creek, all
opulations outside of the secondary contact zone. More-
ver, samples with primarily E. olmstedi ancestry from ad-
ixed populations within the contact zones cluster proxi-
ate with allopatric E. olmstedi samples. Individuals from
onesus Creek, Johnson Creek, Sandy Creek, and the Sodus

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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Figure 3. Principal component analysis reveals axis of complex population variation. (A) Principal component analysis (PCA) for ddRAD samples with 
individuals colored by stream. (B) Zoomed bottom left corner of ddRAD PCA. (C) Zoomed bottom right corner of ddRAD PCA. (D) PCA for lcWGS 
samples with individuals colored by stream. (E) Zoomed bottom left corner of lcWGS PCA. (F) Zoomed bottom right corner of lcWGS PCA. 
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Figure 4. Strong correlation between the ddRAD and lcWGS admixture results and the impact of missing ddRAD genotypes on estimated ancestry 
coefficients. (A) Regression analyses between lcWGS E. olmstedi ancestry coefficients and ddRAD E. olmstedi ancestry coefficients, and (B) 
Regression analyses between the percent of missing ddRAD genotypes and the difference in ancestry coefficients between ddRAD and lcWGS 
datasets ( y -axis = | ddRAD ancestry—lcWGS ancestry | ) for 26 shared individuals. 
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ay basin within the secondary contact zone separate from
he far-right cluster of non-admixed E. olmstedi on the PCA,
ndicating minor genomic admixture ( Figure 3A, D ). This
grees with the admixture analysis results for three ances-
ral populations (K), which show minor E. nigrum ancestry
s present in these populations ( Figure 2B, C ). Conesus Creek
ad the strongest admixture signal with all samples showing
pproximately 20% minor ancestry from E. nigrum ( Figure
B, C ). 
The far-left end of PC1 contains a cluster of individu-

ls with pure E. nigrum ancestry ( Figure 3A, C ). This in-
ludes an allopatric population from the Allegheny River,
s well as several populations within the secondary contact
one, including Black Creek, the Upper Genesee River basin,

arsh Creek, and Irondequoit Creek. Other samples in this
. nigrum cluster include several individuals from Bennetts
reek within the Susquehanna River system, a drainage
asin thought to contain only E. olmstedi . Most of these
amples show little to no admixture with E. olmstedi ( Figure
B, C ). The second PC axis separates the allopatric E. ni-
rum populations in Tonawanda and Red Creeks from all
ther populations ( Figure 3A, D ). These samples are also

dentified as a second, distinct E. nigrum genetic cluster in
he admixture analyses ( Figure 2B, C ). The population from
ed Creek within the contact zone also separates along PC2
ith the Tonawanda Creek population ( Figure 3A ). Minor
ncestry from this second E. nigrum genetic cluster is ob-
erved in several admixed populations in the contact zone,
ncluding Conesus Creek, Johns Creek, Sandy Creek, and
rondequoit Creek ( Figure 2B, C ). Etheostoma nigrum in-
ividuals from the allopatric Allegheny River populations
lso exhibit a small (less than 5%–10%) proportion of their
ncestry derived from the second E. nigrum genetic cluster
 Figure 2B, C ). 

Two creek systems in the secondary contact zone contain
ndividuals widely dispersed along PC1. Most samples from
atka Creek cluster on the left side of PC1 with individuals

haring E. nigrum ancestry; however, some individuals show
enomic intermediacy ( Figure 3A, D ). Similarly, we see indi-
iduals from Honeoye Creek dispersed along PC1 ( Figure
A, D ). Some individuals are placed on the far-right and far-

eft ends of PC1, while others occupy intermediate positions.
Analyses of RADseq and lcWGS data estimate almost
dentical admixture proportions for the subset of individu-
ls shared between the two datasets ( Figure 2B, C , Figure 5 ).
he ancestry coefficients for the E. olmstedi genetic cluster
re highly correlated between RADseq and lcWGS datasets
 R2 = 1, p < 2.2e-16) ( Figure 4A ). However, there is a posi-
ive correlation ( R2 = 0.36, p = .00041) between the percent
f missing RADseq genotypes and the difference between the
ADseq and lcWGS ancestry coefficient estimates ( Figure
B ). 

osaic population structure within the contact zone

oth RADseq and lcWGS datasets illustrate the broadly mo-
aic geographic context of the darter hybrid zone in West-
rn New York. However, the lcWGS sampling was more tar-
eted, with increased geographic coverage and more sam-
ling sites across four focal stream systems in the contact
one: Oatka Creek, Honeoye Creek, and Conesus Creek in
he Genesee River basin and Bennetts Creek in the Susque-
anna River basin. 
Two of the focal stream systems in our lcWGS dataset

xhibited opposite patterns of genomic admixture. In Ben-
etts Creek, we observe pure E. olmstedi ancestry at the most
ownstream site (site 1) and nearly pure E. nigrum ancestry
t the upstream sites (sites 2, 3, and 4). This indicates that
pstream sites in Bennetts Creek harbor E. nigrum , while E.
lmstedi populates Bennetts Creek further downstream near
he confluence with the larger Canisteo River ( Figure 5 , B4
nd C4). Individuals from the three upstream sites exhibit a
mall proportion (less than 5%) of E. olmstedi ancestry, but
here is no widespread admixture. In contrast, all individu-
ls from the three sampling sites in Conesus Creek ( Figure 5 ,
3 and C3) have evenly admixed ancestry, with about 80%
f their genomic ancestry derived from E. olmstedi and 20%
f their genomic ancestry derived from the second E. nigrum
enetic cluster. This observation of stable admixture propor-
ions throughout Conesus Creek is supported by results from
he RADseq dataset, which showed the same 80/20 admix-
ure, despite the fact that RADseq and lcWGS individuals
rom Conesus Creek were sampled four years apart ( Table
1 ). 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data


Evolution (2026), Vol. 80, No. 3 651

Figure 5. Secondary contact between E. nigrum and E. olmstedi leads to different flavors of hybridization. (A) Map of waterways in western New York 
state. Map colors indicate the range of E. olmstedi (orange), the two E. nigrum lineages (dark and light green), and the contact zone (gray). Hashed 
shading indicates a potential contact zone in the Susquehanna River basin. White lines indicated watershed boundaries. (B) Zoomed maps of four hybrid 
zones in (1) Honeoye Creek, (2) Oatka Creek, (3) Conesus Creek, and (4) Marsh Creek and Bennetts Creek. Localities are numbered from downstream to 
upstream, except for Honeoye Creek, where several smaller tributaries were sampled. (C) Bar plots of individual ancestry coefficients for three ancestral 
populations (K), estimated from ddRAD or lcWGS data. Bars indicate individuals, color indicates the proportion of genomic ancestry for each ancestral 
population. 1-Honeoye Creek: sites 5A and 5B denote the same site sampled across multiple years. 2-Oatka Creek: sites 1A and 1B denote the same 
site sampled across multiple years. 
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The other two focal stream systems within the contact 
zone, Oatka and Honeoye creeks, exhibit a third distinct ge- 
ographic pattern of genomic ancestry. In the PCA, we ob- 
serve that samples from Oatka Creek and Honeoye Creek 

are dispersed along PC1 ( Figure 3A, D ). At sampling sites 7 

through 2 in Oatka Creek ( Figure 5 , B2 and C2), we iden- 
tified almost pure E. nigrum individuals, with little to no E .
olmstedi admixture. Only at site 1 did we observe varying 
levels of admixture, with individuals ranging from 10% to 

100% E. nigrum ancestry ( Figure 5 , B2 and C2). Sites 1A 

and 1B are the same locality sampled in 2017 and 2021, re- 
spectively, yet both show fish with an array of admixture 
proportions ( Figure 5 , B2). This indicates that hybridization 

in Oatka Creek is likely stable across time and largely local- 
ized to site 1. Site 1 is located only 1.5 km upstream of the 
confluence between Oatka Creek and the much larger Gene- 
see River ( Figure 5A ). Thus, active hybridization in Oatka 
Creek appears limited to an area near a major transition be- 
tween smaller and larger riverine habitat. 

In the Honeoye Creek system, we see a similar pattern 

of localized hybridization and admixture; upstream samples 
from smaller tributaries tend to have E. nigrum ancestry,
while samples from larger stream sections have E. olmstedi 
genetic ancestry ( Figure 2C ). For example, sites 6, 7, and 8 

are from a small unnamed tributary of Honeoye Creek and 

contain individuals with pure E. nigrum ancestry ( Figure 5 ,
1 and C1). Site 5, which is located at the confluence of this
mall tributary and the main stem of Honeoye Creek, con-
ains admixed individuals. Sites 3 and 4, located in the main-
tem of Honeoye Creek immediately downstream of the con- 
uence contain individuals with mostly pure E. olmstedi an- 
estry. Likewise, sites 11, 12, and 13 in the small tributary
pring Brook contain individuals with pure E. nigrum ances- 
ry. The only admixture in this tributary is found at site 10,
ear the confluence with the larger Honeoye Creek main- 
tem. Etheostoma olmstedi was not restricted to the main- 
tem of Honeoye Creek; individuals at sites 1, 2, and 15 all
ave pure E. olmstedi ancestry but occur in smaller tribu-
aries. 

Etheostoma nigrum and E. olmstedi in Oatka and Ho- 
eoye creeks represent a mosaic pattern of hybridization,
ince hybrids are observed repeatedly at intersections of 
mall tributaries and larger mainstem rivers ( Figure 2C, D ).
hrough admixture analysis for K = 10, we can geneti-
ally distinguish E. nigrum or E. olmstedi populations in 

ifferent streams ( Figures S3 , S4 ). Even at K = 10, sam-
les from Allegheny River are still identified as pure E. ni-
rum , and Tonawanda Creek remains a distinct second E.
igrum lineage. At the same time, individuals from Tus- 
arora Creek are still pure E. olmstedi ancestry ( Figures S3 ,
4 ). Furthermore, our observations have some temporal con- 
istency since we sampled individuals with similar admix- 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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Figure 6. Mitochondrial DNA (mtDNA) introgression is more widespread 
than nuclear introgression. (A) Mitochondrial CytB phylogeny modified 
from MacGuigan et al. (2023) . Branches are colored by lineage. Branch 
colors indicate the three lineages present in the contact zone. Gray 
branches in the phylogeny indicate species or lineages not discussed in 
this manuscript. Boxes below the phylogeny indicate the position of 
individuals from the contact zone. (B) Map colors indicate the range of E. 
olmstedi (orange), the two E. nigrum lineages (dark and light green), and 
the contact zone (gray). Hashed shading indicates a potential contact 
zone in the Susquehanna River basin. Map shows ddRAD sampling 
localities (white circles). Pie charts represent individuals at sites where 
mtDNA introgression is present. Pie charts display K = 3 estimated 
ancestry coefficients (light green and dark green are E. nigrum ancestry, 
orange is E. olmstedi ancestry). Circle in the middle of the pie charts 
indicates mtDNA haplotype (green for E. nigrum haplotype, orange for E. 
olmstedi haplotype). The mtDNA haplotype for one individual from 

Conesus Creek is unknown. Points on the map are colored by 
mitochondrial haplotype, White points represent localities where there is 
a mismatch between ddRAD ancestry and mitochondrial ancestry. 
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ure proportions for our ddRAD (2017) and lcWGS (2021)
atasets. 

tDNA haplotypes 

rior mitochondrial phylogenetic analyses ( MacGuigan et
l., 2023 ) identified three distinct lineages in the NY con-
act zone: one E. olmstedi lineage and two E. nigrum lin-
ages ( Figure 6A ). The two E. nigrum mitochondrial lin-
ages largely match the two lineages identified by phylo-
enetic analyses of genome-wide ddRAD markers ( Figure
 , MacGuigan et al., 2023 ). We compared mtDNA ances-
ry to RADseq ancestry estimates across the contact zone
 Figure 6B ). Many individuals with admixed ancestry in
atka Creek, Honeoye Creek, and Conesus Creek exhibit
ismatches between their predominant nuclear ancestry and

heir mtDNA haplotypes ( Figure 6B ). Several smaller tribu-
aries of Lake Ontario, such as Johnson Creek, Sandy Creek,
nd Sodus Bay also contain individuals with heterospecific
tDNA. Individuals from these streams have minor sig-
als of admixture, indicative of past nuclear gene flow in
ddition to mtDNA introgression ( Figure 6B ). Johnson
reek is of particular note; individuals from this locality pos-

ess mitochondrial haplotypes and nuclear ancestry from all
hree lineages. 

While nuclear admixture is limited to a few regions within
he contact zone, mtDNA introgression is more geographi-
ally widespread. For example, two individuals from the up-
er Genesee River basin, where there is no evidence of nu-
lear introgression, contain heterospecific mtDNA ( Figure
B ). Additionally, one individual from the headwaters of
ennetts Creek contains an E. olmstedi mtDNA haplotype

n an E. nigrum genomic background ( Figure 6B ). Perhaps
ost surprisingly, individuals from Tonawanda Creek ex-
ibit intraspecific mitochondrial introgression ( Figure 6B ),
espite no signatures of intraspecific nuclear admixture
 Figure 2 and Figure 6B ). With the exception of Bennetts
reek in the Susquehanna River basin, we do not observe in-

erspecific introgression of mtDNA haplotypes outside of the
ake Ontario basin contact zone in New York ( MacGuigan
t al., 2023 ). 

opulation differentiation in secondary contact 

theostoma nigrum and E. olmstedi have hybridized repeat-
dly across the contact zone despite their deep phylogenetic
ivergence. To investigate the degree of between-lineage di-
ergence, we estimated genome-wide differentiation ( FST )
etween E. olmstedi and E. nigrum and between the two
. nigrum lineages. For our comparisons between E. nigrum

Ohio River Basin) and E. olmstedi , we excluded strongly ad-
ixed individuals (less than 75% ancestry coefficient for E.
igrum or E. olmstedi ) and only included individuals shared
etween the two datasets. The two species are strongly dif-
erentiated ( Figure 7 ). The genome-wide mean FST of 0.52
estimated from lcWGS data) indicates high genome-wide
opulation genetic differentiation between E. nigrum and E.
lmstedi species. The ddRAD estimate supports the high de-
ree of genome-wide differentiation ( FST = 0.60). Neither
ataset identifies clear outlier peaks of high FST between the
wo species ( Figure 7A and 7B ). The lcWGS analyses show
road shifts in FST across individual chromosomes ( Figure
5 ). 
There were a total of 117,547 sliding windows in the

cWGS analysis, compared to only 10,706 windows in the
ADseq analysis. For the 6,631 sliding windows shared be-

ween the two datasets, there is a statistically significant but
eak positive correlation between RADseq and lcWGS FST 

stimates ( R2 = 0.0403, p = 1.83e-61) ( Figure 7C ). The
ack of a strong correlation is likely driven by the much
reater variance in FST estimates from the RADseq dataset
SD = 0.20) compared to FST estimates from the lcWGS
ata (SD = 0.11). Additionally, calculating the difference in
ST ( �FST = (RADseq FST )—(lcWGS FST )) at each matching
liding window between our RADseq and lcWGS datasets
eveals overall higher RADseq FST than lcWGS FST esti-
ates ( Figure 7D ), with the highest density of points at
FST ≈ 0.2. 
In addition to the interspecific comparison between E.

igrum and E. olmstedi , we also examined genetic differ-
ntiation among lineages and populations within E. ni-
rum . The tendency for ddRAD to yield higher FST esti-
ates than lcWGS is consistent across both inter-lineage

nd intra-lineage comparisons. The two E. nigrum lineages

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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representing the Ohio River Basin and Lake Erie Basin ex- 
hibit substantial genome-wide divergence ( Figure S6 ), with 

a mean lcWGS FST of approximately 0.40 ( Figure S6E ) be- 
tween individuals with greater than 97% Ohio Basin ances- 
try and those from Tonawanda Creek representing the Lake 
Erie Basin lineage. The corresponding ddRAD FST was ap- 
proximately 0.31 ( Figure S6F ). Including more admixed in- 
dividuals led to a slight decrease in observed differentiation 

between lineages ( Figure S6A–D ). These inter-lineage results 
are consistent with the deep phylogenetic divergence within 

E. nigrum . 
While these between-lineage comparisons reflect strong 

genome-wide differentiation, within-lineage FST values re- 
main low among individuals with Ohio River Basin 

ancestry. Among populations within the Genesee River 
contact zone, lcWGS FST ranged from 0.07 to 0.12,
while ddRAD FST ranged from 0.13 to 0.19 ( Figure 
S7 ). The lowest observed within-lineage differentiation 

occurred between Marsh and Bennetts Creeks distinct 
drainage basins in close geographic proximity with lcWGS 
FST = 0.02 and ddRAD FST = 0.11 ( Figure 5 B4). These 
results highlight the fine-scale, mosaic structure of the 
tri-lineage hybrid zone, where despite extensive admix- 
ture, stream-specific genetic identities remain largely pre- 

served. 
iscussion 

omparison of RADseq and lcWGS sequencing 

pproaches 

e find that RADseq and lcWGS approaches yield simi- 
ar results for population structure and estimates of ances- 
ry coefficients. The two approaches are equally powerful to 

urvey population distributions as we demonstrate here by 
nalyzing the population structure of a mosaic secondary 
ontact hybrid zone between E. nigrum and E. olmstedi .
e find that the ancestry coefficients of our RADseq and

cWGS datasets are highly correlated ( Figure 4A ). However,
ndividuals with more missing RADseq genotypes exhibit 
reater discrepancy between their RADseq and lcWGS an- 
estry coefficient estimates ( Figure 4B ). This is particularly
roblematic in RADseq datasets with high levels of indi- 
idual missing data, which can mislead ancestry estimates 
e.g., MacGuigan et al., 2022 ). For admixed populations that 
re represented in both datasets, including the Allegheny 
iver, Bennetts Creek, Conesus Creek, Marsh Creek, Oatka 
reek, and Honeoye Creek, we find similar admixture pro- 
ortions at K = 3 and similar PCA results ( Figures 2 and 4 ).
herefore, reduced representation and (low coverage) whole 
enome sequence data yield similar results for downstream 

nalyses that are based on ancestry coefficients derived from 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data


654 Schwarz et al.

P  

o  

q  

(  

w  

R  

R  

r  

s  

p
 

t  

e  

t  

d  

l  

(  

m  

d  

r  

n  

r  

r
 

m  

s  

a  

t  

g  

s  

i  

1  

(  

c  

t  

H  

s  

i  

t
t  

t
d  

a  

 

t
2  

A  

a  

l  

e  

d  

o  

q  

p  

w  

a  

a  

t  

s  

W  

m  

l  

s  

b  

v  

i  

h  

l  

s
 

m  

l  

a  

G  

p  

e  

m  

s  

H  

g  

D  

u  

e  

p
 

b  

t  

A  

d  

a  

a  

s  

a  

w  

l

A
n

U  

t  

h  

s  

o  

a  

t  

a  

r  

t  

F  

E  

m  

(  

u  

t  

E  

p  

w  

M  

t  

W  

g  

w  

g  

S  

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/80/3/644/8400350 by Yale Library user on 18 April 2026
CAs or admixture analyses. This contrasts with at least
ne prior study, which found that reduced representation se-
uencing detected finer scale genetic structure than lcWGS
 Reid et al., 2021 ). Our study utilized ddRAD sequencing,
hich produces a larger number of loci compared to the
apture method employed by Reid et al. (2021) . Notably,
eid et al. (2021) had a considerably smaller WGS dataset

elative to their reduced representation data, whereas our
tudy included more comparable sampling across both ap-
roaches. 
Although the two sequencing approaches yielded consis-

ent estimates of population structure, they differ in their
stimates of population differentiation. On average, FST es-
imates from RADseq are generally higher, and patterns of
ifferentiation are less resolved ( Figure 7B , S7B ). In contrast,
cWGS data reveal both broad-scale shifts in differentiation
 Figure 7A ) and localized peaks of elevated FST across chro-
osomes ( Figure S7A ). These two genomic landscapes of
ifferentiation are only weakly correlated ( Figure 7C ). The
educed resolution in RADseq could obscure informative ge-
omic features, such as structural variants or centromeric
egions with distinct coalescent histories, as well as outlier
egions potentially reflecting local adaptation. 

The differences between RADseq and lcWGS FST esti-
ates may be attributed to inherent limitations of the data

tructure. While RADseq is based on restriction sites that
re non-uniformly distributed across the genome leading
o areas of high coverage that are interspersed with data
aps, lcWGS data have a more continuous distribution of
equencing reads across the genome. This pattern manifests
n the number of sliding FST windows: lcWGS analyses had
1 times more sliding windows than the RADseq analyses
 ∼100,000 lcWGS windows had no RADseq data). To ac-
ount for these differences in data structure, we subsampled
he two datasets for the same overlapping sliding windows.
owever, even when subsampling the datasets, the RAD-

eq results are significantly different from those derived us-
ng lcWGS. RADseq FST estimates are on average higher
han the lcWGS FST estimates and show less nuanced FST 
rends and potential outlier regions. Our results are similar
o previous studies that identify overestimated RADseq FST 
ue to missing data and a low correlation between RADseq
nd WGS estimates ( Arnold et al., 2013 ; Szarmach et al.,
2021 ). 

Estimation of FST is based on the SFS constructed from
he site allele frequency likelihoods ( Korneliussen et al.,
014 ) rather than the genotype likelihoods ( Meisner &
lbrechtsen, 2018 ), which are used for admixture analyses
nd PCA. This difference might explain why we see simi-
ar results when analyzing population structure but differ-
nt results when analyzing population differentiation. The
ata structure of RADseq versus lcWGS and the amount
f missing data might have different impacts on allele fre-
uency estimates. Additionally, PCA and admixture analyses
erform dimensionality reduction at a genome-wide scale,
here all genetic markers are collapsed into just a few vari-

bles representing population structure. In our case, PCA
nd admixture analyses inferred the same population struc-
ure patterns whether summarizing a few thousand (RAD-
eq) or hundreds of thousands (lcWGS) of genome-wide loci.

hile sliding window estimates of FST also reduce data di-
ensionality, their small size makes them highly sensitive to

ower sequencing breadth; the sparse distribution of RAD-
eq loci may therefore miss key regions or SNPs, potentially
iasing results ( Arnold et al., 2013 ) and leading to greater
ariance in estimates ( Figure 7 ). Even though low sequenc-
ng depth of lcWGS datasets could result in underestimated
eterozygosity, the greater breadth of coverage should still
ead to a more accurate estimate of differentiation within
liding windows. 

RADseq has traditionally been a more cost-effective
ethod than moderate- or high-coverage WGS for popu-

ation genetic studies. However, lcWGS with 1–2x cover-
ge is sufficient for population-level estimates ( Buerkle &
ompert, 2013 ; Fumagalli, 2013 ) and is financially com-
arable with RADseq loci for genomes around 1 GB ( Lou
t al., 2021 ). Therefore, the cost tradeoff between these
ethods is minor, at least for study systems with relatively

mall genomes, such as the darter species we examined here.
owever, lcWGS is still limited by the need for a reference

enome, which can be financially prohibitive. As the cost of
NA sequencing (especially long-read sequencing) contin-
es to decline and reference genomes become cheaper and
asier to assemble, we predict that lcWGS will increase in
opularity. 
Comparing RADseq and lcWGS approaches, we find that

oth approaches yield similar results for estimating popula-
ion structure and admixture within a mosaic hybrid zone.
ncestry coefficient estimates from our RADseq and lcWGS
atasets are highly correlated. However, the two sequencing
pproaches differ in their estimates of population differenti-
tion FST , which may be attributed to limitations of the data
tructure and the amount of missing data. We conclude that
s the associated costs with lcWGS continue to decline, we
ill see an increased application of this approach in popu-

ation genetic studies of non-model organisms. 

 tri-lineage secondary contact hybrid zone of E. 
igrum and E. olmstedi 

sing analyses of whole genome sequence data, we inves-
igated whether there is broad-scale collapse into a single
ybrid swarm or maintenance of species boundaries in a
econdary contact hybrid zone between E. nigrum and E.
lmstedi . Following allopatric speciation 3–5 million years
go, these species achieved secondary contact after the Pleis-
ocene Last Glacial Maximum (LGM). Overall, E. nigrum
nd E. olmstedi maintain their species boundaries, and we
ecord pure E. nigrum and E. olmstedi ancestry from mul-
iple streams within the contact zone. High genome-wide
ST is indicative of strong genetic differentiation between
. olmstedi and E. nigrum , which aligns with previous esti-
ates of an approximately 3–5-million-year divergence time

 MacGuigan et al., 2023 ). Individuals from allopatric pop-
lations of E. olmstedi and E. nigrum are strongly assigned
o one of three genetic clusters. Allopatric populations of
. nigrum comprise two genetic clusters, while allopatric
opulations of E. olmstedi comprise one genetic cluster;
hen combined with prior phylogenetic results ( Figure 1 ,
acGuigan et al., 2023 ), our findings strongly support that

he Genesee River system comprises a tri-linage hybrid zone.
hile E. olmstedi in western New York followed a sin-

le post-LGM dispersal route, E. nigrum dispersed north-
ard following two different routes, resulting in two diver-

ent evolutionary lineages of E. nigrum ( FST ≈ 0.40, Figure
6 ) in the same contact zone ( MacGuigan et al., 2023 ).

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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Population structure analyses reveal admixture between all 
three lineages within the contact zone ( Figure 2C, B ). Thus,
this western New York hybrid zone is an unusual case of 
both an intra- and inter-specific secondary contact between 

three distinct lineages, which can all freely interbreed. 
In the secondary contract hybrid zone in western New 

York, E. nigrum and E. olmstedi actively hybridize after only 
a few million years of divergence ( Figure 1 , MacGuigan et 
al., 2023 ). Overall, these fishes maintain species boundaries 
in face of active hybridization and gene flow. Other darter 
species pairs also hybridize without homogenizing, but af- 
ter much longer initial divergence (e.g., R. L. Moran et al.,
2018 ). Examples of hybridization and maintenance of dis- 
tinctiveness between more recently diverged darter lineages 
are less common ( Keck & Near, 2009 ; but see MacGuigan 

et al., 2023 ). Etheostoma nigrum and E. olmstedi are closely 
related lineages with only a few million years of divergence 
and share a narrow area of range overlap in which active 
hybridization is often restricted to confluences between trib- 
utary and mainstem streams. 

Hybridization produces different patterns of gene 

flow 

Within the area of range overlap, mtDNA introgression be- 
tween E. nigrum and E. olmstedi is more geographically 
widespread than nuclear DNA introgression, indicative of 
a long history of gene flow. In some cases, heterospecific 
mtDNA haplotypes are coupled with almost pure nuclear 
DNA ancestry. For instance, one population of E. nigrum in 

the upper Genesee River contains E. olmstedi mtDNA hap- 
lotypes, despite no trace of nuclear admixture ( Figure 6B ).
At other localities such as Johnson Creek, Sandy Creek, and 

Sodus Bay, mitochondrial introgression is coupled with low 

levels of nuclear admixture. Ancestry in Johnson Creek is 
particularly complex, with mitochondrial haplotypes from 

E. olmstedi and both E. nigrum lineages, as well as low lev- 
els of nuclear introgression from both E. nigrum lineages in 

an otherwise E. olmstedi genomic background ( Figure 6B ). 
We hypothesize that widespread mtDNA introgression is 

a remnant of shifting hybrid zones in the secondary contact 
zone that have since stabilized, either as entirely admixed 

populations (e.g., Conesus Creek) or as populations with 

pure nuclear ancestry (e.g., the upper Genesee River basin).
Selection may have played a role in stabilizing these for- 
mer hybrid zones. Since variable habitat conditions in frag- 
mented freshwater systems isolate populations and provide 
ideal conditions for selection and local adaptation ( Letcher 
et al., 2007 ), it is unsurprising that, heterospecific mtDNA 

is observed frequently in freshwater fish like darters ( Bossu 

& Near, 2009 ; Keck & Near, 2009 ; Ray et al., 2008 ). Al- 
ternatively, the observed mitochondrial introgression may 
represent undetected active hybrid zones. Future work with 

dense geographic sampling is needed to fully characterize 
the complexities of the E. nigrum and E. olmstedi contact 
zone. 

Since we did not find interspecific mtDNA introgres- 
sion outside of the Lake Ontario basin contact zone (with 

the exception of Bennetts Creek in the Susquehanna River 
basin), we can conclude that gene flow between E. ni- 
grum and E. olmstedi is likely limited to the contact zone.
However, our examination of mitochondrial haplotypes re- 
veals one case of intraspecific introgression between the two 
. nigrum lineages outside of the contact zone. Phylogenetic 
nalyses of nuclear markers show the Tonawanda Creek 

opulation is nested within the dark green E. nigrum lin- 
age, most closely related to populations from the upper 
ississippi River ( Figure 1 , MacGuigan et al., 2023 ). Like-
ise, our population structure analyses show no evidence 
f nuclear admixture from the second E. nigrum lineage in
he Tonawanda population ( Figure 2 ). However, in the mi-
ochondrial phylogeny from MacGuigan et al. (2023) , in- 
ividuals from Tonawanda Creek are nested in the Ohio 

iver basin lineage ( Figure 6 ). The retreat of glaciers af-
er the LGM opened many ephemeral connections between 

he Great Lakes, Ohio River, and Genesee River ( Fairchild,
896 , 1909 ; Leverett, 1902 ). These connections could have
acilitated secondary contact and gene flow between the two 

. nigrum lineages as they followed their otherwise isolated 

ecolonization routes. We hypothesize that mitonuclear dis- 
ordance in Tonawanda Creek is one such remnant of his-
orical gene flow. 

Even though the tributary streams within the Genesee 
iver system are in close geographic proximity, we find 

enetic differentiation between each stream. Allopatry be- 
ween stream tributaries is characterized by the K = 10
dmixture analyses where each stream system contains a 
istinguishable genetic cluster ( Figures S3 , S4 ) and exhibits
ithin-lineage genome wide differentiation ( Figure S7 ). We 

onclude that gene flow between tributaries in the Genesee 
iver system is very limited, and that isolation between trib- 
tary systems has established distinct genetic ancestries. 
While dispersal between tributaries in the same drainage 

asin is limited, we find that gene flow within a single stream
an also be highly restricted. In Bennetts Creek, a short
tream approximately 20 km in length, we do not find evi-
ence for gene flow between upstream and downstream pop- 
lations. Pure E. olmstedi individuals are found at the down-
tream site 1, while upstream sites 2, 3, and 4 contain pure
. nigrum individuals ( Figure 5 ). Sites 1 and 2 are separated
y approximately 15 km, and although we captured other 
tream fishes (including the darter species E. flabellare ), we
ound neither E. olmstedi nor E. nigrum . There are also no
istoric records of E. nigrum or E. olmstedi in this stretch of
ennetts Creek ( Carlson et al., 2016 ). We hypothesize that
here is a natural dispersal barrier or unfavorable habitat be-
ween sites 1 and 2 in Bennetts Creek preventing contact and
ybridization of the two species. Despite the lack of nuclear
ene flow, one upstream E. nigrum individual possesses an E.
lmstedi mtDNA haplotype ( Figure 6 ). This is either the re-
ult of gene flow from downstream E. olmstedi populations 
r a ghost mtDNA haplotype from extirpated upstream E.
lmstedi populations. We recommend additional study of 
ennetts Creek and close monitoring of these populations to 

rack possible invasion of E. nigrum into the greater Susque-
anna River basin. 

wo distinct genomic flavors of hybridization 

ithin the contact zone, there are two different genomic fla-
ors of hybridization. The genomic outcomes in the contact 
one are highly variable; while we observe streams with sta-
le admixture proportions of E. nigrum and E. olmstedi an-
estry across all sampling sites, we also find streams contain-
ng a broad spectrum of E. nigrum and E. olmstedi ances-
ry proportions as a result of active hybridization. First, in

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf260#supplementary-data
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onesus Creek, we identify a hybrid swarm where all indi-
iduals across all sites have the same admixture proportions
f 80% E. olmstedi ancestry and 20% E. nigrum ancestry.
he stable admixture proportions observed across Conesus
reek could be indicative of fine-scale population structure

ather than hybridization, but the presence of two mitochon-
rial haplotypes in this creek ( Figure 6B ) suggests a history
f gene flow. Moreover, stabilization of the hybrid swarm in
onesus Creek could be due to its shorter length and fewer

ributaries compared to Oatka Creek and Honeoye Creek,
here we observe stable hybrid zones. We hypothesize that
onesus Creek may not have enough habitat variability to
aintain a stable hybrid zone, leading to collapse into a hy-
rid swarm. 
The second distinct genomic flavor of hybridization is the
osaic pattern of active hybridization sites in Oatka Creek

nd Honeoye Creek. Within these streams, hybridization
s highly localized to the confluences of narrow tributary
treams with wider mainstem streams. We usually identi-
ed almost pure E. nigrum ancestry at upstream locations in
he smaller tributaries and almost pure E. olmstedi ancestry
t downstream sites and in larger streams. This pattern of
ybridization in close proximity to confluences is repeated
t multiple locations within the Honeoye Creek system at
he subpopulation level and repeats between streams at the
etapopulation level when comparing Honeoye and Oatka

reeks. While we lack a population of pure E. olmstedi in
he Oatka Creek system, Oatka Creek joins the Genesee
iver immediately downstream of the hybrid zone at local-

ty 1. We hypothesize that the Genesee River contains pure
. olmstedi populations that are the source of hybridization

n Oatka Creek. Unfortunately, we were unable to obtain
amples from the Genesee River due to adverse sampling
onditions. This hybridization pattern fits into the frame-
ork of a mosaic hybrid zone as first described in crickets

 Rand & Harrison, 1989 ), where species have repeated dis-
inct points of contact within a hybrid zone. The secondary
ontact hybrid zone in the Genesee River system is an ex-
mple of a mosaic hybrid zone in freshwater fish due to the
atchy distribution of hybridization sites, where E. nigrum
nd E. olmstedi hybridize whenever they come into contact
n proximity to river confluences. 

osaic hybridization of E. nigrum and E. olmstedi 

reshwater systems are usually naturally fragmented and
hould therefore be ideal systems to study mosaic hybridiza-
ion. However, the E. nigrum × E. olmstedi hybrid zone is
ne of the few documented examples of a mosaic hybrid
one in freshwater fishes. This darter hybrid zone is similar
o other examples with repeated contact between freshwa-
er fish species in the same stream system, such as cyprinids
 Costedoat et al., 2005 ), or sculpins ( Nolte et al., 2009 ). In
culpins, hybridization repeatedly occurs near confluences
f tributaries and larger streams with variable genomic out-
omes of introgression and admixture ( Nolte et al., 2009 ). 

Most reported hybrid zones involve only two parental lin-
ages ( Barton & Hewitt, 1985 ; Taylor et al., 2015 ), leading
o gaps in knowledge of tri-linage hybrid zones ( Grant &
rant, 2020 ). While tri-lineage hybrid zones have been re-
orted for animals and plants, tri-lineage freshwater fish hy-
rid zones are rare, with a few known examples where one
ineage acts as a facilitator of gene flow between the other
wo species ( Keck & Near, 2009 ; McDonald et al., 2008 ).
owever, in the tri-lineage E. olmstedi and E. nigrum hy-

rid zone there are signatures of gene flow between all three
ineages, making this an unusual case of mosaic hybridiza-
ion involving three lineages with complex evolutionary out-
omes. 

We find evidence of temporal stability of this tri-lineage
osaic hybrid zone. First, we observe the same admixture
roportions among all individuals in Conesus Creek in our
ADseq data (samples collected in 2017) and our lcWGS
ata (samples collected in 2021). We also see temporal sta-
ility in the location of active hybridization at Oatka site
 and Honeoye site 5; individuals collected from these sites
our years apart also consistently exhibit similar levels of
dmixed ancestry across years. This leads us to conclude
hat there is temporal stability of the geographic localization
f hybridization. However, this stability might break down
ver longer time scales, as evidenced by more widespread
tDNA introgression ( Figure 6 ). 

abitat partitioning prevents collapse into a hybrid 

warm 

ithin this area of range overlap, we find evidence of habitat
artitioning between E. nigrum and E. olmstedi . Our results
eveal that E. nigrum populates smaller tributaries and E.
lmstedi populates larger mainstem streams, and with hy-
ridization in proximity of stream confluences. There are
ome exceptions, such as Honeoye sites 1, 2, and 15, which
re smaller tributaries containing individuals with pure E.
lmstedi ancestry. However, the overall pattern of habitat
artitioning is consistent with previous morphological stud-
es that sampled the contact zone more broadly ( Chapleau
t al., 1985 ). Allopatric populations of E. nigrum and E.
lmstedi are habitat generalists, found in both small streams
nd large rivers ( Carlson et al., 2016 ; Chapleau et al., 1985 ).
hus, E. nigrum and E. olmstedi segregating by stream size
ithin the contact zone may represent ecological niche par-

itioning leading to reinforcement. Future work is needed
o determine whether habitat partition is coupled with mor-
hological or behavioral divergence. 
Habitat is one of the most important resources that an-

mals need to partition ( Gorman & Karr, 1978 ; Schoener,
974 ), and habitat partitioning has been previously observed
etween other darter species ( Paine et al., 1982 ). When E.
igrum and E. olmstedi widely partition their habitat in the
rea of range overlap between smaller tributaries and larger
ivers, they minimize potential opportunities for interbreed-
ng. Habitat partitioning between E. nigrum and E. olm-
tedi should therefore prevent broad-scale collapse into a hy-
rid swarm and limit the hybrid populations from expand-

ng throughout the stream systems. This prezygotic barrier
f habitat partitioning is maintained in Oatka Creek and
oneoye Creek but appears to have collapsed in Conesus
reek. Since hybridization is frequent in this system with-
ut consistent collapse of species boundaries, we hypothesize
hat hybrids have reduced fitness in both parental habitats,
estricting hybrids to the river confluences and limiting gene
ow. 
The phenomenon of hybrids being restricted to interme-

iate habitats is a common occurrence in other organisms
 DiVittorio et al., 2020 ; Via et al., 2000 ; Wood et al., 2016 ).
his form of heterozygote disadvantage could be a potential
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postzygotic barrier. Heterozygote disadvantage outside of 
the intermediate habitat at confluences might be due to their 
phenotypic intermediacy, as observed in prior morphologi- 
cal studies ( Cole, 1965 ), or in the form of genetic incompat- 
ibilities that limit hybrid fitness ( Schumer et al., 2014 ). Since 
we identified strong overall genetic differentiation between 

the two species, their hybrids may have a large number of 
genetic incompatibilities. These incompatibilities contribute 
to post-zygotic isolation through negative epistatic interac- 
tions such as mechanisms such as the Bateson–Dobzhansky–
Muller model ( Dobzhansky, 1937 ; Muller, 1942 ), or through 

DNA methylation differences that lead to behavioral isola- 
tion in darters ( Smith et al., 2016 ). Further work is needed 

to determine whether the admixed ancestry at the hybrid 

zone represents later generation hybrids or backcrossing 
with parentals. We hypothesize that hybrids likely backcross 
with parental individuals, since we observed both pure E.
nigrum or E. olmstedi individuals and hybrid individuals at 
hybrid sites. Backcrossing of hybrids with pure parental in- 
dividuals will lead to purging of the minor parent ancestry 
in the next generation and restrict the broad-scale collapse 
of species boundaries. 

We present an investigation of a tri-lineage secondary con- 
tact hybrid zone between the Tessellated Darter ( E. olm- 
stedi ) and two evolutionarily distinct lineages of the Johnny 
Darter ( E. nigrum ). On the broad scale, E. nigrum and E.
olmstedi maintain their species boundaries, and we record 

pure parental ancestry from multiple streams within the con- 
tact zone. The presence of widespread heterospecific mtDNA 

haplotypes supports a long history of gene flow in this 
secondary contact hybrid zone. Population structure anal- 
yses reveal intra- and inter-specific secondary contact be- 
tween the three distinct lineages. We observed two different 
genomic flavors of hybridization within the contact zone,
including streams with stable admixture proportions and 

streams hosting a broad spectrum of admixed genomic an- 
cestry. Hybridization sites are proximate to confluences be- 
tween smaller tributary streams and larger rivers, suggest- 
ing that habitat partitioning has formed a temporally stable 
mosaic of repeated hybridization across the contact zone.
Our study provides insight into the dynamic process of sec- 
ondary contact and highlights the array of possible genomic 
outcomes of hybridization. Our results direct future work 

to explore the mechanisms of reproductive isolation in an 

unusual tri-lineage hybrid zone. 
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