
 
*Corresponding author: michael.k.young@usda.gov

307

KSM  orcid.org/0000-0002-1399-3166 SP  orcid.org/0000-0003-1138-4321 MKS  orcid.org/0000-0003-3521-3367

    For centuries, morphological differences 
have been the basis for recognizing species 
and developing taxonomies of complex organ-
isms. This approach has been successful for 
most taxa, yet there remain groups for which 
taxonomies based on the morphospecies con-
cept are unsatisfying (Honeycutt et al. 2010). 
Among these are the circumboreal freshwater 

fishes of the genus Cottus (Actinopterygii: Per-
ciformes: Cottidae) (Betancur-R et al. 2017), 
commonly known as sculpins. Sculpins are 
among the most difficult freshwater fishes to 
identify based on appearance (Jenkins and 
Burkhead 1994, Moyle 2002, McPhail 2007) 
due to phenotypic variation in putatively diag-
nostic characters related to age, sex, habitat, 
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      ABSTRACT.—The taxonomy of sculpins (Cottus, Cottidae) remains one of the last major unresolved puzzles in the 
systematics of North American freshwater fishes. We used molecular approaches to identify candidate taxa and their 
distribution across western North America. We crowd-sourced the collection of specimens (n = 8272) via outreach to 
biologists in the western United States and Canada. From that collection, we sequenced—at up to 2 mitochondrial and 
2 nuclear genes—a subset (n = 4009) of specimens from most basins in the western United States, added sequences from 
public sequence databases, and applied an array of species delimitation and specimen identification methods to assess 
phylogenetic and spatial patterns of diversity. Species delimitation methods, primarily relying on a conservative inter-
pretation of the phylogenetic species concept, were broadly concordant and indicated that 43 candidate species were 
present. Some named taxa were unsupported, whereas others, if recognized, would violate the phylogenetic species 
concept. Specimen assignment was largely unambiguous and geographic distributions were consistent with phylogeo-
graphic patterns in other taxa. Our work establishes a benchmark for understanding the diversity of sculpin in western 
North America and suggests new species hypotheses both there and in eastern North America. 
 
      RESUMEN.—La taxonomía de los sculpins (Cottus, Cottidae) sigue siendo uno de los últimos grandes rompecabezas 
sin resolver en la sistemática de los peces de agua dulce de Norteamérica. Utilizamos métodos moleculares para identi-
ficar los taxones candidatos y su distribución en el oeste de Norteamérica. Recolectamos especímenes (n = 8272) a 
través de una campaña de divulgación entre biólogos del oeste de Estados Unidos y Canadá. A partir de esa colección, 
secuenciamos hasta 2 genes mitocondriales y 2 nucleares de un subconjunto (n = 4009) de especímenes, pertenecientes 
a la mayoría de las cuencas del oeste de Estados Unidos. Adicionalmente, añadimos secuencias de bases de datos de 
secuencias públicas y aplicamos una serie de métodos de delimitación de especies e identificación de especímenes para 
evaluar los patrones filogenéticos y espaciales de diversidad. Los métodos de delimitación de especies basados princi-
palmente en una interpretación conservadora del concepto filogenético de especie, fueron ampliamente concordantes e 
indicaron la presencia de 43 especies candidatas. Algunos de los taxones nombrados no estaban respaldados, mientras 
que otros, de ser reconocidos, violarían el concepto filogenético de especie. La asignación de especímenes fue en gran 
medida inequívoca y las distribuciones geográficas fueron coherentes con los patrones filogeográficos de otros taxones. 
Nuestro trabajo establece un punto de referencia para entender la diversidad de peces Cottus en el oeste de 
Norteamérica y sugiere nuevas hipótesis de especies tanto allí como en el este de Norteamérica.
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geography, sympatry with congeners, or un -
known factors (Robins and Miller 1957, Lyons 
1990, Dennenmoser et al. 2015, Lucek et al. 
2018, McLeish et al. 2020). Problems with 
species recognition are further compounded 
by the presence of recent hybrids between 
species (Zimmerman and Wooten 1981, 
Strauss 1986, Rudolfsen et al. 2019) and taxa 
apparently of hybrid origin (Nolte et al. 2009). 
This has resulted in a high degree of taxo-
nomic instability, with species formerly recog-
nized as local endemics often synonymized 
with more broadly distributed species (Bailey 
and Bond 1963) or once-widespread species 
divided into a host of taxa with restricted 
distributions (Freyhof et al. 2005). Although 
endemism is consistent with the limited dis-
persal thought to be typical of sculpins (Hudy 
and Shiflet 2009, Gray et al. 2018), C. bairdii 
and C. cognatus are among the most widely 
distributed small-bodied fishes in North 
America (Page and Burr 2011) and can show 
little genetic population structure at broad 
spatial scales (Euclide et al. 2018). 
    Molecular approaches have resolved a 
number of issues associated with morphologi-
cally cryptic or confusing taxa (Bickford et al. 
2007, Fišer et al. 2018). Over the last 2 
decades, DNA barcoding (Hebert et al. 2003)—
primarily directed at the identification of 
specimens based on distance measures asso-
ciated with sequences of a portion of a mito-
chondrial gene—has proven successful because 
genetic variation within fish species is small 
relative to the divergence between species 
(i.e., the barcode gap) and nearly all fish 
species in North America are represented in 
public databases (April et al. 2011), making 
taxonomic assignment of most specimens 
straightforward (Ratnasingham and Hebert 
2013). In addition, this method has been aug-
mented with a host of single- and multiple-
locus approaches for species delineation and 
discovery, in which one or more genes, diver-
gence metrics, and genetic algorithms are used 
to identify species boundaries and evaluate 
whether existing taxonomies have phyloge-
netic support (Carstens et al. 2013, Fontaneto 
et al. 2015). Reliable molecular species delimi-
tation, however, requires that all lineages of 
the taxa of interest be represented from across 
their geographic distri butions (Bergsten et al. 
2012, Ahrens et al. 2016), and the method is 
complicated by individuals or clades exhibit-

ing recent or ancient introgression (Solís-
Lemus et al. 2016). 
    Application of these molecular tools to 
resolving some elements of the taxonomy of 
sculpins suggests the need for a comprehen-
sive review of this group. April et al. (2011) 
observed that Cottidae in North America were 
disproportionately represented both by species 
that appeared insufficiently diverged to merit 
taxonomic recognition and by generic taxa 
composed of deeply divergent yet morpholog-
ically cryptic lineages, each deserving its own 
name. Examples of the latter appear to be par-
ticularly prominent among sculpins in western 
North America, for which species boundaries 
are unsettled (McPhail 2007, Baumsteiger et 
al. 2012, Young et al. 2013) and some taxa are 
of uncertain affiliation (Neely 2003, Kinziger 
et al. 2005). 
    Resolving species boundaries and higher-
level relationships is important because 
sculpins are among the most diverse freshwa-
ter fishes in temperate Northern Hemisphere 
ecosystems (Goto et al. 2015). In western 
North America, the genus Cottus comprises 
3 major groups (sometimes considered sub-
genera or proposed as new genera; Smith and 
Busby 2014, Goto et al. 2015): (1) Cottopsis 
(12 species and subspecies), restricted to 
Pacific coastal basins; (2) Uranidea (9 western 
species and subspecies), found throughout the 
U.S. and Canada, with one species, C. cogna-
tus, present in Siberia; and (3) Cottus, primar-
ily in Europe and northern Asia but repre-
sented by one species in North America, C. 
ricei. A fourth group consists of 5 species of 
uncertain affiliation (Supplementary Material 
1). Based primarily on analyses of mitochondr-
ial data, Cottopsis is thought to be sister to 
Uranidea, Cottus, and the unaffiliated taxa 
(Kinziger et al. 2005, Goto et al. 2015). 
    Adding to their complexity is the diversity 
of habitats these fishes occupy and their vari-
able life histories. Sculpins are found in small 
streams, large rivers, lakes, and estuaries, often 
in great abundance (Jenkins and Burkhead 
1994, McPhail 2007). Different species of 
sculpins may be sympatric, but closely related 
taxa almost never co-occur (Jenkins and Burk-
head 1994, Quist et al. 2004). Sculpins are 
generally considered coolwater or coldwater 
fishes, of which C. cognatus and C. confusus 
occupy the coldest habitats (Bailey and Bond 
1963, Reimers and Bond 1967, Lyons 1990). 
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Members of Cottopsis are salinity tolerant and 
can presumably use marine or estuarine envi-
ronments as migration corridors, whereas the 
other groups are restricted to freshwater habi-
tats (Goto et al. 2015). Some members of Cot-
topsis are also facultatively amphidromous, 
with females in fluvial habitats laying small 
eggs that give rise to planktonic larvae that 
drift to the ocean or large mainstem habitats 
and subsequently migrate upstream after a 
period of growth (Goto et al. 2015). Similarly, 
lake-based populations of some species of each 
subgenus commonly have pelagic young that 
can disperse widely, whereas fluvial popula-
tions are thought to be dispersal limited 
because females are assumed to lay large eggs 
that hatch into fry that immediately become 
benthic (Tabor et al. 2017, but see Sheldon 
1968). Additionally, because sculpins have long 
been used as baitfish by anglers (e.g., Hubbs 
and Schultz 1932), translocations outside of 
their historical range are suspected to be 
common (Young et al. 2013). 
    Our goal was to use molecular techniques 
to delineate candidate species and identify 
specimens (sensu Collins and Cruickshank 
2013) of Cottus across western North Amer-
ica. This work included representatives of 2 
species, C. bairdii and C. cognatus, found pri-
marily in eastern North America but believed 
to be present farther west. We engaged a host 
of stakeholders to build a continental-scale 
data set (Isaak et al. 2018) of thousands of 
specimens. Using sequences of many of these 
specimens, we applied an array of species 
delineation methods to develop a genetically 
based taxonomy of candidate species. Where 
possible, candidate species were elevated to 
named provisional species based on the 
assignment of representatives from the loca-
tion of current or former type specimens. 
Finally, we described the distribution of can-
didate and provisional species based on molec -
ular assignment of specimens from across this 
region, evaluated morphological identifica-
tions in light of the molecular taxonomy, and 
highlighted examples of ancient and recent 
hybridization. 
 

METHODS 

Geographic Setting 

    We focused on the basins associated with 
the Western Cordillera of North America that 

host native populations of Cottus for which the 
shifting patterns of fluvial connectivity could 
explain the modern distribution and biodiver-
sity in this group. Physiographically, western 
North America is composed of several master 
river basins—the Colorado, Sacramento–San 
Joaquin, Columbia, Fraser, Yukon, McKenzie, 
Saskatchewan, and Missouri—and a host of 
smaller coastal river basins, as well as the 
endorheic Great Basin. Over the last 20 Ma, 
the paleohydrology of the region has shifted in 
response to broad tectonic and climatic forces. 
Crustal extension collapsed the Nevadaplano 
and led to the formation of the Great Basin, 
whereas the subsequent exhumation of the 
Rocky Mountains from crustal uplift gener-
ated the modern southward-flowing Colorado 
River (Spencer et al. 2008). Movement of the 
North American Plate across the mantle plume 
represented by the Yellowstone hotspot, com-
bined with Basin and Range faulting, caused 
the Continental Divide to migrate eastward 
hundreds of kilometers (Pierce and Morgan 
2009). Among the most prominent examples of 
stream capture were the enlargement of the 
paleo–Snake River headwaters and the shift-
ing of its downstream course from the Sacra-
mento or Klamath River in the late Miocene 
and early Pliocene to the Columbia River, 
roughly since the beginning of the Pleistocene 
(Smith et al. 2002). Topographic shifts related 
to the mantle plume, influenced by Pleis-
tocene glaciation, also led to repeated connec-
tion and isolation of the upper Snake River, 
Great Basin, and Colorado River (Broughton 
and Smith 2016). That isolation was likely 
heightened by eruptions from this volcanic 
center. For example, the 0.62 My Lava Creek 
B eruption deposited tens of meters of ash 
downwind across thousands of square kilome-
ters (Izett and Wilcox 1982). This also con-
tributed to the high sedimentation rates—
400 m/1 Ma—that would have rerouted chan-
nels in and across the Great Basin (Hintze 
1988). Ephemeral fluvial corridors were also 
opened when increasing precipitation during 
the Pleistocene led to the formation and occa-
sional spillover of the giant pluvial Lakes 
Bonneville and Lahontan and a host of smaller 
satellite lakes (Reheis et al. 2002). Farther 
north, repeated continental glaciation at roughly 
41- to 100-ky intervals (Hidy et al. 2013) 
erased aquatic habitats and isolated fauna in 
refugia south and north of the glacial margins 
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(Shafer et al. 2010), and rerouted the Missouri 
River from Hudson Bay to the Mississippi 
River basin (Howard 1958). During glacial 
maxima, lowered sea levels extended freshwa-
ter habitats seaward by tens of kilometers and 
facilitated the development of freshwater cor-
ridors linking North America and Asia across 
the Bering Land Bridge (Lindsey and McPhail 
1986). At the southern margin of the ice 
sheets, periglacial lakes provided abundant 
aquatic habitat, but the failure of the ice dams 
that formed them exposed the aquatic fauna 
to dozens of monumental floods (Booth et al. 
2003, O’Connor et al. 2020), some of which 
may have facilitated dispersal. Finally, follow-
ing the Last Glacial Maximum, the successive 
formation of lakes at the receding northern 
and southern ice margins permitted coloni -
zation of many now-disjunct river basins 
(McPhail and Lindsey 1986). 
    The fossil record offers little resolution of 
the evolutionary responses of sculpins to these 
events. The majority of fossil sculpins in 
western North America are from lacustrine 
deposits (Cavender 1986), whereas most mod-
ern species are primarily fluvial. Cottids are 
absent from the western North American fos-
sil record until the late Miocene (ca. 8.4 Ma; 
McClellan and Smith 2020), and although fos-
sil sculpin of late Miocene and Pliocene de -
posits in Idaho and Oregon are abundant, 
these specimens may not be represented by 
modern descendants (Kimmel 1975, Smith et 
al. 1982, Van Tassel and Smith 2019). Instead, 
the progenitors of the current fauna may not 
have diverged from their sister taxa in Eurasia 
until ~6.2–2.5 Ma (Yokoyama and Goto 2005). 
Even relations of the modern fauna to more 
recent fossils are uncertain or the records are 
incomplete. Mid-Pleistocene fossil sculpin from 
the Mopung Hills Formation in the Lahontan 
Basin were hypothesized to be ancestor to 
either C. pitensis or C. beldingii (Taylor and 
Smith 1981, Reheis et al. 2002). A fossil of 
C. bairdii at least 1.4 million years old was 
reported from the Grand View local fauna in 
southern Idaho (Smith et al. 1982), whereas 
lacustrine deposits of pluvial Lake Bonneville 
no older than 15 ka yielded specimens of C. 
extensus and C. bairdii, but not of 2 other 
species likely present at that time, C. echina-
tus and C. beldingii (Broughton and Smith 
2016). There are fossils of sculpin from early 
in the last glacial epoch from the McKenzie 

River basin, but whether they represented C. 
cognatus or C. ricei was uncertain (Cumbaa et 
al. 1981). Thus, absent a more comprehensive 
and definitive fossil record, phylogenetic evi-
dence represents the primary basis for under-
standing the evolutionary history of sculpins 
in this region. 

Specimens and Genotyping 

    Samples for molecular analysis (n = 4009 
from 1463 unique sites) were chosen from 
among 8272 specimens (Fig. 1, Supplementary 
Material 2) solicited via personal contacts, 
presentations, and a Sculpins of the West web-
site describing this project (https://www.fs.fed 
.us/rm/boise/AWAE/projects/fish_tissue_col-
lection.html). We attempted to obtain indi -
viduals from every 8-digit hydrologic unit 
(https://water.usgs.gov/GIS/huc.html) within 
most of the historical range of sculpins 
throughout the western U.S. and opportunisti-
cally from basins in western Canada, in habi-
tats ranging from headwater streams to coastal 
lakes. We also tried to include 2 or more rep-
resentatives from every currently or formerly 
named taxon from at or near their type loca-
tions (Supplementary Material 1). Because 
intensive phylogenetic work has been recently 
conducted on sculpins in coastal California 
basins (Baumsteiger et al. 2012, 2014, 2016, 
Kinziger et al. 2016), we sought fewer samples 
from this area. Also, because C. bairdii and C. 
cognatus are thought to be present in western 
North America, we included members of these 
species from eastern North America. For com-
parison, we also analyzed specimens of C. 
gobio from Sweden, the first species of this 
genus to be described by Linnaeus in 1758. 
    We used the QIAGEN DNeasy Blood and 
Tissue kit to extract genomic DNA from tis-
sues, following the manufacturer’s instructions 
for tissue, and sequenced 2 mitochondrial 
regions, cytochrome c oxidase subunit 1 (COI) 
and cytochrome b (cytb), and 2 nuclear genes, 
rhodopsin and S7. These 4 genes were chosen 
because they exhibited a range of evolutionary 
rates, exposure to selection, and available ref-
erence sequences. The COI gene tends to be 
relatively conserved with respect to amino 
acid substitutions yet relatively variable for 
synonymous changes (Hebert et al. 2003), and 
its use permits comparison to the many 
sequences in public sequence repositories 
(e.g., the National Center for Biotechnology 
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Institute and Barcode of Life databases). The 
cytb region tends to be more variable than 
COI (at least in Cottus; Young et al. 2013) and 
is also among the most commonly sequenced 
genes among fishes (e.g., Ward 2009). The 
nuclear genes were chosen to ensure that 
species delineation was not wholly reliant on 
the more rapidly evolving mitochondrial 
regions and to permit identification of the 
hybrid origins of individuals and clades. 
Whereas S7 is a selectively neutral nuclear 
intron likely to exhibit high substitution rates 
(Haponski and Stepien 2013), rhodopsin was 
expected to be a slowly evolving gene under 
strong selection given its role in vision and 
coloration (Behrens-Chapuis et al. 2015, Hill 
et al. 2019). Not all individuals were sequenced 
at all genes. We began by sequencing all indi-
viduals at COI. Then, from each COI clade 
exhibiting a marked level of divergence and 
represented by more than one individual, we 
selected one or more individuals to se quence 
at the 3 additional genes. We used an array of 

published and custom-designed primers and a 
standardized analytical regimen (Supplemen-
tary Material 3). 
    Sequences of COI, cytb, and rhodopsin 
were aligned by eye in MEGA 7.0 (Kumar et 
al. 2016). All lacked indels and were translated 
into amino acids to verify that stop codons 
were absent. Sequences of S7 had multiple 
indels that were coded using FastGap (Borch-
senius 2009)—which implements the gap-
coding algorithm of Simmons and Ochoterena 
(2000)—with the gap codes appended to the 
S7 sequences. These sequences were aligned 
with the online version of PRANK (Löytynoja 
and Goldman 2010; https://www.ebi.ac.uk 
/goldman-srv/webprank/). Sequences of nuclear 
genes with multiple heterozygous positions 
were phased into statistically inferred pairs 
(labeled a or b) using PHASE and seqPHASE 
(Stephens et al. 2001, Flot 2010). Those with 
length-variant forms (evident only in S7) were 
analyzed in CHAMPURU (Flot 2007) prior to 
phasing. Each nuclear phase was combined 
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    Fig. 1. Locations of new specimens (black dots; n = 4009) and specimens in public databases (white dots; n = 847) 
used in species delimitation and specimen assignment in Cottus. Inset, location of specimens of C. gobio.



with the mitochondrial sequences from that 
individual in concatenated analyses. 
    Summary statistics of variable sites, parsi-
mony-informative sites, haplotype number 
and diversity, and nucleotide diversity and dif-
ferences were calculated in DnaSP v6.12.03 
(Rozas et al. 2017). Tests of substitution satura-
tion for the mitochondrial genes were per-
formed using DAMBE 7 (Xia 2018). 

Species Delimitation and Specimen Assignment 

    We sought to identify potential candidate 
species from the molecular data, and where 
possible, to assign currently or previously 
valid names to those candidate species to ele-
vate them to provisional species (see below). 
For defining species hypotheses, we adopted 
the phylogenetic species concept—which 
prioritizes reciprocal monophyly, which we 
identified using phylogenetic trees—modi-
fied to reflect species-level rather than popu-
lation-level divergence, which we evaluated 
using a host of additional analyses. We fur-
ther required the allopatric distribution of 
closely related candidate species (cf. April et 
al. 2011) and used field identification of speci-
mens to indirectly consider morphological 
data, thus also satisfying the requirements for 
recognizing species under the unified species 
concept (de Queiroz 2007). Our null hypoth-
esis was that the present taxonomy, for which 
we followed Fricke et al. (2021), was correct 
and reflected evolutionary relationships. 
     Separate data sets were developed for spe -
cies delimitation and specimen assignment. 
For the former, the data consisted of (1) con-
catenated COI and cytb sequences (n = 564 
sequences of 1657 nucleotides) and (2) con-
catenated mitochondrial and nuclear sequences 
(n = 530 sequences of 2710 nucleotides from 
433 specimens, with 96 specimens having 
heterozygous nuclear phases). One specimen 
of Leptocottus armatus was used as an out-
group in all analyses except evolutionary model 
evaluations. 
    We followed a series of steps for species 
delineation and specimen assignment (Fig. 2). 
The first step was to examine cytonuclear con-
cordance to identify species complexes and 
lineages and specimens of hybrid origin. We 
built maximum-likelihood (ML) phylogenies 
using the four-gene concatenated data set but 
analyzed the mitochondrial and nuclear por-
tions separately in IQ-TREE (Nguyen et al. 

2015) implemented via the CIPRES gateway 
(https://www.phylo.org/). We assigned 6 pre-
liminary partitions based on gene and codon 
position for COI and cytb, and then selected 
edge-linked partitions and the TESTNEWMERGE 
setting to determine the best-fitting substitu-
tion models, which were TIM2e + I + G (posi-
tion 1), TN + F + I (position 2), and TN + F + 
R3 (position 3). For the nuclear sequences, 
there were 5 partitions based on codon posi-
tion for rhodopsin (positions 1 and 2, K3P + 
R2; position 3, TVM + F + G) and on se -
quences (K3P + R2) and gapcodes for S7 (F81 
+ F + G). We assigned support values using 
1000 ultrafast bootstraps to each consensus 
maximum-likelihood tree. Because ultrafast 
bootstrap values are relatively unbiased (Minh 
et al. 2013), we assumed that values >80 
reflected acceptable support. We compared 
well-supported species complexes—blocks of 
candidate species composed of one or more 
recognized species and associated lineages—
from the nuclear maximum-likelihood tree to 
well-supported but divergent individual lin-
eages (i.e., which we deemed candidate 
species, as derived below) from the mitochon-
drial tree. Individuals with nuclear phases that 
assigned to different pairs of species com-
plexes or were intermediate to them, with 
mitochondrial haplotypes identical to readily 
delineated candidate or provisional species 
(see below), were assumed to be hybrids of 
recent origin and were excluded from further 
analyses. We also expected groups of mito-
chondrial candidate species to assign to no 
more than one nuclear species complex. High 
support but discordant assignment between 
trees for groups of specimens was considered 
evidence of older gene flow and the hybrid 
origin of candidate species (Soucy et al. 2015). 
    Next, we used the larger concatenated 
mitochondrial data set to delimit species using 
6 approaches. First, we analyzed these data 
in TCS 1.21 (Clement et al. 2000) to construct 
95% statistical parsimony networks (SPN). 
Independent networks were regarded as 
candidate species (Hart and Sunday 2007), 
although this method is conservative because 
separate networks at this threshold are likely 
to underestimate species diversity (Hart and 
Sunday 2007, Chen et al. 2010). Second, we 
used the online version (https://bioinfo.mnhn 
.fr/abi/public/asap/#) of ASAP (Assemble 
Species by Automatic Partitioning; Puillandre 
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et al. 2021), a method similar to ABGD (Auto-
matic Bar Code Gap Discovery; Puillandre et 
al. 2012) in which genetic distances are used to 
identify the transition between intraspecific 
variation and interspecific divergence but which 

includes a scoring system to identify the best-
fitting set of partitions, i.e., candidate species. 
We adopted the default values and distances 
based on the K80 substitution model because 
of its similarity to the traditional distance 
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metric used in barcode-based analyses (Rat-
nasingham and Hebert 2013). The analysis 
was run 10 times with different initial seeds, 
for which the highest-scoring set of partitions 
did not vary. Because the approach is similar 
to ABGD, we assumed that species counts 
would also be conservative relative to other 
methods (Puillandre et al. 2021). Third, we 
used the single-threshold, maximum-likelihood 
implementation of Poisson tree processes 
(PTP; Zhang et al. 2013), which uses phyloge-
netic trees (from the maximum-likelihood 
analysis; see below) to identify the transition 
between species- and population-level diver-
gence. We explored the Bayesian and multiple-
threshold versions of PTP, but these analyses 
either failed to converge or produced unreal-
istic results, i.e., one-third to one-half of all 
sequences constituted candidate taxa. Fourth, 
we built another ML phylogeny on these 
mitochondrial data and considered strong 
support for candidate species to be a boot-
strap value >80 for a reciprocally mono-
phyletic clade identified by one of the afore-
mentioned approaches. Fifth, we used MEGA 
7.0 (Kumar et al. 2016) to build a pairwise dis-
tance matrix based on the absolute number of 
differences between sequences, and then we 
examined the maximum genetic distance 
among members of a candidate species and 
the minimum distance to a nonmember (Meier 
et al. 2008). When the latter exceeded the for-
mer and was >1% (a difference characteristic 
of the majority of interspecific differences 
among fishes; Hubert et al. 2008, Ward 2009), 
we considered this as strong support for a 
candidate species. This approach leveraged 
the existing osteichthyan taxonomy as a bench -
mark for species recognition (Galtier 2019). 
Sixth and finally, we considered whether a 
candidate species was allopatric with respect 
to other members of its species complex, gen-
erally pooling those that were sympatric into 
a single candidate species (Jenkins and Burk-
head 1994). 
    We sought corroboration for candidate taxa 
by analyzing the four-gene data set using 
STACEY, a package within BEAST 2.5 
(Bouckaert et al. 2019) which estimates a 
species tree and candidate taxa based on the 
multispecies coalescent (Jones 2017). Sequence 
variation related to gene flow among species 
that may have been of hybrid origin, however, 
appeared to prevent convergence in analyses 

including all samples (Barley et al. 2018). 
Although we considered species network 
models that can address gene flow (e.g., Phylo -
Net and SpeciesNetwork; Wen et al. 2018, 
Zhang et al. 2018), these could not accommo-
date the missing data associated with indels in 
S7, or were too computationally intensive to 
run on the entire data set. Hence, we analyzed 
each species complex from the nuclear analy-
ses independently in STACEY to evaluate the 
number of candidate species therein. To avoid 
overparameterization, we reduced the number 
of partitions to 3—the concatenated mito-
chondrial genes, rhodopsin, and S7—and used 
HKY as the substitution model for each. Para-
meter values were set in BEAUti 2.6.0.0. 
Automatic clock rates were disabled; the mean 
substitution rate was fixed; and site models, 
clock models, and trees were unlinked. For 
site models, substitution rates were estimated, 
gamma categories were set to 4, and the pro-
portion of invariant sites was set to 0.9 
(rhodopsin) or 0.5 (mitochondrial, S7) and esti-
mated. We used a strict clock (rate 1.0, not 
estimated) for the mitochondrial partition, a 
strict clock (rate 0.1, estimated) for rhodopsin, 
and a relaxed exponential clock (rate 0.4, esti-
mated) for S7. Ploidy of the mitochondrial 
data was set to 0.5, and the nuclear partitions 
were left at the default value. The prior for 
collapse height was 0.001; bdcGrowthRate 
(M = 4.6, S = 2) and popPriorScale (M = −7, 
S = 2) were set as log normal; and other priors 
were left at their default settings. Each run 
was set for 50 million MCMC iterations, 
logged every 5000 iterations with a 10% burn-
in. This resulted in ESS exceeding 200 for 
nearly all parameters of interest. We then ana-
lyzed the file of logged trees in SpeciesDA 
(http://www.indriid.com/2014/speciesDA.jar) 
to delineate candidate taxa. No single collapse 
height in SpeciesDA produced a plausible 
result across all species complexes, i.e., one 
set of candidate species observed in a major-
ity of all runs. Consequently, we ran the 
analyses with collapse heights between 0.01 
and 0.001 and chose the height and candidate 
species set associated with the most likely 
outcome in light of the results of previous 
analyses. Larger collapse heights resulted in 
species estimates of 1 for all species com-
plexes, and smaller values led to no outcome 
representing more than 1% of observations. 
We used a 10% burn-in for these analyses and 
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left other parameters at default settings. As a 
secondary multilocus analysis, we built a maxi-
mum-likelihood phylogeny using the con-
catenated mitochondrial and nuclear genes, 
adopting the evolutionary models noted above. 
This approach is vulnerable to producing 
faulty evolutionary relationships (Bryant and 
Hahn 2020) but was expected to be valid for 
assessing bootstrap support and diagnosabil-
ity of candidate taxa. 
    The final step in species delimitation was 
to propose a set of species hypotheses. When 
a plurality of methods concurred (because 
consensus among all methods was unlikely; 
Dellicour and Flot 2018) and did not violate 
the phylogenetic species concept (for either 
the mitochondrial phylogeny or the four-gene 
phylogeny), we designated these as candidate 
species. Candidate species represented by a 
singleton in multigene analyses were not 
treated as distinct unless other specimens in 
single-gene analyses confirmed that they were 
monophyletic (Lim et al. 2012). If a specimen 
from at or near the type location of a cur-
rently accepted species grouped with a candi-
date species, the candidate species was ele-
vated to a provisional species with that name 
(Supplementary Material 1). The same approach 
was adopted for taxa that were formerly rec-
ognized but are presently synonymized, and 
for which the earlier names appeared valid. 
In either instance, we consider provisional 
species to be validly named taxa. Candidate 
species not meeting these criteria—i.e., those 
for which there were no previously described 
species as representatives, previous names 
were not available, or multiple names poten-
tially applied to a candidate taxon—were left 
unnamed but appear to constitute legitimate 
species. Lineages delineated by PTP which 
met at least some species delineation criteria, 
including representing named taxa, were 
labeled as forms that may warrant considera-
tion as units of conservation. 
    Next, we assigned specimens to the candi-
date or provisional species. Data for this 
analysis consisted of sequences for COI (4000 
new sequences and 552 public sequences 
with at least 531 bases) and cytb (589 new 
sequences and 665 public sequences with at 
least 875 bases; Supplementary Material 2). 
We retained only those public sequences 
cata loged as a named species from western 
North America, including C. bairdii and C. 

cognatus, and for which geographic locations 
could be inferred. We initially included all 
public sequences of Cottus species from east-
ern North America, Europe, and Asia as well 
the Lake Baikalian cottoids in Abyssocottidae, 
Comephoridae, and Cottocomephoridae. Their 
inclusion, however, did not alter assignments 
among the western North American speci-
mens, and they were excluded from subse-
quent analyses. To assign specimens to a can-
didate or provisional species, we built COI or 
cytb neighbor-joining trees (using the number 
of differences) and examined clade member-
ship. Specimens grouping with a more com-
prehensively evaluated candidate or provi-
sional species were assigned to that species. 
Specimens forming novel clades exclusive of 
candidate or provisional species were not 
assigned. Occasionally, candidate species were 
the sole members of more than one mitochon-
drial clade; hence, they remained diagnos-
able. Finally, we considered whether a sample 
was collected within the purported or plausi-
ble range of a candidate or provisional species 
and whether that range made geographic 
sense in light of modern or paleohydrological 
connections, because geography is often the 
most diagnostic characteristic of sculpin 
species (Jenkins and Burkhead 1994). This 
information was also used to re-evaluate and 
refine the initial designations of candidate 
and provisional species. 
    Because the standard practice among biol-
ogists is to identify specimens in the field 
without genetic information, we evaluated the 
success of this approach by comparing field 
and reference library identifications based 
on morphology to genetic assignments. We 
restricted comparisons to specimens identi-
fied as a currently named species for which 
there was genetic support, i.e., unambiguous 
genetic assignment to a form, provisional 
species, or species complex representing a 
currently valid taxon. For example, we re -
garded genetic and phenotypic identifications 
as concordant if a molecularly assigned indi-
vidual of candidate or provisional species 13–
15 or 17–22 (see below) was identified as C. 
beldingii in the field or in reference data-
bases. If it was identified as a different 
species in the field, or if a field-identified 
specimen of C. beldingii was assigned to a 
different candidate or provisional species, the 
comparison was regarded as discordant. 
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    Characteristics of the gene regions we 
used restricted phylogenetic inference. The 
indels in S7 were phylogenetically informa-
tive and emphasized species boundaries (Nagy 
et al. 2012), but alignments based on different 
methods (e.g., PRANK, MUSCLE [Edgar 
2004] and various algorithms in MAFFT 
[Katoh et al. 2019]) often differed substan-
tially (data not shown) and required addi-
tional manual adjustments, leading to uncer-
tainty about the evolutionary history reflected 
by these sequences (Morrison 2015). Our 
decision to use gap coding led to issues with 
achieving effective samples sizes in multi-
species coalescent analyses when the gap-
coded segment was treated as an independent 
partition, but when considered as part of the 
S7 partition, it created a synthetic gene 
sequence for which the appropriate substitu-
tion model was uncertain. We assumed that 
the latter would identify informative nodes in 
the phylogeny but preclude estimates of branch 
lengths. Likewise, phylogenetic trees from 
amino acid translation of COI and rhodopsin 
indicated that these regions may have been 
under strong selection and prone to selective 
sweeps (Hill et al. 2019, Hill 2020) in violation 
of the neutral models that form the basis for 
dating divergence. In light of these issues, 
coupled with the apparent hybrid origins of 
some taxa and an incomplete fossil record, we 
did not estimate divergence dates. 
 

RESULTS 

    The concatenated four-gene data set con-
tained 367 distinct mitochondrial haplotypes 
and 195 nuclear haplotypes, and 479 haplo-
types overall. Although the specimens 
sequenced at all 4 genes were biased toward 
those with different COI haplotypes, sequen -
ces of cytb were more variable, longer, and 
produced a larger number of haplotypes 
(Table 1). Tests of saturation of both mito-
chondrial genes were not significant. The 
nuclear genes were less variable than either 
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    Fig. 3. (See facing page, p. 317). Phylogenies recovered 
from maximum-likelihood analyses of sequences of Cottus 
(n = 433) from the four-gene data set, with independent 
trees for the nuclear and mitochondrial sequences. Colors 
denote the 8 primary species complexes. Ultrafast boot-
strap support is noted for each complex (nuclear phy-
logeny) or component of each complex (mitochondrial 
phylogeny).
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mitochondrial gene. Although rhodopsin ex -
hibited fewer haplotypes than did S7 (67 vs. 
114), the haplotypes tended to differ by more 
nucleotides (k, 10.8 vs. 6.0). 
     The nuclear and mitochondrial phylogenies 
were not concordant (Fig. 3, Supplementary 
Material 4). The nuclear analyses delineated 
8 monophyletic, readily recognizable species 
complexes (labeled by the first-diverging mem-
ber) largely in accord with the current taxon-
omy of sculpins. Ordered by decreasing levels 
of divergence (with Leptocottus armatus as the 
outgroup), the C. aleuticus complex was basal 
to all other members, followed by complexes 
representing C. princeps, C. gobio, C. cognatus, 
C. beldingii, C. asper, C. bairdii, and C. con-
fusus. The mitochondrial phylogeny identified 
several monophyletic groups that corresponded 
to those in the nuclear phylogeny, but the rela-
tionships among species complexes differed. In 
order of decreasing divergence from the out-
group were those represented by C. princeps, 
C. aleuticus, C. asper, C. gobio, C. beldingii, 

C. confusus (in part), and a strongly supported 
clade of well-resolved taxa representing mem-
bers of 3 nuclear complexes—C. cognatus, C. 
bairdii, and some members of C. confusus. The 
positions of complexes representing C. asper, 
C. cognatus, and C. confusus in one or both 
phylogenies invalidated the current concept 
of Cottopsis (hypothesized to consist of the 
C. aleuticus, C. princeps, and C. asper species 
complexes) and Uranidea (thought to be re -
stricted to complexes of C. cognatus and C. 
bairdii) as subgenera. 
    Polyphyly in the terminal clade of the mito-
chondrial phylogeny was indicative of histori-
cal hybridization between members of the C. 
bairdii species complex and those of either the 
C. cognatus or C. confusus complexes, and also 
indicative of more recent introgression (Table 
2), often with members of the C. bairdii com-
plex as the maternal parent. For example, 3 
specimens (7770, 7773, and 7775 from Kettle 
Creek and Lick Island Run, PA) in the vicinity 
of the type location for C. bairdii had nuclear 
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    TABLE 2. Hybrid individuals or taxa among specimens collected from western North America, categorized by the 
species involved (nuclear × mitochondrial). Complex denotes whether the specimen assigns to 1 or 2 nuclear com-
plexes, and form denotes the mitochondrial form (see Supplementary Material 2). Abbreviations: WF = West Fork, 
EF = East Fork.  
Specimen    Phenotype                Location                                   Category                                                  Complex    Form  
    82             Cottus sp.                  Deadman Creek, WA              confusus × semiscaber                                  6            56 
    83             Cottus sp.                  Deadman Creek, WA              confusus × semiscaber                                  6            56 
1237             Cottus beldingii        WF Jarbidge River, NV           confusus × western bairdiia                          6            59 
1238             Cottus beldingii        WF Jarbidge River, NV           confusus × western bairdii                           6            59 
1239             Cottus beldingii        WF Jarbidge River, NV           confusus × western bairdii                           6            59 
1240             Cottus beldingii        WF Jarbidge River, NV           confusus × western bairdii                           6            59 
1601             Cottus rhotheus        Minam River, OR                     (confusus × semiscaber) × semiscaber       6, 8          56 
1639             Cottus beldingii        Deer Creek, OR                       (rhotheus × confusus) × confusus              6, 8          35 
1721             Cottus rhotheus        McKenzie River, OR                (rhotheus × confusus) × rhotheus              6, 8          52 
2186             Cottus rhotheus        Bumping River, WA                 semiscaber × rhotheus                                  8            54 
2187             Cottus rhotheus        Bumping River, WA                 (semiscaber × rhotheus) × rhotheus            8            54 
3918             Cottus sp.                  Catherine Creek, OR               (confusus × semiscaber) × semiscaber       6, 8          56 
4550             Cottus rhotheus        Teanaway River, WA                (semiscaber × rhotheus) × rhotheus            8            54 
4565             Cottus rhotheus        Mercer Creek, WA                  (semiscaber × rhotheus) × rhotheus            8            54 
5160             Cottus sp.                  Anthony Creek, OR                 confusus × semiscaber                                  6            57 
5180             Cottus sp.                  North Powder River, OR         confusus × western bairdii                           6            59 
6607             Cottus rhotheus        Grande Ronde River, OR        (confusus × semiscaber) × semiscaber       6, 8          56 
6608             Cottus rhotheus        Grande Ronde River, OR        (confusus × semiscaber) × semiscaber       6, 8          56 
6610             Cottus rhotheus        Grande Ronde River, OR        (confusus × semiscaber) × semiscaber       6, 8          56 
6695             Cottus sp.                  Flint Creek, ID                        confusus × semiscaber                                  6            58 
6696             Cottus sp.                  Flint Creek, ID                        confusus × semiscaber                                  6            58 
6698             Cottus sp.                  EF Jarbidge River, ID             confusus × semiscaber                                  6            57 
7670             Cottus gulosus          Bird Creek, CA                        (asper × gulosus) × asper                             3            17 
7770             Cottus cognatus        Kettle Creek, PA                      cognatus × bairdii                                         7            49 
7773             Cottus sp.                  Lick Island Run, PA                 cognatus × bairdii                                         7            49 
7775             Cottus sp.                  Lick Island Run, PA                 cognatus × bairdii                                         7            49 
7787             Cottus sp.                  WF Jarbidge River, NV           confusus × western bairdii                           6            59 
7988             Cottus sp.                  EF Jarbidge River, NV            confusus × semiscaber                                  6            57  
aHaplotype sharing in form 59 prevented assignment to a single species for the maternal parent of this cross.



YOUNG ET AL.  ♦  MOLECULAR TAXONOMY OF COTTUS 319

A

2
3

1

4
5

ST AS
AP

SP
NTAA
CE

Y

Ca
nd

idd
aat

e

PT
P

6 , 7
8

9a
b

0.03

    Fig. 4. Maximum-likelihood phylogeny of Cottus (panels A–D, pages 319–322) based on concatenated mitochondrial 
and nuclear sequences of the four-gene data set and the results of species delimitation analyses. Candidate and provi-
sional species are numbered (labels are in Tables 3, Supplementary Material 2). Red rectangles denote lineages of 
hybrid origin and dots (blue, >90%; black, >95%) denote ultrafast bootstrap support. Line breaks in the columns 
denote divisions recognized in each species delimitation analysis, but some analyses pooled candidate taxa that were 
separated by a delimited taxon (see Table 4, Supplementary Material 2). A dotted line indicates a currently named or 
proposed taxon that was not delimited in these analyses: a, C. marginatus; b, unnamed species from Clear Lake, California; 
c, C. bendirei; d, C. extensus.



sequences of the C. cognatus complex but mito-
chondrial sequences identical (or nearly so) to 
topotypes of C. bairdii (7768, Allegheny River, 
PA, and GenBank accession AF549123, Coffee 
Run, PA; Fig. 4). Likewise, C. schitsuumsh was 
observed to have nuclear sequences of the C. 
confusus species complex but mitochondrial 
sequences more closely related (2.54%–2.66%) 
to western members of the C. bairdii complex 

than to those of C. confusus (4.45%–5.04%). 
Left unresolved with respect to species de -
lineation or assignment were specimens from 
the Jarbidge River in Idaho and Nevada to 
the Grande Ronde River in Oregon (and near 
the Kettle River in Washington) because these 
either tended to group with C. schitsuumsh 
found much farther north or had mitochondrial, 
and sometimes rhodopsin, sequences similar or 
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identical to C. semiscaber (see below), coupled 
with S7, and sometimes rhodopsin, sequences 
similar to C. confusus. Finally, some individuals 
appeared to be hybrids between members of 
the western C. bairdii complex. 
    There were 398 haplotypes among the 564 
sequences in the concatenated mitochondrial 

data set used in species delimitation. There 
was broad agreement among most methods 
with respect to the membership and number 
of candidate species. Counts were nearly 
identical between ASAP (n = 35) and SPN (n 
= 36), and almost all candidate species consti-
tuted strongly supported monophyletic clades 
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in the ML analysis and exhibited a barcode 
gap and differed from their nearest interspe-
cific neighbor by >1% (Supplementary Mate-
rial 2). These methods differed only in their 
treatment of a specimen (8194, West Fork 
Millcoma River, OR) as either a candidate 
species with an independent SPN or as part 

of an ASAP group with other specimens from 
southern Oregon (Supplementary Material 2). 
Counts from PTP (n = 66) were about double 
those of other methods, and those candidate 
species often failed to exhibit bootstrap sup-
port, a barcode gap, or substantial diver -
gence, but often highlighted geographically 
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circumscribed lineages or currently described 
taxa not delineated by the other methods. 
Many candidate species identified by PTP 
represented subdivisions that, when viewed 
collectively, constituted highly supported 
groups in the other analyses. Counts derived 
from STACEY (n = 32) were the most conser-
vative, and this method occasionally failed to 
delineate candidate species that were strongly 
supported in other analyses. In particular, it 
left the C. confusus complex as a single candi-
date species (but did delineate C. schitsuumsh 
of likely hybrid origin as distinct), whereas 
the other methods delineated 4–6 candidate 
taxa in this complex. Within most species 
complexes, however, there was near-consen-
sus among methods with respect to the diver-
sity of candidate taxa present. Using these 
estimates and considering additional informa-
tion provided by monophyly, genetic dis-
tances, and geographic isolation, we propose 
43 groups as candidate or provisional species 
(Table 3, Fig. 4; see discussion). 
    Most specimens for which there was only a 
single mitochondrial gene sequence assigned 
unambiguously to a candidate species and 
were useful for delineating the species’ range. 
In the COI neighbor-joining phylogeny (Sup-
plementary Material 5), candidate species 42 
and 43 shared some haplotypes and were not 
diagnosable. Candidate species 31 and 32, 
and 34 through 36, though not monophyletic, 
were the sole members of separate mono-
phyletic clades and were diagnosable. A 
group of specimens labeled as C. bairdii from 
Virginia and Maryland (GenBank accessions 
HQ557187, HQ557189; JN025004, JN025005, 
JN025010, JN025014, JN025016, JN025020) 
could not be assigned and likely represent a 
different species. The cytb phylogeny (Sup-
plementary Material 6) offered greater resolu-
tion, because all candidate species and all but 
one form (form 61 in candidate species 42) 
were diagnosable. Three groups could not be 
assigned to a species in this analysis: speci-
mens of C. bairdii from Virginia (GenBank 
accessions AF549125–AF549127) and Missouri 
(AF549162–AF549167, AY833333)—which are 
likely not that species—and the hybrid group 
associated with C. confusus from the middle 
Snake River. Only the specimens of candidate 
species 9 from the Russian River, California 
(JX484692–JX484693) could not be assigned 
to a previously recognized form. 
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    In contrast, phenotypic and genotypic 
assignment of specimens was often discordant 
(Table 4). All phenotypic and genotypic assign-
ments were in agreement for only 7 of 21 
currently recognized species. For taxa such as 
C. confusus, most individuals morphologically 
identified as that species were genotypically 
identified as a different species. For taxa such 
as C. asper and C. cognatus, a large proportion 
of individuals genotypically assigned to each 
species were morphologically identified as 
something else. And for several taxa, most 
representatives were not identified in the 
field, indicative of the difficulty of recognizing 
species in the hand. 
 

DISCUSSION 

    The biodiversity of western North Ameri-
can Cottus is a legacy of the evolutionary 
interplay among a dynamic continental hydro-
logical network, broad-scale climatic patterns 
shifting with the arrival and departure of gla -
ciation, and the demography, life history, and 
ecological specialization of individual species. 
Not all genes were equally informative in 

revealing these patterns. Analyses of rhodopsin 
unambiguously delineated species complexes 
but offered little resolution of candidate taxa. 
Sequences of S7 reinforced the species com-
plex boundaries and occasionally delineated 
candidate taxa but may have altered the 
inferred evolutionary history of this gene as a 
consequence of the treatment of insertions 
and deletions. Sequences of cytb exhibited lit-
tle haplotype sharing and resolved the major-
ity of candidate and provisional taxa, whereas 
COI, though still informative about most 
species-level assignments, was more likely to 
exhibit incomplete lineage sorting and fea-
tured primarily silent mutations, with only 2 
amino acids showing extensive variability in 
the sequence fragment we used. Collectively, 
however, and in concert with a near-complete 
inventory of most major hydrologic basins of 
western North America, data from these genes 
demonstrated that the sculpin fauna of the 
region is far more diverse than currently 
appreciated. 
    Below, we explore the taxonomic and 
phylogeographic implications of identifying 
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    TABLE 4. Comparison of morphological identification to genetic assignment. Phenotype is the name assigned in the 
field or to publicly cataloged specimens, and the candidate species (or forms) are those that we delimited. Abbreviations: 
+P/−G = specimens phenotyped as one species but genotyped (based on mitochondrial specimen identification) as a 
different species, +P/+G = specimens identified as the same species phenotypically and genotypically, −P/+G = 
specimens genotyped as this species but phenotyped as a different species. Unidentified indicates the number of speci-
mens that genotyped as a species but were not identified in the field.  
Phenotype                             Candidate species                       +P/−G             +P/+G             −P/+G         Unidentified  

aleuticus                                                1                                         26                    124                       17                         2 
princeps                                                2                                           0                        5                         1                         0 
asperrimus                                            3                                           0                        9                         0                         0 
tenuis                                                     4                                           0                        9                         0                         0 
klamathensis                                         5                                           0                      21                         0                         0 
pitensis                                                  6                                           0                      70                       55                         0 
gulosus                                                  7                                       208                      83                         0                         0 
asper                                 8, 9 (forms 10–13, 15–17)                      13                    366                     582                     815 
marginatus                                   9 (form 14)                                    0                      46                         4                         1 
perplexus                                               9                                       381                        0                         0                         0 
gobio                                                   10                                           0                        2                         0                         0 
ricei                                                     11                                           0                      25                         0                         0 
greenei                                                12                                           0                        3                         0                         1 
leiopomus                                            16                                           0                      18                         9                         5 
beldingii                                     13–15, 17–22                                12                    106                       70                     145 
confusus                                           23–28                                      81                      26                       21                     205 
schitsuumsh                                        41                                           0                      15                         2                     267 
cognatus                                           29–32                                      23                      82                       82                     226 
bairdiia                                             33–36                                      30                      65                       17                         4 
rhotheus                                           37–39                                      64                    314                       44                       84 
punctulatusb                                  40, 42, 43                                   49                    244                       29                     436  
aAnalysis restricted to specimens from eastern North America. 
bAnalysis restricted to specimens from western North America currently valid as C. bairdii, C. bairdii punctulatus, C. bairdii semiscaber, C. bendirei, C. exten-
sus, or C. hubbsi. Phenotypes and genotypes were concordant if specimens identified in the field or public databases with any of these names were genotyped as 
one of the specified candidate species.



candidate species (hereafter CS) and provi-
sional species (PS). We acknowledge that other 
gene regions, species concepts, or methods of 
species delineation may result in a different 
interpretation of taxonomic diversity, and that 
our insistence on monophyly among all spe -
cies precludes recognition of what are other -
wise valid taxa. Our results, though, are con-
sistent with methods used to designate units 
of conservation regardless of whether these 
are recognized taxonomically (COSEWIC 
2018, Fišer et al. 2018), and we invite further 
investigation to corroborate, modify, or refute 
the species hypotheses we pose. We also rec-
ognize the need to develop a chronology of 
evolutionary events and to resolve the prob-
lematic lineages that appeared to result from 
introgression, for which genomic tools will be 
necessary. 

The Former Subgenus Cottopsis: the Cottus 
aleuticus, princeps, and asper Complexes 

    Our results indicate that Cottopsis is not a 
well-supported monophyletic group. In mito-
chondrial analyses, C. princeps is sister to all 
other Cottus, and branch support between the 
C. aleuticus and C. asper complexes is weak. 
In nuclear analyses, these same complexes 
are neither sister lineages nor monophyletic, 
and the C. asper complex forms a well-sup-
ported clade with members of Uranidea. 
Each species complex, however, constitutes a 
highly supported, monophyletic group with a 
distinctive evolutionary history. 
    Cottus aleuticus (PS 1, type location in the 
Aleutian Islands, Alaska), though not always 
correctly phenotypically identified, was re -
solved as a strongly supported, highly diver-
gent, and monophyletic taxon distributed 
from California to Alaska in coastal streams 
that was delineated in all analysis but exhib-
ited little phylogeographic structure (Fig. 5). 
Two specimens were also observed in the 
lower Willamette River basin, from which the 
species was thought to be extirpated (Bond 
1963, Markle 2016). Nuclear phylogenies 
placed it as sister to all other species com-
plexes in our analyses. In a more limited data 
set almost exclusive to the former Cottopsis, 
Baumsteiger et al. (2012) also placed this 
taxon as the basal group using nuclear gene 
sequences. 
    The C. princeps complex is strongly sup-
ported and highly divergent from all other 

species complexes, and though its members—
C. princeps, C. asperrimus, C. tenuis, and C. 
klamathensis (PS 2–5; Fig. 5B)—were often 
sympatric (Moyle 2002), all were unambigu-
ously delineated as individual taxa in all 
analyses and almost always correctly identi-
fied in the field. Nuclear and mitochondrial 
analyses suggest that these taxa form a cohe-
sive clade (cf. Baumsteiger et al. 2012) that 
may have diverged roughly simultaneously, 
making relationships among them unclear. 
For example, morphological comparisons align 
C. asperrimus with C. tenuis (Robins and 
Miller 1957, Moyle 2002), and amino acid 
sequences of rhodopsin (Supplementary Mate-
rial 4) are identical between C. princeps and 
C. klamathensis, whereas mitochondrial sequen -
ces suggest a closer relationship between 
C. tenuis and C. klamathensis. 
    Species boundaries were more obscure 
within the C. asper species complex, which 
consisted of the currently recognized C. piten-
sis, C. gulosus, C. asper, and C. perplexus. The 
most divergent of these were representatives 
of C. pitensis from the headwaters of the 
Sacramento River basin (PS 6) and C. gulosus 
in the San Joaquin River basin (PS 7; Fig. 5C), 
with evidence of introgression between them 
in the mainstem Sacramento River that ex -
plains the discrepancies in field and molecu-
lar identification in C. pitensis (Baumsteiger 
et al. 2014). These are sister taxa and their 
phylogenetic placement was consistent with 
previous analyses (Baumsteiger et al. 2012), 
and we agree with those authors that neither 
species is found outside these basins. 
    Remaining members of this species com-
plex were divided into 2 groups. The first was 
a widely distributed lineage (PS 9) that we 
regarded as C. asper sensu stricto (type loca-
tion near the mouth of the Columbia River, 
Washington) present in coastal basins from 
southern California to southeastern Alaska 
and inland to California’s Central Valley, Ore-
gon’s Willamette River, Washington’s lower 
Snake River, the middle and upper Columbia 
River in Washington and British Columbia, 
and across the Continental Divide into the 
Peace River headwaters in Alberta (Fig. 5A, 
C). One specimen (7670, Bird Creek, CA) from 
the Pajaro River, a coastal basin over 100 km 
to the south of the San Francisco Delta, had 
nuclear sequences that grouped with C. gulo-
sus. Baumsteiger et al. (2014) found similar 
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evidence of introgression with C. gulosus 
among other southern populations of C. asper. 
Whether these constitute a hybrid lineage or 
examples of recent hybridization is unknown. 
    The second group consisted of sometimes 
well-supported inland lineages generally re -
stricted to one or a few basins that exhibited a 
latitudinal cline in divergence from C. asper 

(Fig. 5A). One of these (CS 8) was distributed 
in coastal southern Oregon from the Rogue 
River to the Umpqua River. This lineage is 
sister to but divergent from the rest of the C. 
asper species complex (minimum distance, 
1.09%), and specimens were labeled as C. 
gulosus, C. perplexus (including all those in 
public databases), or unknown, emphasizing 
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    Fig. 5. Distribution of the Cottus aleuticus (PS 1), C. princeps (PS 2–5), and C. asper (CS/PS 6–9) species complexes. 
Main map, distribution of C. aleuticus (PS 1), C. asper (PS 9), and candidate and provisional species 2–8, plus 1 hybrid 
individual. Insets: A, distribution of CS 8 and forms of C. asper (PS 9), including C. marginatus (form 14); B, distribution 
of C. princeps (PS 2), C. asperrimus (PS 3), C. tenuis (PS 4), and C. klamathensis (PS 5); C, distribution of C. pitensis 
(PS 6), C. gulosus (PS 7), and the Clear Lake (form 15) and widespread (form 17) forms of C. asper.



that collectors regarded them as morphologi-
cally distinct from C. asper. Further support 
for its recognition is that the freshwater fauna 
in this region has other endemic taxa 
(McPhail and Taylor 2009). One specimen 
(GenBank accession JX484688) in public 
databases assigning to this clade was reported 
to be collected from a tributary to the lower 
Willamette River basin. Other specimens 
from this tributary provided to us and in pub-
lic databases assign to a different candidate 
species with strong support, so this record 
warrants additional review. 
    Delimiting other candidate species in the 
C. asper complex would have violated the phy -
logenetic species concept. Two of these are 
either recognized as or proposed to be dis-
tinct species (form 14, C. marginatus in north-
eastern Oregon and southeastern Washington; 
form 15, Clear Lake basin, California; Baum-
steiger et al. 2016) and are monophyletic 
(within this clade), strongly supported, geo-
graphically isolated from all other clades of C. 
asper and may warrant such designation but 
would render C. asper paraphyletic in our 
data set. Farther north, although many lineages 
are still monophyletic and geographically 
restricted, their differences were more minor, 
and we regarded them as forms of C. asper. 
These include a group found in the Siuslaw 
River basin (form 11), with a single observa-
tion in the upper Umpqua River basin, and in 
the Alsea and Yaquina River basins (form 10), 
with additional collections directly to the 
east in the Marys River, a tributary to the 
Willamette River, where they are syntopic 
with a clade (form 16) found in the upper 
and lower Willamette River. Faunal exchanges 
between the Willamette River and these 
basins may explain these patterns (Markle 
2019), but the extent of their overlap is 
unknown. 
    North of the Columbia River are 2 margin-
ally distinct groups both found in many por-
tions of the Chehalis River basin but also in 
coastal rivers in the northern Olympic Penin-
sula (form 12) or in Puget Sound (form 13). A 
single representative of the former was found 
in the Cowlitz River basin, a direct tributary 
to the Columbia River, and of the latter in the 
Bogachiel River along the Olympic Coast. 
Specimens from both of these forms were col-
lected in the vicinity of the Skookumchuck 
River in the Chehalis River basin, the type 

location for the problematic species hypothe-
sis of C. perplexus. Field identification of both 
forms was roughly evenly divided between C. 
perplexus and C. gulosus. Because the latter 
does not occur outside California, the appar-
ent ambiguity in differences between these 
species (Reimers and Bond 1967, Rowsey and 
Egge 2017) is instead evidence of morpholog-
ical variability in putative C. perplexus. 
    We contend that C. perplexus does not 
constitute a valid taxon but represents a vari-
ant within the latitudinal cline of forms of 
C. asper. Viewed broadly, members of the C. 
asper species complex tend to exhibit 2 life 
history types. One of these is a widely distrib-
uted coastal lineage referable to C. asper that 
often exhibits amphidromy whereas the vari-
ous inland forms, largely confined to one or a 
few major river basins, are usually partly sym-
patric with the widely distributed form but 
have an entirely freshwater life history and 
are morphologically distinct, albeit inconsis-
tently (McAllister and Lindsey 1961, Krejsa 
1967, Dennenmoser et al. 2015, Rowsey and 
Egge 2017). The more southerly or inland 
populations show greater amounts of molecu-
lar divergence from the widespread form, 
and have reached or are approaching thresh-
olds associated with delimitation as separate 
species, e.g., C. gulosus, C. pitensis, C. mar-
ginatus, and candidate species in southern 
Oregon and the Clear Lake basin in Califor-
nia. Differences between coastal and inland 
groups farther north, especially near and in 
formerly glaciated areas such as the type 
location for C. perplexus, are subtle (Dennen-
moser et al. 2014, 2015). Thus, C. perplexus 
appears to be a lineage in the process of 
diverging from C. asper that exhibits some 
morphological differences likely attributable 
to a wholly freshwater life history but has not 
yet crossed molecular thresholds for recogni-
tion as a distinct taxon. 

Subgenus Cottus: the Cottus gobio Complex 

    We had few samples of members of this 
complex, but their assignment was straight -
forward. Cottus ricei (PS 11; Fig. 6) is re -
stricted to North America from the McKenzie 
River basin in the north to the Saskatchewan 
River basin in the south, east to the Great 
Lakes and North Atlantic coast (Page and Burr 
2011). In our analyses, it was sister to the 
other members of this complex from Eurasia, 
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including C. gobio (PS 10). Both species were 
supported as distinct by nearly all methods, 
but the treatment of C. gobio as representing 
one or many species remains unsettled (Frey-
hof et al. 2005, McLeish et al. 2020). The 
absence of C. ricei west of the McKenzie 
River basin and its relation (mean difference, 
1.51%) to C. gobio suggests a derivation from 
the latter to the east, probably from popula-
tions in Greenland that were connected to 
North America at the onset or end of an early 
Pleistocene glacial interval (Dyke et al. 2003). 

Subgenus Uranidea Part 1:  
the Cottus beldingii Complex 

    In previous work, members of this clade 
could not be assigned to a subgenus (Kinziger 
et al. 2005, Goto et al. 2015) because of  

conflicting phylogenetic trees. In our analyses, 
this clade forms a highly supported group in 
maximum-likelihood and STACEY trees that 
could be considered the basal member of 
Uranidea. Likewise, we unambiguously resolved 
C. greenei (PS 12) as the most divergent mem-
ber of this species complex (cf. Oh 2016), but 
with an enigmatic distribution (Fig. 7). It is 
restricted to springs adjacent to the Snake 
River in south-central Idaho that would have 
been deeply submerged during the flood 
triggered by the spillover of Lake Bonneville 
17.4 kya (Oviatt 2015), suggesting it persisted 
in refugia above the floodwaters that it no 
longer occupies. 
    The present taxonomy features 2 other 
hypothesized species in this complex: C. 
leiopomus from the Wood River basin in Idaho 
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and C. beldingii from the Colorado River basin 
(Colorado, Utah, and Wyoming), Columbia 
River basin (Idaho, Nevada, Oregon, Utah, 
Washington, and Wyoming), and Great Basin 
(Nevada, Oregon, and Utah). Our analyses 
support the current conception of C. leiopo-
mus (PS 16), but we regard C. beldingii as a 
suite of 9 divergent, highly supported candi-
date taxa that are allopatric with respect to 
one another. 
    Three of these are from the Lahontan 
Basin: (1) C. beldingii sensu stricto (PS 19), 
found in many locations in the Truckee River 
basin (the outflow of the type location, Lake 
Tahoe) in California and Nevada; (2) a candi-
date species (CS 17) farther south in Silver 
King Creek, California; and (3) a candidate 
species (CS 18) in tributaries of the Humboldt 
River in northeastern Nevada. The roughly 
equivalent branch lengths among these well-
supported groups indicate that they diverged 
from a common ancestor at approximately the 
same time, a pattern similar to that of recog-
nized or proposed lineages of cutthroat 
trout—O. c. lahontan in the western Lahon-
tan Basin, O. c. seleniris in Silver King Creek, 
and O. c. humboldtensis in the northeastern 

Lahontan Basin (Trotter and Behnke 2008, 
Saglam et al. 2017). 
    A separate provisional species (PS 20) occu-
pied the Dolores, Gunnison, and upper Colo -
rado Rivers in Colorado. This range in cludes 
the type location for C. annae, the Eagle River 
near Gypsum, Colorado, in the headwaters 
of the Colorado River. Although the present 
taxonomy regards this taxon as a synonym of 
C. beldingii, the molecular results and its geo-
graphical isolation favor resurrecting C. annae 
as its name. Of note is that the distribution of 
C. annae is equivalent to that of the “blue” 
lineage of Colorado River cutthroat trout O. c. 
pleuriticus (Bestgen et al. 2019). Because both 
are also absent from other portions of the 
Colorado River basin with suitable habitat, 
such as the Duchesne River in Utah, the San 
Juan River in New Mexico, or the Green 
River in Colorado and Wyoming, their distri -
bution implies that both taxa invaded at the 
same place and time and in a way that differed 
from that of 2 other candidate species distrib-
uted throughout the Colo rado River basin, 
C. punctulatus (see below) and the “green” 
lineage of Colorado River cutthroat trout 
(Bestgen et al. 2019). 
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    Sister to C. annae were 2 candidate taxa in 
the upper Snake River basin and northern 
Bonneville Basin. One of these (CS 21) was 
represented by specimens from the Big Lost 
River, an endorheic basin in south-central 
Idaho that was occasionally linked to the 
upper Snake River basin by Pluvial Lake 
Terreton during the Pleistocene (Gianniny 
et al. 2002). Mountain whitefish Prosopium 
williamsoni (Miller 2006) in the Sinks 
drainage are also derived from those in the 
upper Snake River and are similarly re -
stricted to this basin, a distribution likely due 
to isolation of the Big Lost River by the 
Crater Butte lava flow 300 kya (Kuntz 2003). 
The final candidate species (CS 22) was found 
in the Snake River from Salmon Falls Creek 
(downstream from the traditional boundary of 
the upper Snake River, Shoshone Falls) to the 
headwaters in Wyoming, and in the northern 
Bonneville Basin in Utah from the Provo 
River north to the Bear River, with a disjunct 
appearance to the south in the Spanish Fork 
River basin. These locations were hydrologi-
cally linked at various times throughout the 
Pleistocene via re-routing of the Bear River 
between the Snake River and the Bonneville 
Basin (most recently 60 kya; Pedersen et al. 
2016) or other trans-basin corridors (Eaton et 
al. 2018). A single collection in the headwa-
ters of the Wind River in Wyoming, a tribu-
tary to the Missouri River basin, likely resulted 
from introductions by anglers (Joe Deromedi, 
Wyoming Game and Fish Department, per-
sonal communication). 
    A clade sister to C. leiopomus and the pres -
ent and former C. beldingii consisted of 3 
candidate species found downstream in the 
Columbia River basin. The first of these (CS 
13) is in the Willamette River basin in Ore-
gon, and the second (CS 14) was found in the 
Owyhee River in Idaho and Nevada, and is 
likely present downstream in Oregon (Bond 
1963). The third (PS 15) was broadly but spo-
radically distributed in the Clearwater River 
basin in Idaho, most river basins in northern 
and northeastern Oregon, and the Yakima 
River basin in Washington. Hubbs and Schultz 
(1932) described C. tubulatus from the Pot-
latch River basin in Idaho, which they mistak-
enly thought was part of the North Fork 
Clearwater River basin (Maughan 1974). As 
with C. annae, Bailey and Bond (1963) syn-
onymized this species with C. beldingii with-

out providing justification. Here, we resurrect 
C. tubulatus as its valid name based on the 
grounds that it is a highly supported, diver-
gent, and monophyletic taxon isolated from 
all other members of this species complex. 

Subgenus Uranidea Part 2:  
the Cottus cognatus Complex 

    Cottus cognatus, based on specimens from 
Great Bear Lake in the McKenzie River 
basin, was the first North American sculpin to 
be described (Richardson 1836). Although 
thought to be closely related to C. bairdii 
(McAllister and Lindsey 1961, Bailey and Bond 
1963, Jenkins and Burkhead 1994), these 2 
species complexes harbor deeply divergent 
nuclear sequences and are not sister lineages. 
The relatively close relationship among their 
mitochondrial phylogenies implies that intro-
gression and mitochondrial swamping may 
have contributed to speciation, as well as the 
challenge of morphologically diagnosing them 
(McAllister 1964). 
    Furthermore, the hypothesis that C. cogna-
tus represents a single taxon warrants reevalu-
ation because we delineated 4 well-sup-
ported and divergent candidate or provisional 
species. The first (PS 31; Fig. 6A), which we 
designated as C. cognatus sensu stricto, was 
present throughout the Yukon and Kuskok-
wim River basins and at one location in the 
upper McKenzie River basin. Species occur-
ring in the Yukon and McKenzie River sys-
tems often share a close relationship, likely 
facilitated by redirection of tributaries caused 
by the Laurentide ice sheet (Bodaly and 
Lindsey 1977, Duk-Rodkin et al. 2004). This 
candidate species also appears in the Anadyr 
River basin in Siberia (GenBank accession 
AY116364), indicating the presence of fresh-
water habitats that permitted dispersal across 
the Bering land bridge (Lindsey and McPhail 
1986). 
    A second provisional species (PS 32; Fig. 
6A,C) was found in the interior Columbia 
River basin in the northern United States 
and southern Canada, and its southernmost 
distribution coincided with the limit of the 
Cordilleran ice sheet and its periglacial lakes 
during the Last Glacial Maximum. Its north-
ernmost distribution included Alaska primar-
ily south of the Alaska Range and north of the 
Brooks Range, where it likely persisted in 
glacial refugia north and west of continental 
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ice (Moore et al. 2015). This northern range 
disjunction may also reflect the existence of a 
Chukchi Sea River that linked northern and 
southern Alaska (Lindsey and McPhail 1986). 
Occasional specimens also overlapped with 
the previous candidate species in the Yukon 
River basin. Because the bulk of the diversity 
of this lineage is in Alaska and the southern 
populations form a star phylogeny, we specu-
late that a southern Alaskan lineage colo -
nized southward via periglacial lakes at the 
leading edge of the Cordilleran ice sheet, fol-
lowed by northward recolonization when the 
ice sheet receded (McPhail and Lindsey 1986, 
Bernatchez and Wilson 1998). 
     Eigenmann and Eigenmann (1892) described 
C. philonips from Kickinghorse River in the 
headwaters of the Columbia River in British 
Columbia. This species was synonymized with 
C. cognatus by Hubbs and Schultz (1932), who 
claimed that the original describers had 
intended this name to represent a third 
species that had already been assigned a 
name, therefore rendering C. philonips un -
available. We interpret the original descrip-
tion differently (as do Fricke et al. 2021). Like-
wise, McAllister and Lindsey (1961) regarded 
C. philonips as available but still synonymized 
it with C. cognatus, despite observing nearly 
diagnostic morphological differences among 
specimens from 3 groups: the Columbia 
(which would include the Kickinghorse River) 
and Fraser Rivers, the McKenzie (including 
Great Bear Lake) and Yukon Rivers, and 
basins in eastern North America. These 3 
groups correspond with the geographic bound -
aries suggested by the molecular analyses (cf. 
McPhail 2007). Because our samples from the 
Kickinghorse River are affiliated with the sec-
ond candidate species, and based on the 
strong phylogenetic support for this clade, its 
unique distribution, and its potential morpho-
logical distinctiveness, we designate this pro-
visional species as C. philonips. 
    A candidate species (CS 29; Fig. 6B) occu-
pied portions of eastern North America, but 
we opted not to name it because our sampling 
was not intended to evaluate taxonomic diver-
sity in that region and up to 11 synonyms 
might be available (McAllister and Lindsey 
1961). It was sister, unexpectedly, to a fourth 
candidate species (CS 30; Fig. 6C) present in 
northwestern Washington. Despite that mem-
bers of this candidate species were identified 

as 7 different species by collectors, genetic 
analyses unambiguously assigned all of them 
to this taxon. Furthermore, we consider records 
of C. confusus from northwestern Washington 
(Lee et al. 1980, Wydoski and Whitney 2003, 
Page and Burr 2011) to be this species 
because we observed no members of the C. 
confusus species complex in this area. Mor-
phologically, this species is distinct from C. 
philonips in eastern Washington (Wydoski and 
Whitney 2003). Its distribution in western 
Washington in and north of the Chehalis River 
along the Olympic Peninsula and along Puget 
Sound to the Snohomish River is consistent 
with colonization from the Chehalis Refugium 
(McPhail 1967) and with phylogeographic 
patterns in other taxa (Novumbra hubbsi, 
DeHaan et al. 2014; Pacifastacus leniusculus, 
Larson et al. 2012; CS 9 form 13, this study). 
Its mitochondrial divergence (mean, 1.31%) 
from eastern North American members sug-
gests that this split long preceded the most 
recent glaciation, but how this form originally 
reached this location, and how it relates to 
other lineages in eastern North America, is 
unknown. 

Subgenus Uranidea Part 3:  
the Cottus bairdii Complex 

    All members of this complex in eastern 
and western North America share a highly 
supported (bootstrap support 97) and invari-
ant amino acid sequence in rhodopsin (Sup-
plementary Material 4) that is diagnostic. 
Nevertheless, this group has diverged into 3 
broad sets of candidate taxa: those related to 
C. bairdii in eastern North America, those 
related to C. rhotheus in the Columbia River 
basin (and likely more northerly basins in 
British Columbia; McPhail 2007), and those 
constituting a third group with no consistent 
designation but broadly distributed in the 
Missouri, Colorado, and Columbia Rivers 
and the Great Basin (Neely 2003). 
    The nonintrogressed members in eastern 
North America (Fig. 8) are divergent from one 
another and from all western North American 
members of this species complex in both 
mitochondrial and nuclear phylogenies, and 
we concur with Neely (2003) that C. bairdii is 
not present in western North America. 
Because our sample from the Allegheny River, 
Pennsylvania, was the closest to the type loca-
tion of C. bairdii (the Mahoning River, OH, 
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from which it is thought to be extinct; Neely 
2003) and part of a strongly supported and 
divergent clade (PS 36), we consider these to 
be C. bairdii sensu stricto. This designation, 
however, is problematic for specimens out-
side the Ohio River basin. Notably, sculpins 
from 2 streams (Kettle Creek and Lick Island 
Run, Pennsylvania) in the headwaters of the 
Susquehanna River basin that assigned to this 
provisional species based on their mitochon-
drial sequences were late-generation hybrids or 
products of mitochondrial swamping because 
their nuclear sequences were weakly diver-
gent from those of the C. cognatus complex. 
Moreover, several other specimens in public 
databases (GenBank accessions JN025091–
JN025100), also from the Susquehanna River 
basin, have mitochondrial haplotypes of C. 
bairdii but were identified in the field as  
C. cognatus. More thorough assessments of 
the extent of recent or ancient introgression 
in this region are warranted. 
    Two candidate species, CS 34 (Great Miami 
and Whitewater River basins in the lower 
Ohio River basin) and CS 33 (Wabash and Fox 
River basins in the lower Ohio and upper Mis-
sissippi River basins) are sister taxa that may 

have occupied separate refugia during glacial 
advances. A third, CS 35 (Great Lakes and St. 
Lawrence River basin, Winnipeg River basin, 
and upper Fox River basin in the Mississippi 
River basin), is broadly distributed, shows 
little variation, and is restricted to formerly 
glaciated areas, a pattern consistent with many 
other recent postglacial colonists (Bernatchez 
and Wilson 1998). Robins (1954) recognized 
C. bairdii kumlieni and C. b. bairdii from this 
region, essentially north and south of the 
southern Great Lakes. Although the former 
may correspond with our more northerly can-
didate species, the latter fails to accommodate 
the cryptic diversity observed in this area. 
Given this uncertainty, our limited number of 
specimens, and the many formerly recognized 
species from this region that are currently syn-
onymized with C. bairdii, we did not assign 
names to these 3 candidate taxa. 
    Another group of 2 candidate taxa and 1 
provisional taxon, strongly supported and 
monophyletic in the overall and mitochondrial 
phylogenies, was consistently identified in the 
field as C. rhotheus (Fig. 9). Cottus rhotheus 
sensu stricto (PS 39) was primarily found in 
the Kootenai and Spokane River basins (the 
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latter the type location) and other portions of 
the interior Columbia River basin. We delim-
ited an additional candidate species (CS 38) 
from many eastern and western tributaries of 
Oregon’s Willamette River basin, and another 
(CS 37) that was restricted to Washington 
west of the Cascade Range. Coupled with this 
unexpected diversity in C. rhotheus sensu lato 
was morphological uncertainty. Specimens 
identified in the field as C. rhotheus from cer-
tain basins, e.g., the Clearwater River in Idaho 
and the Grande Ronde River in Oregon, were 
members of other clades, which may imply 
that C. rhotheus and its relatives have a 
smaller distribution than is currently believed 
(Wallace and Zaroban 2013, Markle 2016). 
    Long recognized as problematic were speci-
mens that have often been identified as C. 
bairdii in western North America (Fig. 10). 
Uncertainty about their affiliations has led to a 
shifting taxonomy, with members variously 
assigned to C. bairdii, C. bendirei, C. hubbsi, 
C. punctulatus, C. semiscaber, or subspecific 
combinations thereof, and to 2 members of 
limited distribution, the extant C. extensus and 
putatively extinct C. echinatus. The ambiguity 
was also evident among the various methods 

of species delimitation, for which there was 
little consensus on the divisions among forms 
and candidate taxa because of a lack of sub-
stantial and spatially coherent divergence 
despite their broad distribution in separate 
major hydrologic basins. 
    The candidate species with the greatest 
support (CS 40) was monophyletic in all gene 
trees and found in the upper Missouri River 
basin in Montana and Alberta (and likely 
Wyoming; Baxter and Stone 1995), suggestive 
of an arrival via a mid-Pleistocene Missouri 
River that drained to Hudson Bay (Howard 
1958). It was found west of the Continental 
Divide throughout the North Fork Flathead 
River basin in Montana and British Columbia 
(where it was originally thought to be C. con-
fusus; Peden et al. 1989) and sporadically in 
Montana’s Swan, Blackfoot, and Clark Fork 
River basins. Surprisingly, members also 
occupied the Medicine Lodge and Beaver 
Creek drainages, part of the Sinks basins in 
east-central Idaho. It has been regarded as a 
distinct species on morphological, genetic, 
and geographical grounds (Neely 2003, McPhail 
2007) and is treated as a unit of conservation 
in Canada (COSEWIC 2019). Its transdivide 
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distribution may be attributable in part to 
recent hydrological connections in the upper 
Flathead River (via Summit Lake at the head-
waters of the Middle Fork Flathead and Two 
Medicine Rivers; Young et al. 2018), as well as 
its use as a baitfish in Montana until the late 
20th century. Translocation by anglers may 
also explain its presence in the 2 isolated 
Sinks drainages in Idaho, but more intensive 
genomic inventories are required to resolve 
that question. 
    Assignment of candidate taxa to or among 
the remaining members of the western former 
C. bairdii is tenuous because most delimita-
tion methods failed to recognize any divisions 
and only one group forms a weakly supported 
monophyletic clade that is geographically iso-
lated. With respect to the latter, Gill (1862) 
first described a sculpin from the Colorado 
River basin as Potamocottus punctulatus, which 
was collected between Bridger Pass and Fort 
Bridger, Wyoming, and thus likely from the 
Little Snake or Green River basin. This group 
(PS 43) is monophyletic in the cytb and con-
catenated gene trees and was delimited in 
STACEY but displays more divergence among 
groups in the basin (0.91%) than with other 

members of the species complex in other 
basins (0.24%). In part, the large intraspecific 
variation is attributable to inclusion of speci-
mens from Butterfield Springs, Nevada, an 
isolated population in the pluvial White River 
that was once part of the lower Colorado 
River basin (Minckley et al. 1986). 
    Neely (2003) argued that specimens from 
the Colorado River basin should be recog-
nized as C. punctulatus, morphologically diag-
nosing this species based on its lack of skin 
prickling. Gill (1876), however, released a 
more comprehensive description of the type 
specimen and indicated that prickles were 
likely present behind the pectoral fins. 
Gilbert and Evermann (1894) remarked that 
some specimens from the upper Snake River 
basin (originally described as Cottopsis semi-
scaber; Cope 1872) were smooth skinned and 
could not be reliably distinguished from those 
in the Green River basin. Nevertheless, 
because it is genetically and geographically 
circumscribed, we accept C. punctulatus as a 
provisional species. 
    Criteria for delimiting additional species 
were more difficult to meet for the remaining 
groups. Cottus bendirei (form 62) was originally 
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described from tributaries to Malheur Lake 
(Bean 1881), a closed basin in Oregon peri-
odically connected in the Pleistocene to the 
Snake River or John Day River (Bisson and 
Bond 1971). Although Markle and Hill (2000) 
argued that this species (based on diagnosing 
individuals with respect to the extent of 
prickling) had a more extensive range within 
the Columbia River basin, we found a 
strongly supported monophyletic clade from 
the original range to be among the most 
highly diverged with this species complex. It 
was, however, sympatric with specimens 
currently assigned to C. hubbsi (form 63). For 
that reason and to preserve monophyly 
within the remainder of specimens in this 
lineage, we did not elevate it to a candidate 
species. 
    There was little support for further subdi-
vision of the remaining members of this 
species complex, which tended to be neither 
monophyletic nor geographically discrete. 
Similarly, Oh (2016) did not retrieve speci-
mens of this group from the Snake River, 
Columbia River, and Bonneville Basin as 
reciprocally monophyletic. Mussmann (2018) 
observed a similar pattern of limited diver-
gence among speckled dace Rhinichthys oscu-
lus from throughout the northern Bonneville 
Basin and Snake and Columbia River basins, 
implying that similar paleohydrologic pat-
terns may have led to the lack of phylogenetic 
structure in both fishes. Of note is that the 
distribution of this group of sculpins implies 
that they may have been among the last to 
colonize the Columbia River basin because 
they are largely absent upstream of waterfalls 
on the Palouse, Spokane, Pend Oreille, or 
Okanogan Rivers, which were crossed by a 
host of other freshwater fishes including other 
species of sculpins (McPhail and Lindsey 
1986, Minckley et al. 1986). 
    Members of this group in most of the inte-
rior Columbia River basin (and some of those 
in the endorheic Harney Basin in Oregon) are 
currently valid as C. hubbsi (Bailey and Dim-
ick 1949, Page and Burr 2011), with a pur-
ported upstream distribution to Shoshone 
Falls in the Snake River, and to major falls on 
other rivers in the upper Columbia River 
basin. Those in the upper Snake River and 
Bonneville Basin are currently valid as C. b. 
semiscaber. Although Neely (2003) argued for 
resurrecting C. semiscaber as a full species 

and for continuing to recognize C. hubbsi as 
valid, the lack of reciprocal monophyly, the 
limited divergence, the overlap in geographi-
cal distribution, and the lack of diagnostic 
morphological traits suggest that only one 
name should apply to the rest of the members 
of this candidate species. Because the first 
named specimen from these 2 areas was C. 
semiscaber (PS 42), that name has precedence 
over C. hubbsi. 
    Recognizing C. semiscaber as the name for 
specimens from this region also renders un -
certain the validity of 2 currently recognized 
species of sculpins presently or formerly 
restricted to lakes in the Bonneville Basin, 
C. extensus in Bear Lake in southeastern Idaho 
and northeastern Utah and C. echinatus from 
Utah Lake in Utah (Bailey and Bond 1963). 
Historical recognition of both species as dis-
tinct taxa relied on the extent of prickling 
and pre-opercular armature, both of which are 
variable within other species in this genus 
(McAllister and Lindsey 1961). Alternatively, 
both may represent relatively recently derived 
forms from adjacent fluvial populations. Fos-
sils of C. extensus are common in sedimentary 
deposits of pluvial Lake Bonneville (Brough -
ton and Smith 2016), demonstrating that the 
species once had a much broader distribution. 
Lake Bonneville, however, has gone through 
many cycles of enlargement and drying, con-
tracting to an extent comparable to the pres -
ent day as recently as 30 kya (Oviatt et al. 
1999). This suggests that the species does not 
have a lengthy evolutionary history as a taxon 
distinct from stream-dwelling relatives (cf. 
Lucek et al. 2018). Whereas C. extensus is also 
thought to be distinctive because of its pelagic 
larvae, members of the C. bairdii complex are 
known to exhibit a life history shift between 
lacustrine populations with plank tonic larvae 
and fluvial populations with reputedly benthic 
larvae (Goto et al. 2015). In freshwater fish, 
the dramatic variation in life history strategies 
within single species—or even among off-
spring from the same mating (Kendall et al. 
2015)—suggests caution in recognizing lotic 
and lentic variants of single forms as distinct 
taxa, except in those cases when these divi-
sions may be reinforced by long-term geo-
graphic isolation, i.e., as in Clear Lake sculpin 
of the C. asper complex (Moyle 2002). Hence, 
we recommend synonymizing C. extensus with 
C. semiscaber but continuing to recognize the 
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population in Bear Lake (and other members 
of form 58 from the northern Bonneville Basin) 
as a unit of conservation. Cottus echinatus 
was thought to be extinct at the time it was 
described as a consequence of low water levels 
in Utah Lake several decades earlier (Bailey 
and Bond 1963). In their description, however, 
Bailey and Bond (1963) noted that paratypes of 
this species may have been collected from its 
major inlet, the Provo River. Our collections 
from that basin also assign to form 58, suggest-
ing a shared origin with populations in Bear 
Lake and elsewhere in this area. 

Subgenus Uranidea Part 4:  
the Cottus confusus Complex 

    Cottus confusus has been problematic 
since its description (Bailey and Bond 1963) 
as a single widely and disjunctly distributed 
species of the Columbia River basin. We cor-
roborated previous analyses demonstrating 
that morphologically defined C. confusus 
referred to taxa in different species complexes 
(Peden et al. 1989, Neely 2003, LeMoine et 
al. 2014). Further evidence of the challenge 
to field workers is that, even when legitimate 
members of the C. confusus complex were 

collected, they were often misidentified. 
Although Kinziger et al. (2005) were uncer-
tain of the phylogenetic placement of this 
complex, our nuclear phylogenies indicate 
that it is closely related to the C. bairdii 
species complex and can be treated as a 
member of Uranidea. Elucidating candidate 
species was further complicated by a lack of 
consensus among species delimitation meth-
ods. Nevertheless, we concluded that this 
complex consisted of 6 highly supported, 
monophyletic, divergent, and generally geo-
graphically isolated groups that represented 
candidate taxa, a seventh species apparently 
of hybrid origin, and several specimens for 
which hybridization rendered assignment 
uncertain (Fig. 11). 
    One deeply divergent lineage was repre-
sented by 2 candidate taxa and 1 provisional 
taxon with restricted distributions in Idaho. 
The first (CS 23) was restricted to the Weiser 
River basin in west-central Idaho and the sec-
ond (CS 24) to the Sinks drainages on the 
northeastern Snake River Plain in Idaho. 
Although the latter group has been thought to 
occupy the 5 drainages constituting the Sinks 
basin (Wallace and Zaroban 2013), we were 
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    Fig. 11. Distribution of the Cottus confusus species complex (CS/PS 23–28, 41), including C. confusus (PS 25) and 
C. schitsuumsh (PS 41), and hybrid individuals.



able to confirm its presence only in the 3 
westernmost drainages, which have been iso-
lated from drainages farther east for 1.2 My 
(Geslin et al. 2002). The Sinks specimens are 
morphologically distinguishable (Wallace and 
Zaroban 2013) from C. confusus sensu stricto 
(PS 25) from the Salmon River basin (type 
location, the Salmon River at the base of 
Galena Summit; Bailey and Bond 1963). 
    A second lineage consisted of 3 candidate 
species, the first 2 of which also had a limited 
range. One of these (CS 26) was found in the 
headwater tributaries of the Grande Ronde 
and Powder Rivers, which drain the northern 
and southern sides of the Blue Mountains in 
northeastern Oregon. The other (CS 27) com-
prised an assemblage of nonoverlapping, locally 
structured clades in different portions of the 
North and South Forks of the Clearwater River 
basin, which were never subject to Pleisto -
cene glaciation and form part of the Rocky 
Mountain Refugium (Shafer et al. 2010). In 
striking contrast, the third candidate species 
(CS 28) showed little divergence but rather 
a broad distribution from the headwaters of 
the Clearwater River in central Idaho and the 
Boise River basin several hundred kilometers 
farther south, the Imnaha River basin in north-
eastern Oregon and the eastern tributaries of 
the Willamette River basin in western Ore-
gon, and the Methow River basin on the east 
side and the Cowlitz River basin on the west 
side of the Cascade Range in Washington. The 
distribution of this group, somewhat akin to 
that of C. tubulatus, C. semiscaber, and a 
clade of westslope cutthroat trout (Young et 
al. 2018), is consistent with recent dispersal 
from a source in the Clearwater River to 
points elsewhere in the Columbia River basin 
via glacial floods or pooled floodwaters (Oviatt 
2015). 
    A third lineage exhibited varying degrees 
of mitonuclear discord that prevented 
species delimitation for some, but not all, 
groups. Cottus schitsuumsh (PS 41) formed a 
readily diagnosed and strongly supported 
group consisting only of its members (mito-
chondrial phylogenies) or those of its species 
complex (nuclear phylogenies) and was de -
limited in all analyses. Nonetheless, it appears 
to be of hybrid origin because the nuclear 
sequences are closely related or identical to 
those of other members of the C. confusus 
species complex, whereas the mitochondrial 

sequences are much more closely related to 
those of C. semiscaber. 
    Cottus schitsuumsh was originally consid-
ered to be C. confusus, but LeMoine et al. 
(2014) recognized it as a distinct taxon that 
ranged throughout the Spokane River basin 
in northern Idaho, with possibly introduced 
populations in the Clark Fork River basin in 
western Montana. Newly observed specimens 
from the Yakima and Wenatchee River basins 
in Washington exhibited novel haplotypes 
that suggested they were indigenous. In con-
trast, this species was also found at a single 
site in the headwaters of the Lochsa River in 
Idaho, but specimens had a haplotype identi-
cal to that of collections from near the type 
location (the Coeur d’Alene River basin, over 
500 stream kilometers away), and we suspect 
these represent an introduced population. 
    Remaining forms and specimens could not 
be reliably assigned to separate candidate 
taxa. One (form 59) was found far to the south 
in 2 disjunct locations, the West Fork Jarbidge 
River in Idaho and Nevada and the North 
Powder River in northeastern Oregon. Although 
these specimens were strongly supported as 
sister to C. schitsuumsh in the mitochondrial 
phylogenies and shared nuclear haplotypes 
with that species, they were not monophyletic 
and co-occurred with other introgressed speci-
mens, suggesting that their origins may be 
traceable to a different or ongoing hybridiza-
tion event. Other specimens represented by 
mitochondrial forms of C. semiscaber and C. 
punctulatus (some members of forms 56–58) 
and nuclear sequences of the C. confusus 
species complex were in the East Fork Jar-
bidge River in Nevada, the Jordan River in 
Idaho, the Powder and Grande Ronde Rivers 
in northeastern Oregon, and the Kettle River 
in Washington. We did not observe heterozy-
gous nuclear sequences indicative of recent 
introgression in these specimens, but that 
result may stem from a lack of statistical power, 
given the limited divergence between nuclear 
sequences of C. confusus and C. punctulatus. 
Unlike in C. schitsuumsh, the mitochondrial 
sequences of specimens in these groups showed 
little or no divergence from members of C. 
semiscaber. Their origins from matings be -
tween female C. semiscaber and male C. con-
fusus and their broad distribution are intrigu-
ing, but whether these specimens constitute 
contemporary hybrids or taxa of recent hybrid 

338 WESTERN NORTH AMERICAN NATURALIST (2022), VOL. 82 NO. 2, PAGES 307–345



origin will require the genomic evaluation of 
a larger sample of individuals. 
 

CONCLUSION 

    The taxonomy of sculpins remains one of 
the last major unresolved puzzles in the sys-
tematics of North American freshwater fishes. 
The bulk of this taxonomy has been based on 
morphological identification, which has proven 
problematic for species delimitation because 
morphological differences among even highly 
divergent taxa are often subtle or inconsis-
tent, suggesting that niche conservatism and 
common responses to environmental factors 
may play a role in constraining phenotypic 
variation among taxa while promoting eco-
typic variation within them (Fišer et al. 2018). 
Because of this, we have taken a different tack 
by proposing a taxonomy based on molecular 
and geographic data, which we regard as suf-
ficient for delineating species hypotheses 
(Jörger and Schrödl 2013). Our intent was to 
provide a reevaluation of the recognizable 
biodiversity of this fauna, in part because the 
taxonomy has been understood as faulty 
almost since its inception, in part because the 
pace of species descriptions primarily reliant 
on morphology is painfully slow (mean time 
to description after discovery estimated to be 
21 years according to Fontaine et al. [2012] 
and about 35 years according to Goodwin et 
al. [2020]), and in part because some mem-
bers of this fauna may be at risk and are 
undergoing rapid range contractions (Adams 
et al. 2015, LeMoine et al. 2020). For those 
requiring morphological data to affirm these 
conclusions, we suspect that this molecular 
delineation will give evolutionary and geo-
graphical context to morphological compari -
sons among now-meaningful groups and per-
haps reveal diagnostic anatomical differences 
among what were formerly cryptic taxa (ren-
dering them pseudocryptic; Lajus et al. 2015). 
At the very least, it demonstrates the need to 
include genetic data to support future species 
descriptions in this group. 
    We acknowledge that our interpretation 
constitutes a suite of new hypotheses on evo-
lutionary relationships among Cottus in this 
region, one subject to the limitations of the 
specimens, genes, and analyses used. Much 
remains to be done, in part because our cover-
age of some river basins was limited or absent, 

but also because any range estimate based on 
sampling individuals from specific sites will 
underestimate the extent of occupied habitat. 
Widespread adoption of environmental DNA 
sampling would permit rapid and precise esti-
mates of the distribution of each taxon (Mc -
Kelvey et al. 2016). However, eDNA methods 
still require diagnostic genetic markers for 
each taxon derived from sequencing of indi-
viduals. Also necessary—especially for taxa of 
uncertain standing or apparently originating 
from introgression—are genomic tools that 
access a broader and more representative por-
tion of the genome and can help ascertain 
the timing of divergence and its relation to 
geological events. Regardless, the forms, can-
didate taxa, and provisional taxa we have iden-
tified constitute fundamental units of biodiver-
sity that are often the targets for conservation, 
measures of ecosystem health, and compo-
nents of ecological studies; their delineation 
represents another step toward a more com-
prehensive understanding of the ecology and 
complexity of freshwater ecosystems in west-
ern North America. 
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SUPPLEMENTARY MATERIAL 1. A synonymy of 
Cottus in western North America and the repre-
sentative specimens from this study nearest the 
type location. 

SUPPLEMENTARY MATERIAL 2. Specimens or 
sequences used in the analyses. 

SUPPLEMENTARY MATERIAL 3. Primers, reaction 
volumes, and cycling conditions for gene amplifi-
cation and sequencing. 

SUPPLEMENTARY MATERIAL 4. Maximum-likeli-
hood phylogeny of Cottus based on rhodopsin 
haplotypes (n = 68 derived from 482 sequences). 
Inset, amino acid phylogeny. 

SUPPLEMENTARY MATERIAL 5. Diagnosis of can-
didate species using a neighbor-joining tree of 
COI sequences (n = 4266) from this study and 
public databases. 

SUPPLEMENTARY MATERIAL 6. Diagnosis of can-
didate species using a neighbor-joining tree of 
cytb sequences (n = 1152) from this study and 
public databases. 

SUPPLEMENTARY MATERIAL 7. Contributors of 
sequences, DNA, tissues, or whole specimens to 
the SculpinQwest project. 

YOUNG ET AL.  ♦  MOLECULAR TAXONOMY OF COTTUS 339



ACKNOWLEDGMENTS 

    We thank the dozens of biologists (Supple-
mentary Material 7) whose contributions made 
this project possible. In particular, we thank 
Brian Sidlauskas and Emily Dziedzic (Oregon 
State University) for providing DNA samples 
and mitochondrial sequences for 20 Oregon 
specimens. Dona Horan (U.S. Forest Service) 
assisted with species maps. Funding was pro-
vided by the Washington Department of Fish 
and Wildlife, U.S. Geological Survey, U.S. 
Fish and Wildlife Service, Colorado Parks 
and Wildlife, Oregon Chapter of the Ameri-
can Fisheries Society, and Rocky Mountain 
Research Station. Funding agencies had no 
role in study design and interpretation or in 
manuscript preparation and submission. 
 

DATA AVAILABILITY 

     Sequence information has been deposited in 
GenBank for COI (OL765312–OL769311), cytb 
(OL793250–OL793837), rhodopsin (OL792801– 
OL793249), and S7 (OL793838–OL794278). 
 

LITERATURE CITED 

ADAMS, S.B., D.A. SCHMETTERLING, AND D.A. NEELY. 
2015. Summer stream temperatures influence 
sculpin distributions and spatial partitioning in the 
upper Clark Fork River basin, Montana. Copeia 
103:416–428. 

AHRENS, D., T. FUJISAWA, H.J. KRAMMER, J. EBERLE, S. 
FABRIZI, AND A.P. VOGLER. 2016. Rarity and incom-
plete sampling in DNA-based species delimitation. 
Systematic Biology 65:478–494. 

APRIL, J., R.L. MAYDEN, R.H. HANNER, AND L. 
BERNATCHEZ. 2011. Genetic calibration of species 
diversity among North America’s freshwater fishes. 
Proceedings of the National Academy of Sciences of 
the United States of America 108:10602–10607. 

BAILEY, R.M., AND C.E. BOND. 1963. Four new species of 
freshwater sculpins, genus Cottus, from western 
North America. Occasional Papers of the Museum of 
Zoology at the University of Michigan No. 634. Uni-
versity of Michigan Press, Ann Arbor, MI. 27 pp. 

BAILEY, R.M., AND M.F. DIMICK. 1949. Cottus hubbsi, a new 
cottid fish from the Columbia River system in Wash-
ington and Idaho. Occasional Papers of the Museum 
of Zoology at the University of Michigan No. 513. 
University of Michigan Press, Ann Arbor, MI. 18 pp. 

BARLEY, A.J., J.M. BROWN, AND R.C. THOMSON. 2018. 
Impact of model violations on the inference of 
species boundaries under the multispecies coales-
cent. Systematic Biology 67:269–284. 

BAUMSTEIGER, J., A.P. KINZIGER, AND A. AGUILAR. 2012. 
Life history and biogeographic diversification of an 
endemic western North American freshwater fish 
clade using a comparative species tree approach. 
Molecular Phylogenetics and Evolution 65:940–952. 

BAUMSTEIGER, J., A.P. KINZIGER, AND A. AGUILAR. 2016. 
Novel concordance between geographic, environ-
mental, and genetic structure in the ecological gen-
eralist prickly sculpin (Cottus asper) in California. 
Journal of Heredity 107:504–517. 

BAUMSTEIGER, J., A.P. KINZIGER, S.B. REID, AND A. 
AGUILAR. 2014. Complex phylogeography and histor-
ical hybridization between sister taxa of freshwater 
sculpin (Cottus). Molecular Ecology 23:2602–2618. 

BAXTER, G.T., AND M.D. STONE. 1995. Fishes of Wyoming. 
Wyoming Game and Fish Department, Cheyenne, 
WY. 290 pp. 

BEAN, T.H. 1881. Descriptions of new species of fishes 
(Uranidea marginata, Potamocottus bendirei) and of 
Myctophum crenulare J. and G. Proceedings of the 
United States National Museum 4:26–29. 

BEHRENS-CHAPUIS, S., F. HERDER, H.R. ESMAEILI, J. 
FREYHOF, N.A. HAMIDAN, M. ÖZULUǦ, R. ŠANDA, 
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