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Abstract
The Central Highlands of North America contain a strikingly diverse assemblage of temperate freshwater ﬁshes and have long been a
focus of biogeographic studies. The rosyface shiner complex, Notropis rubellus and related species, is a member of this fauna exhibiting a
disjunct highlands distribution occurring in the unglaciated regions of the Central Highlands and glaciated regions of the Central Lowlands. Until recently, N. rubellus was considered a single, widespread species exhibiting geographic variation in morphological characters.
However, several studies have revealed that N. rubellus is a multi-species complex with closely related species endemic to drainages within
each highland region. We examined genetic variation of the N. rubellus complex using a complete mtDNA cytochrome b gene sequence
data set and combined mtDNA and published allozyme data sets. Parsimony and Bayesian analyses of the mitochondrial data set and
parsimony analyses of a combined mitochondrial and allozyme data sets were largely consistent. Results of these analyses revealed
ancient cryptic diversity within the N. rubellus complex that existed prior to the onset of Pleistocene glaciations. We identiﬁed seven
strongly supported clades within the N. rubellus complex. Four clades are diagnosed as separate species (N. percobromus, N. rubellus,
N. micropteryx and N. suttkusi) and three clades may represent undescribed forms. Relationships among these groups and their biogeographical patterns provided signiﬁcant inferences on ichthyofaunal distributions in southeastern North America. These include the timing of the origin of the diversity, ancient drainage patterns and barriers to dispersal in the Central Highlands. The observation of
increased diversity in N. rubellus suggests there may be greater diversity within other taxa with a similar distribution.
Ó 2007 Elsevier Inc. All rights reserved.
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1. Introduction
The distribution of freshwater taxa is unique from other
organisms, because they are conﬁned to the drainages in
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which they live. As a result, the genealogical structure of
freshwater organisms is highly inﬂuenced by the dynamic
nature of rivers and streams (Avise, 2000). Connections
and divisions between drainages eﬀect opportunities for
dispersion and dispersal, allowing gene ﬂow between some
populations and resulting in the isolation of others. Long
term isolation of drainages may then lead to speciation.
The close association between river systems and the diversity and distribution of organisms that inhabit them gives

1055-7903/$ - see front matter Ó 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2007.07.008

Please cite this article in press as: Berendzen, P.B. et al., Recovering cryptic diversity and ancient drainage patterns in ..., Mol. Phylogenet. Evol. (2007), doi:10.1016/j.ympev.2007.07.008

ARTICLE IN PRESS
2

P.B. Berendzen et al. / Molecular Phylogenetics and Evolution xxx (2007) xxx–xxx

studies on the historical biogeography of freshwater aquatic taxa the ability to reveal information about historical
drainage patterns (Berendzen et al., 2003; Kozak et al.,
2006). The phylogeographic patterns of gene lineages of
aquatic organisms should be consistent with the historical
geomorphology of drainages, giving insight into the geological history of a region (Avise, 2000; Kozak et al., 2006).
Periodic climatic oscillations during the Pleistocene
played a major role in shaping the diversity and distribution of freshwater ﬁshes in eastern North America (Mayden, 1988; Strange and Burr, 1997; Near et al., 2001;
Berendzen et al., 2003; Near et al., 2003). Advancing and
retreating glacial fronts caused major changes in river ﬂow
and drainage patterns, changing high gradient streams into
low gradient streams by the leveling of topography and
deposition of glacial till, alluvium and loess (Fisk, 1944;
Thornbury, 1965; Mayden, 1988). Aquatic species were
particularly aﬀected by habitat change, resulting in displacement or extirpation of local populations and limitation of dispersion and dispersal opportunities due to
changes in drainage connections (Bernatchez and Wilson,
1998).
Prior to the Pleistocene, the Central Highlands of eastern North America were thought to be one large, contiguous highland region that was subsequently fragmented by a
series of events caused by glacial cycles (Thornbury, 1965).
The highlands were isolated into three major areas separated by intervening lowlands. Today they are composed
of the Ozark and Ouachita highlands west of the Mississippi River, and the Eastern Highlands containing the
Appalachian Mountains east of the Mississippi River
(Fig. 1a). The Central Highlands are almost entirely contained within the Mississippi River Basin, which is the primary center of diversity and distribution of the eastern
North American ichthyofauna (Burr and Page, 1986; Robison, 1986). The Central Highlands contain a major portion of this diversity, which exhibits a replicated pattern
of disjunct distributions in each of the highland regions
(Mayden, 1988). There are a number of widespread species
shared among the highland regions that have subsequently
dispersed into previously glaciated regions; e.g. Etheostoma
caeruleum (Burr and Page, 1986), Percina evides (Near
et al., 2001), Erimystax dissimilis and E. x-punctatus
(Simons, 2004) and Hypentelium nigricans (Berendzen
et al., 2003). There are also closely related species groups
with endemics in each highland region; e.g. Etheostoma
variatum species group (Wiley and Mayden, 1985) and
Micropterus species group (Near et al., 2003).
The diversity and distribution of ﬁshes in eastern North
America have been explained by two competing hypotheses. The ﬁrst hypothesis states that Pleistocene glacial
cycles were the primary mechanism of speciation, suggesting the diversity is relatively young (Hocutt et al., 1986;
Robison, 1986; Schmidt, 1986). The second hypothesis is
that most diversity within highland regions predates the
Pleistocene and glacial processes resulted in the extinction
of lineages (Mayden, 1988). Mayden (1988) presented a

drainage area cladogram based on species relationships
and distributions of Central Highlands ﬁshes to explain
present distributions and evolutionary history of the drainages (Fig. 2). He suggested that much of the Central Highlands diversity existed prior to the Pleistocene in the Old
Mississippi and Teays river systems.
Recent studies have examined historical forces that
shaped the diversity and distribution of Central Highlands
ﬁshes based on large genetic data sets (e.g. Strange and
Burr, 1997; Near et al., 2001; Berendzen et al., 2003;
Simons, 2004). Genetic data sets have the ability to test
expectations of range expansions and to discover unexpected genetic subdivision and cryptic species (Hewitt,
2000). Results from these studies have made it evident that
previous hypotheses explaining the Central Highlands ichthyofauna are more complex than previously thought.
They have demonstrated congruent patterns among taxa
and that most taxonomic diversity existed prior to the
Pleistocene, supporting Mayden’s (1988) hypothesis. However, they also revealed that taxa responded diﬀerently to
climatic change resulting in contraction of ranges, fragmentation of populations and subsequent expansion into
previously glaciated regions (e.g. Near et al., 2001; Berendzen et al., 2003).
The Notropis rubellus species group is a widespread species complex with a disjunct, highlands distribution occurring in the glaciated region of the Central Lowlands and
the unglaciated regions of the Central Highlands
(Fig. 1b) and thus is an ideal group to include in studies
of Central Highlands biogeography. These ﬁshes are typically conﬁned to clear, high gradient streams in upland
areas (Wood et al., 2002). Until recently, N. rubellus was
considered a single widespread species exhibiting geographic variation in morphological characters. However,
several recent studies have revealed that N. rubellus is a
diverse species complex with closely related species endemic
to drainages within each highland region. Wood et al.
(2002) performed an extensive allozyme study of N. rubellus revealing a history of geographic isolation and diﬀerentiation within the group. They identiﬁed ﬁve species within
the complex based on geographic variation of allozyme
products: (1) N. rubellus, distributed in the Great Lakes
drainages, upper Ohio River drainage above the mouth
of the Green River and exclusive of the New and Kanawha
rivers above the Kanawha Falls, northern Atlantic Slope,
and the Cumberland River above Cumberland Falls; (2)
N. micropteryx, endemic to the Green, Cumberland below
Cumberland Falls, and Tennessee rivers (Eisenhour and
Eisenhour, 2004); (3) N. percobromus, distributed in the
Wabash River, upper Mississippi River, drainages of the
northern and southern Ozarks, and the Ouachita River;
(4) N. suttkusi, endemic to the Blue, Boggy, Kiamichi,
and Little rivers, tributaries of the Red River draining
the western Ouachita Highlands in Oklahoma and Arkansas (Humphries and Cashner, 1994); (5) N. sp. New River,
isolated in the Kanawha and New rivers above Kanawha
Falls.
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Fig. 1. (a) Map of the eastern United States with pertinent rivers indicated and highland areas shaded. 1, Mississippi River; 2, Missouri River; 3, Osage
River; 4, Gasconade River; 5, Meramec River; 6, St. Francis River; 7, White River; 8, Arkansas River; 9, Ouachita River; 10, tributaries of the Red River;
11, Illinois River; 12, Wabash River; 13, Miami River; 14, Scioto River; 15, Ohio River; 16, Kanawha River; 17, Elk River; 18, James River; 19, New
River; 20, Licking River; 21, Kentucky River; 22, Salt River; 23, Green River; 24, Cumberland River; and 25, Tennessee River. (b) Approximate
distribution of the Notropis rubellus species group as identiﬁed by this study. White dots identify sampling localities.
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2.2. DNA sequencing

2. Materials and methods

Genomic DNA was extracted using QIAampä tissue
extraction kits (Qiagen Inc.) following manufacturer’s
instructions, by density gradient ultracentrifugation (Dowling et al., 1997), or by standard phenol–chloroform methods (as modiﬁed by Tibbets and Dowling, 1996). The
complete mitochondrial cytochrome b (cytb) gene was
ampliﬁed using polymerase chain reaction (PCR). PCR
was performed in a total volume of 25 ll containing 5–
10 ng DNA, 0.5 lM of each primer, 1X Taq salts,
2.5 mM MgCl2, 0.4 lM dNTPs, and 1.25 U of Taq DNA
polymerase. The following thermal proﬁle was used: initial
denaturation at 94 °C (3 min); 25–35 cycles of 94 °C (10 s–
1 min), 50–52 °C (20 s–1 min), 72 °C (20 s–2 min); and a
ﬁnal extension at 72 °C (10 min) before termination of
the reaction at 4 °C. The entire gene was ampliﬁed using
the heavy strand primer HA(16249) [50 -CAA CGA TCT
CCG GTT TAC AAG AC-30 ] and the light strand primer
LA(15058) [50 -GTG ACT TGA AAA ACC ACC GTT G30 ] (Schmidt et al., 1998). The gene was also ampliﬁed in
two pieces using the primers LA and HD(15680) [50 GGG TTG TTT GAT CCT GTT TCT GT-30 ] and
LD(15656) [50 -CCA TTC GTC ATC GCC GGT GC-30 ]
and HA (Schmidt et al., 1998). Ampliﬁcation products
were puriﬁed using the QIAquick PCR puriﬁcation kit
(Qiagen Inc.) or Millipore tubes following manufacturers’
instructions. The internal primers LC(15344) [50 -ATA
CAT GCC AAC GGA GCA TC-30 ], HB(16002) [50 -AGT
CCT CGT TGT TTT GAG GTG TG-30 ] and ampliﬁcation
primers were used for sequencing (Schmidt et al., 1998).
Automated sequencing was performed using Big Dye (Perkin–Elmer) terminator cycle sequencing on an ABI 3700 at
the Advanced Genetic Analysis Center, University of Minnesota or the DNA laboratory at Arizona State University.
In most cases, both strands were sequenced. Sequences
were checked for accuracy of base determination and
assembled using the computer program Sequencher 4.0
(Gene Codes Corp., Ann Arbor, MI, USA). All sequences
were deposited in GenBank (Appendix A).

2.1. Material examined

2.3. Sequence variation and phylogenetic analyses

Specimens of the Notropis rubellus species group were
collected with seines and backpack electroshocker from
46 localities across its range (Fig. 1b; Appendix A). Fishes
were frozen in liquid nitrogen or on dry ice and transported
to the laboratory. Data for outgroup taxa were downloaded from GenBank (Bielawski and Gold, 2001). All
members of the subgenus Notropis (sensu Bielawski and
Gold, 2001) were included: N. amabilis, N. amoenus,
N. ariommus, N. atherinoides, N. girardi, N. jemezanus,
N. oxyrhynchus, N. perpallidus, N. photogenis, N. scepticus,
N. stilbius, and N. telescopus. Outgroups included N. boops,
N. candidus, N. chrosomus, N. edwardraneyi, N. longirostris,
N. nubilus, N. potteri, N. shumardi, N. texanus, and
N. volucellus (Appendix A).

The number of variable and parsimony-informative sites
were calculated using PAUP*4.0b10 (Swoﬀord, 2001).
Uncorrected percent pairwise distances ‘‘p’’ were calculated
using PAUP* to identify unique haplotypes. Only unique
haplotypes were used for phylogenetic analyses.
Preliminary analyses following Bielawski and Gold
(2001) were performed to determine if the Notropis rubellus
species group formed a monophyletic group within the subgenus Notropis. For all subsequent analyses the data set
was pruned to include only members of the N. rubellus species group and its sister group.
Modeltest 3.05 (Posada and Crandall, 1998) was used to
determine the likelihood model that provided the simplest
explanation of the data (Posada and Crandall, 2001) using

Fig. 2. Mayden’s (1988) Central Highlands drainage cladogram based on
species relationships and distributions of Central Highlands ﬁshes.

We used mitochondrial DNA (complete cytochrome b
sequences) and combined cytochrome b gene and published
allozyme data sets from Wood et al. (2002) to examine the
evolutionary history of the Notropis rubellus species group.
We addressed the following questions: (1) Is the diversity
observed within the complex consistent with the observations of Wood et al. (2002)? (2) Does the diversity within
the complex predate the onset of Pleistocene glaciations?
and (3) Does the N. rubellus species complex form a monophyletic group within the subgenus Notropis (sensu Bielawski and Gold, 2001)? We compared biogeographic patterns
observed within the N. rubellus species group to Mayden’s
(1988) Central Highlands drainage cladogram (Fig. 2), the
hypotheses of Wood et al. (2002) and hypotheses observed
in other clades of ﬁshes (e.g. Near et al., 2001; Berendzen
et al., 2003; Simons, 2004) to test hypotheses of historical
drainage patterns in eastern North America.
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the Akaike Information Criterion, AIC (Posada and Buckley, 2004). Multiple runs of Modeltest were performed to
ensure that the AIC converged on a single model. Bayesian
analyses were carried out using MrBayes 3.0b4 (Ronquist
and Huelsenbeck, 2003) using the model determined by
AIC, random starting tree, uniform interval priors except
base composition which assumed a Dirichlet prior. Markov
chain Monte Carlo was run with four chains for 2,000,000
generations. Notropis stilbius was designated as the outgroup. Trees were sampled every hundred generations
and branch lengths of all sampled trees were saved. The
burn-in, the number of trees generated prior to the Markov
chain Monte Carlo reaching stationarity, was determined
by plotting the log-likelihood scores of sampled trees
against generation time (Huelsenbeck and Ronquist,
2001). Trees generated after the burn-in were used to generate a 50% majority rule consensus tree. The percentage of
times each node occurs among these trees is interpreted as
the posterior probability of that node (Huelsenbeck and
Ronquist, 2001).
Four Bayesian analyses were performed to ensure that
analyses were not trapped in local optima. Independent
analyses were considered to have converged if their loglikelihood values approached similar mean values. The
posterior probabilities for individual clades from separate
analyses with similar mean log-likelihood values were compared for congruence by plotting the posterior probabilities
for each node from each analysis against each other (Huelsenbeck and Imennov, 2002). Correlation coeﬃcients were
calculated using Excel (Microsoft Corp.). A high correlation of support for congruent nodes suggests convergence
of analyses (Leaché and Reeder, 2002).
Parsimony analyses were performed using the heuristic
search option, 100 random addition sequence replicates,
and tree-bisection-reconnection (TBR) algorithm in
PAUP*. All bases were equally weighted and maximum
number of trees saved was set to 10,000. Trees were rooted
with Notropis amabilis, N. amoenus, N. atherinoides,
N. jemezanus, N. oxyrhynchus and N. stilbius. Parsimony
trees were evaluated using summary values reported by
PAUP*. Support for nodes was evaluated by calculating
bootstrap values (Felsenstein, 1985) using 100 pseudoreplicate bootstraps with a full heuristic search, simple step-wise
addition option and TBR.
Net between-group mean distances were calculated
using the formula: d = dxy  (dx + dy)/2, where dx and dy
are the mean distances within groups x and y and dxy is
the average distance between groups x and y (Nei and Li,
1979). This correction is important for recently diverged
groups so that divergence time is not overestimated
(Edwards, 1997). Distances were calculated using the
model determined by AIC.
The hypothesis of a constant DNA substitution rate
among lineages (molecular clock) was tested using a likelihood ratio test (Huelsenbeck and Crandall, 1997) on the
consensus tree topology for the Notropis rubellus species
group plus outgroups and the N. rubellus species group

5

only. Likelihood model parameters using the substitution
models determined by AIC were input into PAUP* and,
using the topology generated in one of the Bayesian analyses, likelihood scores (ln L) were calculated with and
without a molecular clock enforced. Signiﬁcance was
assessed using the likelihood ratio test statistic
[2 log K = 2 (log L0  log L1)] and a v2–distribution
(df = OTU  2). Unfortunately, North American cyprinids in the genus Notropis are poorly represented in the fossil record and a reliable phylogeny linking Notropis to
groups with fossil information for calibration of a molecular clock is not available. Therefore, we assumed a rate of
genetic divergence of 2.0 ± 0.2% per million years as estimated by fossil calibration for the concatenated mtDNA
genes cytb and ND2 in the logperch darters, Percidae: Percina (Near and Benard, 2004).
2.4. Combined data set analyses
The cytb data was combined with allozyme data (Wood
et al., 2002, Tables 4 and 5) coded for discrete characters
following the methods of Buth (1984). Two separate matrices were constructed following Wood et al. (2002), combining cytb sequences with allozyme characters including rare
alleles and excluding rare alleles. Each data set was pruned
to maximize consistency of localities among data sets,
resulting in a total of 93 OTUs (Table 1). Parsimony analyses of combined data sets were performed to determine
relationships among members of the Notropis rubellus species group. All characters were equally weighted and unordered, and maximum number of trees saved was set to
10,000. Notropis atherinoides, N. stilbius, and N. photogenis
were used as outgroups following Wood et al. (2002). Support for nodes was determined by calculating bootstrap
values (Felsenstein, 1985) as described above.
2.5. Hypothesis testing
We tested the signiﬁcance of log-likelihood diﬀerences
between the Bayesian consensus tree and alternate biogeographic hypotheses with the Shimodaira–Hasegawa (SH)
test in PAUP* (Shimodaira and Hasegawa, 1999) using
RELL and 1000 replicates.
3. Results
3.1. Sequence comparisons
The complete cytb gene, a total of 1140 nucleotides, was
sequenced for 122 individuals of the Notropis rubellus species group plus six outgroup taxa. The entire data set contained a total of 287 variable sites, of which 223 were
potentially informative. Variation was partitioned by
codon position as follows: 1st codon position, 32; 2nd
codon position, 5; and 3rd codon position, 250. The
N. rubellus species group contained a total of 220 variable
sites, of which 184 were parsimony informative. Variation
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Table 1
Comparison of localities for OTUs used in the combined data set analyses
Localities from Wood et al.
(2002) for allozyme data

Corresponding localities for mtDNA
data from this study (Appendix A)

N. rubellus
Atlantic Slope
Lake Michigan
Upper Ohio River

James, Potomac, Susquehanna
Grand, Muskegon
Kentucky, Licking A, B

N. micropteryx
Green River
Cumberland River below
Cumberland Falls
Tennessee River

Tennessee A, B, C, D

N. percobromus
Upper Wabash River
Lower Wabash River
Illinois River
Upper Mississippi River
Osage River
Meramec River
Black River
White River
Arkansas River
Ouachita River

Wabash A, C, D
Wabash B
Illinois A, B
Root, Zumbro, Rock A, B
Osage
Meramec
Spring
White
Neosho, Arkansas A, B
Ouachita A, B, C

N. suttkusi
Blue and Kiamichi rivers

Little, Kiamichi

N. sp.
New River

New A, B

Green A, B
Cumberland B

was partitioned by codon position as follows: 1st codon
position, 22; 2nd codon position, 3; and 3rd codon position, 195. Uncorrected p-distances for the entire data set
ranged from 0.09% to 11.29% with an average of 5.24%.
Uncorrected p-distances within the N. rubellus species
group ranged from 0.09% to 9.17% with an average of
4.83%. The data set was pruned to include only the 99
unique haplotypes (Fig. 3) within the N. rubellus species
group.
3.2. Phylogenetic analyses
The model GTR + I + C was the best ﬁt to the data set
based on the AIC. Bayesian analyses reached stationarity
before 100,000 generations, which were removed as burnin. Topology, branch lengths, and model parameters were
estimated from 19,000 of 20,000 saved trees. The topologies
of all four Bayesian analyses were very similar. The
observed diﬀerences in tree topology between the four analyses were localized within the major clades where there
were short branch lengths and no geographic structuring
among haplotypes. The only exception was within clade
A, where in one analysis clade 2 was included in an unresolved polytomy with clades 1 and 3 (Fig. 3). The mean
ln values for the Bayesian analyses were: analysis
1 = 5557.82, analysis 2 = 5585.96, analysis 3 = 5578.57,
and analysis 4 = 5575.83. The plots of the posterior probabilities supporting congruent nodes between analysis 1
and analyses 2, 3, and 4 had correlation values ranging

from r2 = 0.851 to 0.901. The plots of the posterior probabilities supporting congruent nodes between analyses 2, 3,
and 4 were more highly correlated ranging from
r2 = 0.9386 to 0.9813. High r2 values indicate these analyses had converged on posterior probabilities for congruent
nodes. Branch lengths of sampled trees for analysis 2 were
calculated and used to construct the consensus tree shown
in Fig. 3. Estimated model parameters for analysis 2 are
presented in Table 2.
The parsimony analyses of the cytb data set were limited
to include 10,000 equally most parsimonious trees (total
length (TL) = 712, consistency index (CI) excluding uninformative characters = 0.42, retention index (RI) = 0.90).
A strict consensus of these trees was consistent with all
major clades identiﬁed in the Bayesian analyses. The only
observed diﬀerences in tree topology were within major
clades where there was very little or no resolution and no
geographic structuring among haplotypes. The strict consensus tree of the Notropis rubellus species group is not presented; bootstrap values are indicated on the Bayesian
topology (Fig. 3).
The Bayesian and parsimony analyses recovered a
strongly supported monophyletic Notropis rubellus species group (posterior probability (PP) = 1.00; bootstrap
value (BV) = 100) that was sister to a clade containing
N. amabilis, N. amoenus, N. atherinoides, N. jemezanus,
N. oxyrhynchus, and N. stilbius. Results of these analyses
recovered the same topologies as Bielawski and Gold
(2001) and are not shown. Within the N. rubellus complex seven reciprocally monophyletic groups consistent
with geographic distributions were identiﬁed (clades A–
G; Fig. 3).
Clades A, B, E, F, and G all formed strongly supported
monophyletic groups with PP = 1.00 and BV = 100
(Fig. 3). Clades C and D formed monophyletic groups with
PP P 0.96 and BV P 89. Within clade A three monophyletic groups consistent with geographic distributions were
resolved; clade 1 contained haplotypes from tributaries of
the Arkansas River, clade 2 contained haplotypes from
the southern Ozarks and clade 3 contained individuals
from the northern Ozarks and upper Mississippi River
(Fig. 3). The only exceptions were haplotypes from the
St. Francis River, southern Ozarks, which were found in
clades 2 and 3. Within clade D haplotypes from the New
River formed a reciprocally monophyletic group sister to
the remaining haplotypes. Within all remaining clades
there was little resolution, no geographic structuring and
relatively short branch lengths. Sister group relationships
among all clades were resolved; however, basal relationships were not recovered.
Net between-group mean sequence divergences between
major clades are listed in Table 3. The null hypothesis of no
rate variation among lineages was rejected for the data set
containing the Notropis rubellus species group plus outgroups, 2 log K = 135.88, v2103 ¼ 127:41 (a = 0.05); but
was not rejected for the N. rubellus species group only,
2 log K = 106.34, v297 ¼ 120:99 (a = 0.05). Therefore, a
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Table 3
Average corrected sequence divergence between major clades of the
Notropis rubellus species group identiﬁed in the Bayesian and parsimony
analyses of the mitochondrial cytochrome b gene data set and estimated
ages of divergence

Fig. 3. Topology produced in the Bayesian analysis under GTR + I + C
model of sequence evolution for the mtDNA only data set. Consensus of
19,000 trees. Numbers above nodes indicate posterior probabilities and
numbers below nodes indicate parsimony bootstrap values. Outgroups are
not shown. Numbers in parentheses indicate number of individuals with
identical haplotypes. Names correspond to localities in Appendix A.
Table 2
Nucleotide substitution model parameter estimates under GTR + I + C
for stationary levels reached in Bayesian analysis 2

rGT
rCT
rCG
rAT
rAG
rAC
pA
pC
pG
pT
a
Pinvar.

Mean

Variance

95% CI

1.000000
5.60084
2.186836
0.634495
88.265079
0.287736
0.268729
0.289432
0.158141
0.283698
0.286601
0.561581

0.000000
1.469026
0.298159
0.049921
99.304251
0.020824
0.000125
0.000157
0.000081
0.000156
0.000268
0.000421

1.000000,
3.589360,
1.253965,
0.285600,
62.724805,
0.068783,
0.247063,
0.265105,
0.141079,
0.259748,
0.257726,
0.520217,

1.000000
8.351291
3.398718
1.138607
99.628033
0.622441
0.291353
0.314536
0.176171
0.308116
0.321088
0.600288

molecular clock was implemented to estimate divergence
times between clades within the N. rubellus species group
(Table 3).

Group comparisons

Corrected net betweengroup mean distances

Estimated age of
divergence MYA

Clade A vs. B
Clade C vs. D
Clade F vs. G
Clade E vs. clades F
and G

0.0549
0.0199
0.0598
0.0616

3.05–2.50
1.11–0.90
3.32–2.72
3.42–2.80

Parsimony analyses of the combined mitochondrial
DNA and allozyme data were consistent with the major
clades identiﬁed in the mitochondrial only analyses. The
strict consensus of 10,000 equally most parsimonious trees
of the combined data set including rare alleles (TL = 815,
CI excluding uninformative characters = 0.47, RI = 0.91)
and excluding rare alleles (TL = 782, CI excluding uninformative characters = 0.47, RI = 0.91) are presented in
Fig. 4. Inclusion of rare alleles provided more resolution
within species (Fig. 4a) than exclusion of rare alleles
(Fig. 4b). Unlike the Bayesian and parsimony analyses of
the mitochondrial DNA data, the basal relationships
among clades were resolved. However, these relationships
were poorly supported.
The alternate biogeographic hypotheses tested with the
SH test were: (1) The inclusion of the Green River haplotypes
within clade E as hypothesized by Wood et al. (2002) and
Eisenhour and Eisenhour (2004). (2) The sister group relationship of clade B and clades C + D supporting the Mahomet Valley hypothesized connection of the Teays River to the
Old Mississippi River (Teller, 1973). The SH tests rejected all
alternate biogeographic hypotheses (Table 4).
4. Discussion
4.1. Identiﬁcation of cryptic taxa
Ichthyologists have long suggested that there is unrecognized diversity within the Notropis rubellus species group.
However, deﬁning and delimiting this diversity using morphological data has been problematic. It was not until 2002
(Wood et al.) that species level diversity within the group
was thoroughly reviewed. We expanded upon the work
of Wood et al. (2002) by including more individuals from
across the range of the N. rubellus group and performing
analyses based on a complete mtDNA cytb data set and
a combined mtDNA and allozyme data set. Our analyses
support the recognition of additional species within the
group by Wood et al. (2002); however, delineations of
the distributions are reﬁned. The results also provide evidence for additional, unrecognized diversity that may represent undescribed species. Identiﬁcation of speciﬁc and
instraspeciﬁc level diversity is important for future work
on evolutionary processes responsible for the diversity of
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Fig. 4. Parsimony analyses of the combined data sets. Outgroups are not shown. (a) Cytochrome b gene sequence data and allozyme data including rare
alleles. Numbers above nodes indicate bootstrap values. (b) Cytochrome b gene sequence data and allozyme data excluding rare alleles. Numbers above
nodes indicate bootstrap values. Names correspond to localities in Appendix A.

Table 4
Results of the Shimodaira–Hasegawa tests of alternative biogeographic
hypotheses
Alternative topology

ln L

Optimal tree
Inclusion of Green River
haplotypes in clade E
Mahomet Valley hypothesis

Diﬀerence in
ln L

P
value

5255.29469
5783.33240

528.03771

0.000*

5790.72972

535.43504

0.000*

Asterisk indicates signiﬁcant values at P < 0.05.

Central Highlands ﬁshes. It is also critical to development
of plans for conservation of rare and endangered forms.
Within the Notropis rubellus species group we identiﬁed
seven strongly supported clades, which exhibited unique sets
of mtDNA cytb haplotypes consistent with geographic distributions (Fig. 3). The mtDNA phylogeny (Fig. 3) and the
combined mtDNA and allozyme phylogeny (Fig. 4) in our
analyses were consistent. The only diﬀerences observed were
among the basal relationships among major clades. In the

mtDNA only analyses (Fig. 3) these basal relationships were
unresolved, but were resolved with weak support in the combined analyses (Fig. 4). We note that consistencies observed
between the combined and mtDNA only analyses may be the
result of the greater amount of sequence data swamping out
phylogenetic signal from the allozyme data. Four clades are
diagnosed as separate species using the Phylogenetic Species
Concept (Cracraft, 1983; Mayden, 1997) representing independent evolutionary lineages. We consider the clades coextensive with following species within the N. rubellus species
group: N. percobromus (clade A), N. rubellus (clade B),
N. micropteryx (clade E), and N. suttkusi (clade G). There
are also three well deﬁned phylogroups (clades C, D, and
F) that may represent undescribed forms. However, due to
the limitations of these data the speciﬁc status of these clades
awaits further study.
We identiﬁed more cryptic diversity than Wood et al.
(2002) and attribute the diﬀerences observed between our
studies to their exclusive use of allozyme data. Although
allozyme data have been routinely used in phylogenetic
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analyses as qualitative multistate characters, they are diﬃcult to code and analyze (Swoﬀord et al., 1996; Avise,
2000). Wood et al. (2002) used a wide variety of methods
to analyze the allozyme variation including allelic heterogeneity, distance Wagner analyses (using six diﬀerent distance
measurements), maximum parsimony using FREQPARS,
and Fitch and generalized parsimony using diﬀerent discrete character codings. They found large discrepancies
among the analyses and drew their major conclusions from
trends observed across all results. They suggested possible
mechanisms for the ambiguity in relationships were sampling error, operational diﬀerences between methods used
to analyze the data, retained ancestral genotypes, lineage
sorting, and dispersal and genetic mixing attributed to
the Pleistocene phenomena.
4.2. Status and distribution of lineages
4.2.1. Notropis percobromus and N. rubellus
The morphological distinctiveness of populations inhabiting the Ozark and Ouachita highlands has long been
noticed (e.g. Hubbs and Ortenburger, 1929). This form
was described as Notropis percobromus by Cope (1871), but
this description was followed by a confused taxonomic history (see Humphries and Cashner, 1994; Wood et al.,
2002). Wood et al. (2002) recognized N. percobromus as a
valid species. However, in their analyses, populations identiﬁed as N. percobromus were paraphyletic with respect to N.
suttkusi (Wood et al., 2002); populations from the Ouachita
River were consistently found to be more closely related to
N. suttkusi. They did recognize that N. percobromus was
likely not a natural group and suggested that some populations from the Ozark and Ouachita highlands, including
the Ouachita River, may warrant species recognition.
In all our analyses, two strongly supported clades (clades
A and B; Figs. 3 and 4) were recovered. The divergence
between these clades, based on the mtDNA data set only,
was deep (Table 3 and Fig. 3). Interestingly, individuals from
the Ouachita River were not included within these groups,
but were closely related to N. suttkusi (Figs. 3 and 4); see discussion on N. suttkusi. These clades represent independent
evolutionary lineages and we consider them separate species.
The type locality of N. percobromus is St. Joseph, MO (Cope,
1871) and therefore, populations in the upper Mississippi
from the Rock River northward, the middle Missouri River
drainages, drainages of the northern and southern Ozarks,
and tributaries of the Arkansas River are contained in N. percobromus (Fig. 1b). The type locality of N. rubellus is Sault
Ste. Marie, either Michigan or Ontario (Agassiz, 1850); see
Humphries and Cashner (1994) and Wood et al. (2002) for
a review of the taxonomy of N. rubellus. Therefore, populations in the Illinois and Wabash river drainages and tributaries of the Great Lakes are contained in N. rubellus (Fig. 1b).
4.2.2. Notropis suttkusi and Ouachita River
Humphries and Cashner (1994) described Notropis suttkusi as endemic to tributaries of the Red River draining
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the western Ouachita Highlands (Fig. 1b). The results of
Wood et al. (2002) supported recognition of N. suttkusi;
however, they consistently found populations from the
Ouachita River to be more closely related to N. suttkusi
than N. percobromus. Humphries and Cashner (1994) also
had diﬃculties with the placement of the Ouachita River
populations.
In all our analyses, individuals from the tributaries of
the Red River draining the western Ouachita Highlands
were reciprocally monophyletic with respect to Ouachita
River samples (Figs. 3 and 4). The divergence between
these groups was large (Table 3 and Fig. 3). We recognize
populations from the western Ouachita Highlands as
N. suttkusi (clade G; Figs. 3 and 4) as described by Humphries and Cashner (1994). Additional analyses are warranted
to determine if the form endemic to the Ouachita River
draining the eastern Ouachita Highlands represents an
undescribed form or is contained within N. suttkusi (clade
F; Figs. 3 and 4).
4.2.3. Notropis micropteryx and Green River
Cope (1868) described Notropis micropteryx from the
Holston River, VA and stated that its range included the
Tennessee and Cumberland river drainages. Others (e.g.
Burr and Warren, 1986) included the Green River in its
range. More recently N. micropteryx has been recognized
as either a distinct form or a subspecies of N. rubellus (Snelson, 1968; Etnier and Starnes, 1993; Jenkins and Burkhead,
1994); see Eisenhour and Eisenhour (2004) and Wood et al.
(2002) for a detailed discussion. Wood et al. (2002) recognized N. micropteryx as a valid species occurring in tributaries of the Green, Cumberland (below Cumberland
Falls) and Tennessee rivers. In the majority of their analyses N. micropteryx formed a monophyletic group with populations from the Green River as the basal member;
however, in some of their results the Green River was
not included in the group. Eisenhour and Eisenhour
(2004) diagnosed N. micropteryx as a valid species occurring in the Green, Cumberland (below Cumberland Falls)
and Tennessee rivers based on nuptial coloration, tuberculation, meristics and morphometry; they did note divergent
variation exhibited by individuals from the Green River. In
all our analyses, individuals from the Green River were
more closely related to individuals in clade C (Figs. 3 and
4) and inclusion of the Green River haplotypes in
N. micropteryx was rejected by the SH test (Table 4). It is
possible that the placement of the Green River individuals
is the result of mtDNA introgression. Individuals from the
Cumberland (below Cumberland Falls) and Tennessee rivers formed a strongly supported clade (clade E; Figs. 3 and
4), which we recognize as N. micropteryx. The status of
Green River populations awaits more detailed analyses.
4.2.4. Increased diversity
Wood et al. (2002) restricted the species Notropis
rubellus to drainages of the Great Lakes, upper Ohio
River (above the mouth of the Green River and exclusive
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of the New River above Kanawha Falls), northern
Atlantic Slope and Cumberland River above Cumberland
Falls. This newly deﬁned N. rubellus did not form a
monophyletic group in any of their analyses. In all our
results we recovered a clade (clade C; Figs. 3 and 4) containing individuals from the Kentucky, Licking, and
Cumberland (above Cumberland Falls) rivers; Tygarts
Creek and Elk River. This clade also contained individuals from the Green River; see discussion on N. micropteryx and Green River. This clade was sister to a
monophyletic group containing individuals from the
New River and Atlantic Slope. Wood et al. (2002) recognized populations occurring in the New River above
Kanawha Falls as a new undescribed species. The results
of our analyses were consistent with this hypothesis.
However, in all our analyses individuals from the New
River formed a monophyletic group sister to populations
in the James, Potomac and Susquehanna river drainages
on the northern Atlantic Slope (clade D; Figs. 3 and 4).
Both clades C and D (Figs. 3 and 4) may represent
undescribed forms; however, additional data are necessary to determine their speciﬁc status.
4.3. Historical biogeography and ancient drainage patterns
The identiﬁcation of cryptic diversity within the Notropis rubellus species group and an understanding of the relationships and biogeographic patterns can provide valuable
inferences on the relationships and signiﬁcance of several
ichthyofaunal distributions in southeastern North America. These include timing of the origin of diversity within
the Central Highlands; drainage patterns of ancient and
modern river systems such as the Teays, Ohio, Cumberland, Tennessee; patterns within the Ozark and Ouachita
regions; and barriers to dispersal such as the Cumberland
and Kanawha falls.
4.3.1. Pre-Pleistocene diversity
Divergence among groups identiﬁed within the Notropis
rubellus complex date from the early Pliocene to the early
Pleistocene (Table 3). This pattern of pre-Pleistocene diversity is replicated in other clades of ﬁshes; e.g. Erimystax
(Simons, 2004), Hypentelium nigricans (Berendzen et al.,
2003), Micropterus (Near et al., 2003), and Percina evides
(Near et al., 2001). These data support the hypothesis that
diversity in the highland regions predates the Pleistocene
(Mayden, 1988).
4.3.2. Teays River
Prior to the Pleistocene, drainage patterns in the eastern
United States diﬀered dramatically from those observed
today (reviewed in Burr and Page, 1986; Hocutt et al.,
1986; Mayden, 1988). The Teays River was the major preglacial system in the eastern United States (Fig. 5) and was
thought to have ﬂowed from the Appalachians in Virginia
and West Virginia across Central Ohio, Indiana, and Illinois where it joined the Old Mississippi River (Burr and

Page, 1986; Hocutt et al., 1986). Geographers have questioned whether the Teays River was actually a simple discrete system at any one time (Gray, 1991; Melhorn and
Kempton, 1991); however, recent studies based on genetic
data have provided indirect evidence for its existence. A
phylogeographic study of Hypentelium nigricans (Berendzen et al., 2003) revealed a close association between the
New River, a remnant of the headwaters of the Teays River
(Thornbury, 1965; Hocutt et al., 1986; Mayden, 1988), and
the Ozark and Ouachita highlands. This pattern has also
been observed in other aquatic highland organisms; e.g.
hellbender, Cryptobranchus alleganiensis (Routman et al.,
1994). Pleistocene glaciations blocked and rerouted the
Teays, splitting the aquatic fauna into Ozarkian and Appalachian refugia (Burr and Page, 1986; Berendzen et al.,
2003).
The exact course of the Teays River (Fig. 5) is controversial (Burr and Page, 1986). The Teays River system
either turned west across central Indiana and Illinois
through the Mahomet Valley where it met the Mississippi
River (Teller, 1973; Mahomet Valley hypothesis) or turned
south in Indiana through the present Wabash Valley to the
Ohio River (Fidlar, 1948; Wabash Valley hypothesis). It
has also been suggested that early glacial advances blocked
the original course of the Teays through the Mahomet Valley and diverted it into the Wabash Valley (Wayne, 1952).
Wood et al. (2002) suggested Notropis rubellus existed in
the Teays River system and they argued that their results
supported the Mahomet Valley hypothesis. The results of
our analyses contradict this interpretation. Notropis rubellus occurs in the Wabash and Illinois river drainages and
tributaries of the Great Lakes and is sister to N. percobromus which inhabits upper Mississippi River drainages and
the Ozark Highlands. The divergence between these groups
is estimated to be late Pliocene (3.05–2.50 MYA; Table 3).
We did not observe a sister group relationship between
N. percobromus and N. rubellus with the clade containing
individuals from drainages of the Ohio River and Atlantic
Slope. This suggests that N. rubellus and N. percobromus
were not distributed in the Teays or Old Ohio river
systems.
These results support the Wabash Valley hypothesis
(Fidlar, 1948, Fig. 5). This is consistent with the view
that the eastern Teays and Mahomet valleys were separate entities based on geomorphological data on the
width, depth of the valleys and orientations of the tributaries to the systems (Melhorn and Kempton, 1991). The
close relationships of the Illinois and Wabash river drainages with the Ozark Highlands and upper Mississippi
River is consistent with a prediction that follows from
Mayden’s (1988) drainage area cladogram (Fig. 2). Based
on these observations we hypothesize that prior to the
Pleistocene, ancestral N. rubellus was distributed in the
upper Mississippi and Mahomet systems and following
glacial retreat it dispersed into previously glaciated
regions of the Illinois and Wabash river drainages and
tributaries of the Great Lakes (Fig. 6).

Please cite this article in press as: Berendzen, P.B. et al., Recovering cryptic diversity and ancient drainage patterns in ..., Mol. Phylogenet. Evol. (2007), doi:10.1016/j.ympev.2007.07.008

ARTICLE IN PRESS
P.B. Berendzen et al. / Molecular Phylogenetics and Evolution xxx (2007) xxx–xxx

11

Fig. 5. Reconstructed preglacial drainages modiﬁed from Burr and Page (1986) illustrating the Mahomet Valley and Wabash Valley hypothesized
connections of the Teays River to the Mississippi River. 1, Old Mississippi River; 2, Old Grand-Missouri River; 3, Mahomet Valley; 4, Teays River; 5,
Wabash River; 6, Old Ohio River; 7, Old Cumberland River; and 8, Old Tennessee River.

4.3.3. Ohio River
The modern Ohio River is much larger than the preglacial Old Ohio River (Mayden, 1988) and can be
divided into three distinct regions, lower, middle, and
upper (Thornbury, 1965). The lower Ohio constitutes
the preglacial Old Ohio River (Fig. 6), with its headwaters in southern Indiana and central Kentucky (Thornbury, 1965; Mayden, 1988). The middle part of the
modern Ohio River represents part of the Teays drainage
and the upper part represents a preglacial drainage that
ﬂowed north into the lowlands of Lake Erie (Thornbury,
1965). The preglacial Old Ohio River included parts of
the lower Wabash and Green rivers and ﬂowed essentially in the path of the modern Ohio River, independent
of the combined Cumberland and Tennessee rivers
(Wood et al., 2002). The Old Ohio River was joined
by the combined Cumberland and Tennessee rivers
before its conﬂuence with the Mississippi River (Burr
and Page, 1986).
Wood et al. (2002) suggested that Notropis micropteryx
was distributed in the preglacial Old Ohio River and the
Cumberland and Tennessee rivers. However, they noted a
pattern of restricted gene ﬂow between populations in the
Green River and populations in the Cumberland and Tennessee rivers. They suggested this pattern was related to the
independent courses of these systems to the Mississippi
River during the Pliocene. The results of our analyses contradict this interpretation. In our results individuals from
the Green River were contained in a clade with individuals
from drainages of the Ohio River and N. micropteryx was
identiﬁed as containing individuals from the Cumberland
and Tennessee rivers (Fig. 1b). The inclusion of the Green
River in the range of Ohio River is suggestive of a widely
distributed group in the preglacial Teays and Old Ohio
river systems (Fig. 6). This supports a close association of
the Old Ohio River with the Teays River rather than a connection between the Old Ohio River and Tennessee and
Cumberland rivers (Wood et al., 2002). Finally, we recovered a sister group relationship of individuals from drainages of the Ohio River and individuals from drainages of
the New River and Atlantic Slope. This relationship sup-

ports the existence of a connection between the Teays
and Old Ohio rivers (Fig. 6); see discussion on Kanawha
Falls.
4.3.4. Cumberland and Tennessee rivers
The Cumberland and Tennessee rivers contain the most
diverse ichthyofauna in North America (Starnes and
Etnier, 1986). We recognize Notropis micropteryx as a
member of this fauna, endemic to the Cumberland below
Cumberland Falls and Tennessee river drainages
(Fig. 1b). The close relationship of populations from these
rivers is consistent with a genetic prediction following from
Mayden’s (1988) hypothesis (Fig. 2) and is replicated in
approximately fourteen other clades of ﬁshes (Starnes
and Etnier, 1986); e.g. Etheostoma cinereum, Percina burtoni (Starnes and Etnier, 1986) and Erimystax insignis
(Simons, 2004). It has been hypothesized that the Cumberland and Tennessee rivers once shared an outlet to the Mississippi River (Starnes and Etnier, 1986). The modern
Cumberland and Tennessee rivers are independent systems
that enter the lower Ohio River. Our results do not support
a pre-historical connection of these rivers with the Ohio
system, contrary to Mayden (1988); see discussion on Ohio
River. Instead, we see evidence for a lower Mississippi
clade that included the ancestor of N. micropteryx, N. suttkusi, and individuals from the Ouachita River.
4.3.5. Ozark Highlands and upper Mississippi River
The Ozark Highlands are primarily located in southern
Missouri and northern Arkansas. Notropis percobromus
has a disjunct distribution in the Ozark Highlands and
the upper Mississippi River drainage (Fig. 1b). We recovered a monophyletic group containing populations of
N. percobromus from the northern Ozarks, Osage, and
Gasconade rivers, with populations from the upper Mississippi River. This close relationship is consistent with Mayden’s hypothesis (Fig. 2) and is a pattern replicated in other
clades of ﬁshes; e.g. Erimystax x-punctatus (Simons, 2004),
Hypentelium nigricans (Berendzen et al., 2003), Noturus
exilis (Hardy et al., 2002) and Percina evides (Near et al.,
2001). This repeated pattern is likely the result of post

Please cite this article in press as: Berendzen, P.B. et al., Recovering cryptic diversity and ancient drainage patterns in ..., Mol. Phylogenet. Evol. (2007), doi:10.1016/j.ympev.2007.07.008

ARTICLE IN PRESS
12

P.B. Berendzen et al. / Molecular Phylogenetics and Evolution xxx (2007) xxx–xxx

Fig. 6. Reconstructed preglacial drainages over present drainage patterns from Mayden (1988). 1, Old Mississippi River; 2, Mahomet Valley; 3, Teays
River; 4, Kanawha River; 5, Old Kentucky River; 6, Old Licking River; 7, Wabash River; 8, Green River; 9, Old Ohio River; 10, Old Cumberland River;
11, Old Tennessee River; 12, Old Red River; 13, Old Ouachita River; 14, Old Arkansas River; 15, White River; and 16, Old Grand-Missouri River. (a)
Hypothetical preglacial distribution of the Notropis rubellus species group across the expansive contiguous highland region. (b) Hypothetical glacial
distribution of the N. rubellus species group. Question mark indicates uncertain glacial refugium. (c) Postglacial distribution of the N. rubellus species
group. Arrows indicate expansion events.
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Fig. 6 (continued)

Pleistocene range expansion from a northern Ozarkian
refugium to previously glaciated regions of the upper Mississippi River drainage (Fig. 6).
4.3.6. Ouachita Highlands
The Ouachita Highlands are located south of the Ozark
Highlands in western Arkansas and eastern Oklahoma and
are drained by the Ouachita River drainage to the east and
tributaries of the Red River drainage to the west (Fig. 1a).
The Ouachita Highlands have a large number of endemic
taxa including ﬁshes, amphibians and invertebrates. Two
distinct groups in the Notropis rubellus species group are
endemic to this region; Notropis suttkusi, endemic to tributaries of the Red River and individuals endemic to the
Ouachita River. Endemism in the Ouachita Highlands is
replicated in other clades of ﬁshes; e.g. Notropis perpallidus
and Etheostoma radiosum (Mayden, 1985), as well as speciﬁcally in the tributaries of the Red River, e.g. Percina
pantherina, and in the Ouachita River, e.g. Noturus taylori
and Etheostoma pallididorsum (Mayden, 1985).
Tributaries of the Red River drain the western portion
of the Ouachita Highlands and the Ouachita River drains
the eastern portion; the two systems independently enter
the Mississippi River (Fig. 1a). One hypothesis is that the
faunal similarities between these two systems are the result
of stream capture between headwaters of the eastern and
western portions of the Ouachita Highlands (Mayden,

1985). A stream capture occurs when a stream erodes
towards its headwaters eventually crossing a divide into
another stream allowing dispersal of organisms between
the two systems (Burr and Page, 1986). A second hypothesis is that the faunal similarities are the result of these independent systems once sharing a common basin (Mayden,
1985). Prior to the onset of glaciations the Little and Kiamichi rivers, tributaries of the Red River, and the Ouachita
River were thought to exist as a single system independent
of the lower Red River (Fig. 6) (Mayden, 1985). Notropis
suttkusi and individuals in the Ouachita River (0.0598;
Table 3) are reciprocally monophyletic and the degree of
divergence suggests an old vicariant event (3.32–
2.72 MYA; Table 3) that is consistent with the drainage
hypothesis of a common basin. The close association
between populations within the Ouachita Highlands is consistent with a genetic prediction following from Mayden’s
(1988) hypothesis (Fig. 2). We did not observe a sister
group relationship between the Ozark and Ouachita Highlands, which contradicts Wood et al. (2002) and a genetic
prediction following Mayden’s (1988) drainage area cladogram (Fig. 2).
4.3.7. Cumberland River above Cumberland Falls
The headwaters of the Cumberland River drain the
slopes of the Cumberland Mountains in southeastern Kentucky (Starnes and Etnier, 1986). Cumberland Falls divide
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the Cumberland River at the interface between the Cumberland Plateau to the east and the Highland Rim to the
west (Starnes and Etnier, 1986) and form a barrier to dispersal of ﬁshes leading to faunal diﬀerences above and
below the falls (Burr and Page, 1986). The faunal similarity of the Cumberland River above Cumberland Falls and
the Kentucky River (tributary of the modern middle Ohio
River) is likely due to numerous stream capture events
with the headwaters of the Kentucky River (Burr and
Page, 1986). The Cumberland River above Cumberland
Falls owes much of its faunal diversity to interactions
with the Kentucky River (Starnes and Etnier, 1986). We
identiﬁed a distinct group that included individuals from
the Cumberland River above Cumberland Falls, a pattern
also noted by Wood et al. (2002). This pattern is replicated in other clades of ﬁshes, e.g. Phoxinus cumberlandensis, Ericymba buccata, subspecies of Etheostoma
nigrum and E. sagitta, Nocomis micropogon and E. blennioides (Burr and Page, 1986; Starnes and Etnier, 1986).
Below the falls, this group is replaced by N. micropteryx
(Fig. 1b).
4.3.8. Kanawha Falls and northern Atlantic Slope
Kanawha Falls is considered a barrier to ﬁsh dispersal
and divides the Kanawha River into the lower and upper
Kanawha River (Hocutt et al., 1986). Above the conﬂuence
of the Gauley River with the Kanawha River, upstream of
Kanawha Falls, the system is referred to as the New River
(Jenkins and Burkhead, 1994). The New River exhibits a
high degree of endemism maintained by the falls (Jenkins
and Burkhead, 1994). The formation of the falls has been
suggested as Pliocene or early Pleistocene during the ﬁrst
glacial recession, but the exact timing remains unknown
(Hocutt et al., 1986; Jenkins and Burkhead, 1994). We
observed a sister group relationship between a clade containing individuals from drainages of the Ohio River and
a clade containing individuals from the New River and
drainages of the northern Atlantic Slope (Figs. 3 and 4).
This relationship supports the distribution of a wide ranging taxon in the Teays River system and a connection
between the New and Teays river systems. Based on these
results, we hypothesize populations from the New River
and drainages of northern Atlantic Slope were isolated
from populations in drainages of the Ohio River distributed in the preglacial Teays and Old Ohio rivers. The time
of divergence and origin of the falls is estimated as Pleistocene (1.11–0.90 MYA; Table 3). This is contrary to the
hypothesis of Wood et al. (2002) that the formation of
the falls occurred much earlier during the Pliocene. However, this pattern is consistent with the observations made
in other groups of ﬁshes, e.g. Hypentelium nigricans (Berendzen et al., 2003) and a genetic prediction that follows
from Mayden’s (1988) drainage area cladogram (Fig. 2).
It is also consistent with the high degree of endemism
known in the New River (Hocutt et al., 1978); e.g. Nocomis
micropogon platyrhynchus, Notropis scabriceps, Phenacobius teretulus, Etheostoma kanawhae, E. osburni, and Percina

gymnocephala. Kanawha Falls remain a barrier to dispersal
of these ﬁshes.
The northern Appalachians were completely covered by
ice sheets during the Pleistocene and there are many
hypothesized refugia and dispersal routes into the northern
Appalachians following glacial retreat (Schmidt, 1986).
Notropis rubellus was hypothesized to be present in the
Mississippi Valley refugium entering the Hudson River
and northern Atlantic Slope through the Great Lakes during glacial retreat (Schmidt, 1986). Our results contradict
the Mississippi Valley refugium hypothesis; individuals
from the New River and drainages of the northern Atlantic
Slope were not sister to N. rubellus (Figs. 3 and 4). Based
on these results, we hypothesize that the clade containing
individuals from the New River and northern Atlantic
Slope was part of the Atlantic Coastal Uplands refugium
that is hypothesized to have dispersed northward by stream
capture events between upland drainages in the Appalachians (Schmidt, 1986). The distribution of this clade is
similar to the distribution of other hypothesized members
of this refugium; e.g. Clinostomus funduloides, Exoglossum
maxillingua, Notropis amoenus, and Percina peltata
(Schmidt, 1986).
5. Implications for understanding the diversity of the Central
Highlands ichthyofauna
The ichthyofauna of the southeastern United States is
one of the most intensely studied faunas in the world.
Nevertheless, ichthyologists continue to identify and
describe new species in the Central Highlands. Some of
these new taxa are easily described using morphological
characters while others are morphologically cryptic and
can only be identiﬁed using molecular data (Egge and
Simons, 2006).
The Notropis rubellus species group is a widespread
complex that was once considered a single species, but
now is recognized as including four species and possibly
more. There are many other taxa that have a similar widespread distribution as the N. rubellus complex and it is
likely that these groups actually contain greater species
level diversity. An understanding of the historical biogeography of the N. rubellus species group can give insight into
evolutionary processes that may have impacted these
groups and provide direction on where to look for undescribed diversity. Based on this observation, the amount
of diversity in the southeastern United States may be much
greater than previously thought. This has substantial implications for our understanding of evolution and biogeography in this area as well as the development of management
plans for imperiled or endangered taxa.
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Appendix A. Specimens examined
The specimens used in this study are listed with the
number of specimens from each locality in parentheses,
catalog number, GenBank Accession No. and collection
locality. Institutional abbreviations are as follows: ASU,
Arizona State University; JFBM, Bell Museum of Natural
History; UAIC, University of Alabama Ichthyological
Collection.
Clade A (Notropis percobromus)
Southern Ozark Drainages
White (2) JFBM 39292, EU084751, EU084752, White
River, Independence Co., AR.
Spring (1) JFBM uncat., EU084753, Spring River,
Fulton Co., AR.
St. Francis (3) JFBM 39643, EU084754, EU084755,
EU084756, St. Francis River, Madison Co., MO.
Northern Ozark Drainages
Osage (4) JFBM 37851, EU084757, EU084758,
EU084759, EU084760, Pomme de Terre River, Hickory
Co., MO.
Missouri (4) JFBM uncat., EU084761, EU084762,
EU084763, EU084764, Loutre River, Montgomery Co.,
MO.
Meramec (1) UAIC 7938.07, EU084765, Meramec
River, Franklin Co., MO.
Arkansas River Drainage
ArkansasA (2) JFBM 37867, EU084766, EU084767,
Shoal Creek, Newton Co., MO.
ArkansasB (3) JFBM 37911, EU084768, EU084769,
EU084770, Elk River, McDonald Co., MO.
Neosho (1) UAIC 7939.04, EU084771, Five Mile
Creek, Ottawa Co., OK.
Upper Mississippi Drainage
Root (4) JFBM uncat., EU084772, EU084773,
EU084774, EU084775, Root River, Olmstead Co., MN.
Zumbro (1) ASU uncat., EU084776, Zumbro River,
Dodge Co., MN.
RockA (2) JFBM uncat., EU084777, EU084778,
Crane Grove Creek, Stephenson Co., IL.
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RockB (2) JFBM uncat., EU084779, EU084780, Leaf
River, Ogle Co., IL.
Clade B (Notropis rubellus)
Wabash River Drainage
WabashA (3) JFBM 34858, EU084794, EU084795,
EU084796, Tippecanoe River, Fulton Co., IN.
WabashB (5) JFBM uncat., EU084797, EU084798,
EU084799, EU084800, EU084801, Sugar Creek, Shelby
Co., IN.
WabashC (2) ASU uncat., EU084802, EU084803, Eel
River, Miami Co., IN.
WabashD (1) ASU uncat., EU084804, Pike Creek,
White Co., IN.
Lake Erie
Huron (2) ASU uncat., EU084805, EU084806, Loch
Alpine Creek, Washtenaw Co., MI.
Maumee (2) ASU uncat., EU084807, EU084808,
Cedar Creek, Allen Co., IN.
Lake Michigan
Grand (2) ASU uncat., EU084809, EU084810,
Thornapple River, Barry Co., MI.
Muskegon (2) ASU uncat., EU084811, EU084812,
Cut River, Roscommon Co., MI.
Illinois River
IllinoisA (2) ASU uncat., EU084813, EU084814,
Indian Creek, LaSalle Co., IL.
IllinoisB (3) JFBM uncat., EU084815, EU084816,
EU084817, Mackinaw River, McClean Co., IL.
Clade C
Ohio River Drainages
LickingA (4) JFBM 38504, EU084823, EU084824,
EU084825, EU084826, Licking River, Bath/Rowan
Cos., KY.
LickingB (2) UAIC 8421.06, EU084827, EU084828,
Licking River, Bath/Rowan Cos., KY.
Kentucky (5) JFBM 38411, EU084818, EU084819,
EU084820, EU084821, EU084822, South Fork
Kentucky River, Owsley Co., KY.
Tygarts (2) UAIC 8417.07, EU084829, EU084830,
Tygarts Creek, Greenup Co., KY.
Kanawha River Drainage
Elk (4) ASU uncat., EU084831, EU084832,
EU084833, EU084834, Elk River, Webster Co., WV.
Cumberland River Drainage above Cumberland Falls
CumberlandA (2) JFBM 38442, EU084835,
EU084836, Stinking Creek, Cambell Co., TN.
Green River Drainage
GreenA (1) JFBM 38229, EU084837, Green River,
Green Co., KY.
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GreenB (3) JFBM 34953, EU084838, EU084839,
EU084840, Drakes Creek, Warren Co., KY.

Kiamichi (1) UAIC 7963.03, EU084873, Kiamichi
River, Pushmataha Co., OK.

Clade D
New River Drainage
NewA (5) JFBM uncat., EU084841, EU084842,
EU084843, EU084844, EU084845, North Fork New
River, Ashe Co., NC.
NewB (1) UAIC 9848.05, EU084846, Fox Creek,
Grayson Co., VA.

Outgroups
Notropis amabilis (AF352269), Notropis amoenus
(AF352270), Notropis ariommus (AF352271), Notropis
atherinoides (AF352273), Notropis boops (AF352261),
Notropis candidus (AF352275), Notropis chrosomus
(AF352262), Notropis edwardraneyi (AF352263),
Notropis girardi (AF352276), Notropis jemezanus
(AF352277), Notropis longirostris (AF352264), Notropis
nubilus (AF352265), Notropis oxyrhynchus (AF352278),
Notropis perpallidus (AF352279), Notropis photogenis
(AF352281), Notropis potteri (AF352266), Notropis
scepticus (AF352283), Notropis shumardi (AF352284),
Notropis stilbius (AF352286), Notropis telescopus
(AF352290), Notropis texanus (AF352267), Notropis
volucellus (AF352268).

James River Drainage
James (5) ASU uncat., EU084847, EU084848,
EU084849, EU084850, EU084851, Craig Creek, Craig
Co., VA.
Potomac River Drainage
Potomac (5) ASU uncat., EU084852, EU084853,
EU084854, EU084855, EU084856, Sideling Mill Creek,
Allegany/Washington Cos., MD.
Susquehanna River Drainage
Susquehanna (5) ASU uncat., EU084857, EU084858,
EU084859, EU084860, EU084861, Catatonk Creek,
Tioga Co., NY.
Clade E (Notropis micropteryx)
Cumberland River Drainage below Cumberland Falls
CumberlandB (4) JFBM 40565, EU084781,
EU084782, EU084783, EU084784, Turnbull Creek,
Cheatham Co., TN.
Tennessee River Drainage
TennesseeA (2) JFBM 41613, EU084785, EU084786,
Richland Creek, Giles Co., TN.
TennesseeB (2) JFBM uncat., EU084787, EU084788,
Clinch River, Hancock Co., TN
TennesseeC (1) JFBM 35131, EU084789, Powell
River, Claiborne Co., TN.
TennesseeD (4) JFBM 40493, EU084790, EU084791,
EU084792, EU084793, Nolichucky River, Greene/
Cooke Cos., TN.
Clade F
Ouachita River Drainage
OuachitaA (1) JFBM uncat., EU084862, Caddo
River, Montgomery Co., AR.
OuachitaB (4) JFBM 41823, EU084863, EU084864,
EU084865, EU084866, Ouachita River, Polk Co., AR.
OuachitaC (1) UAIC 10063.06, EU084867, Ouachita
River, Polk Co., AR.
Clade G (Notropis suttkusi)
Red River Drainage
Little (5) JFBM uncat., EU084868, EU084869,
EU084870, EU084871, EU084872, Little River,
McCurtain Co., OK.
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Leaché, A.D., Reeder, T.W., 2002. Molecular systematics of the eastern
fence lizard (Sceloporus undulatus): a comparison of parsimony,
likelihood, and Bayesian approaches. Syst. Biol. 51, 44–68.
Mayden, R.L., 1985. Biogeography of Ouachita Highland ﬁshes. Southwest. Nat. 30, 195–211.
Mayden, R.L., 1988. Vicariance biogeography, parsimony, and evolution
in North American freshwater ﬁshes. Syst. Zool. 37, 329–355.
Mayden, R.L., 1997. A hierarchy of species concepts: the denouement in
the saga of the species problem. In: Claridge, M.F., Dawah, H.A.,
Wilson, M.R. (Eds.), Species: The Units of Biodiversity. Chapman and
Hall, London, pp. 381–424.
Melhorn, W.N., Kempton, J.P. 1991. The Teays system; a summary. In:
Melhorn, W.N., Kempton, J.P. (Eds.), Geology and Hydrology of the
Teays–Mahomet Bedrock Valley System. Geological society of America special paper 258, Boulder, pp. 125–128.
Near, J.T., Benard, M.F., 2004. Rapid allopatric speciation in logperch
darters (Percidae: Percina). Evolution 58, 2798–2808.

17

Near, J.T., Page, L.M., Mayden, R.L., 2001. Intraspeciﬁc phylogeography
of Percina evides (Percidae: Etheostomatinae): an additional test of the
central highlands pre-Pleistocene vicariance hypothesis. Mol. Ecol. 10,
2235–2240.
Near, J.T., Kassler, T.W., Koppelman, J.B., Dillman, C.B., Philipp, D.P.,
2003. Speciation in North American black basses, Micropterus
(Actinopterygii: Centrarchidae). Evolution 57, 1610–1621.
Nei, M., Li, W., 1979. Mathematical model for studying genetic variation
in terms of restriction endonucleases. Proc. Natl. Acad. Sci. USA 76,
5269–5273.
Posada, D., Buckley, T.R., 2004. Model selection and model averaging in
phylogenetics: advantages of Akaike information criterion and Bayesian approaches over likelihood ratio tests. Syst. Biol. 53, 793–808.
Posada, D., Crandall, K.A., 1998. Modeltest: testing the model of DNA
substitution. Bioinformatics 14, 817–818.
Posada, D., Crandall, K.A., 2001. Selecting the best ﬁt model of
nucleotide substitution. Syst. Biol. 50, 580–601.
Robison, H.W., 1986. Zoogeographic implications of the Mississippi River
Basin. In: Hocutt, C.H., Wiley, E.O. (Eds.), The Zoogeography of North
American Fishes. Wiley Interscience, New York, pp. 267–286.
Ronquist, F.R., Huelsenbeck, J.P., 2003. MrBayes 3: phylogenetic
inference under mixed models. Bioinformatics 19, 1572–1574.
Routman, E., Wu, R., Templeton, A.R., 1994. Parsimony, molecular
evolution, and biogeography: the case of the North American giant
salamander. Evolution 48, 1799–1809.
Schmidt, R.E., 1986. Zoogeography of the Northern Appalachians. In:
Hocutt, C.H., Wiley, E.O. (Eds.), The Zoogeography of North
American Fishes. Wiley Interscience, New York, pp. 137–160.
Schmidt, T.R., Bielawski, J.P., Gold, J.R., 1998. Molecular phylogenetics
and evolution of the cytochrome b gene in the cyprinid genus
Lythrurus (Actinopterygii: Cypriniformes). Copeia 1998, 14–22.
Shimodaira, H., Hasegawa, M., 1999. Multiple comparisons of loglikelihoods with applications to phylogenetic inference. Mol. Biol.
Evol. 16, 1114–1116.
Simons, A.M., 2004. Phylogenetic relationships in the genus Erimystax
(Actinopterygii: Cyprinidae) based on the cytochrome b gene. Copeia
2004, 351–356.
Snelson Jr., F.F., 1968. Systematics of the cyprinid ﬁsh Notropis amoenus,
with comments on the subgenus Notropis. Copeia 1968, 776–802.
Starnes, W.C., Etnier, D.A., 1986. Drainage evolution and ﬁsh biogeography of the Tennessee and Cumberland rivers drainage realm. In:
Hocutt, C.H., Wiley, E.O. (Eds.), The Zoogeography of North
American Fishes. Wiley Interscience, New York, pp. 325–361.
Strange, R.M., Burr, B.M., 1997. Intraspeciﬁc phylogeography of North
American highland ﬁshes: a test of the Pleistocene vicariance hypothesis. Evolution 51, 885–897.
Swoﬀord, D.L., 2001. PAUP* Vers. 4.0b Phylogenetic Analysis Using
Parsimony. Sinauer Associates, Sunderland.
Swoﬀord, D.L., Olsen, G.J., Waddell, P.J., Hillis, D.M., 1996. Phylogenetic
inference. In: Hillis, D.M., Moritz, C., Mable, B.K. (Eds.), Molecular
Systematics, second ed. Sinauer Associates, Sunderland, pp. 407–514.
Teller, J.T., 1973. Preglacial (Teays) and early glacial drainages in the
Cincinnati area, Ohio, Kentucky, and Indiana. Bull. Geolog. Soc. Am.
84, 3677–3688.
Thornbury, W.D., 1965. Regional Geomorphology of the United States.
John Wiley and Sons, New York.
Tibbets, C.A., Dowling, T.E., 1996. Eﬀects of intrinsic and extrinsic
factors on population fragmentation in three species of North
American minnows (Teleostei: Cyprinidae). Evolution 50, 1280–1292.
Wayne, W.J., 1952. Pleistocene evolution of the Ohio and Wabash valleys.
J. Geol. 60, 575–585.
Wiley, E.O., Mayden, R.L., 1985. Species and speciation in phylogenetic
systematics, with examples from the North American ﬁsh fauna. Ann.
Mo. Bot. Gard. 72, 596–635.
Wood, R.M., Mayden, R.L., Matson, R.H., Kuhajda, B.R., Layman,
S.R., 2002. Systematics and biogeography of the Notropis rubellus
species group (Teleostei: Cyprinidae). Bull. Ala. Mus. Nat. Hist. 22,
37–80.

Please cite this article in press as: Berendzen, P.B. et al., Recovering cryptic diversity and ancient drainage patterns in ..., Mol. Phylogenet. Evol. (2007), doi:10.1016/j.ympev.2007.07.008

