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The Central Highlands of North America have an old and complex geological and biological history, with
extensive unexplored cryptic diversity. We examined the species limits of the Fundulus catenatus species group
(F. catenatus, Fundulus bifax, and Fundulus stellifer) using two phylogenetic approaches. Fundulus catenatus
was densely sampled from five geographically disjunct regions across the eastern USA. We sequenced four
nuclear introns and used species tree analyses and two species delimitation methods to determine historical
relationships and investigate species diversity within the group. Both methods strongly supported the presence of
two reciprocally monophyletic species within F. catenatus. Species tree analysis of four nuclear introns (stx5a,
ncl1, rpsa, and rps3) from the F. catenatus species group (including a tip for F. sp. cf. catenatus) recovered the
two Mobile Basin species as sister to a strongly supported clade of F. catenatus and F. sp. cf. catenatus.
Cytochrome b sequences were used in phylogeographical analyses of the two putative species. In one species we
identified signatures of population expansion whereas the other exhibited genetic structure consistent with
isolation of populations.
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INTRODUCTION

The identification and delimitation of species are criti-
cal components of systematic and evolutionary biol-
ogy. The evolutionary species, a lineage of populations
distinct from other lineages and with a unique evolu-
tionary trajectory and fate (Wiley, 1981), is a funda-
mental unit of biodiversity. Species have traditionally
been identified using morphological criteria, a reflec-
tion of earlier typological definitions as well as

historical technologies that governed the types of data
available. However, there is no reason to expect that
species must be morphologically distinct, particularly
under contemporary, evolutionary species concepts
(Wiley, 1981). The advent of novel technologies, such
as DNA sequencing, and the development of new ana-
lytical tools (reviewed in Carstens et al., 2013), facili-
tate tests of species boundaries and ultimately aid
species delimitation. It is expected that these will lead
directly to an increased assessment of diversity as
new morphologically cryptic species are discovered.

The North American ichthyofauna, one of the best-
known ichthyofaunas of any continent, has been*Corresponding author. E-mail: hundt002@umn.edu
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under intense study for almost 200 years (Myer,
1964) but recent work has demonstrated the exis-
tence of morphologically cryptic species (Egge &
Simons, 2006; Niemiller, Near & Fitzpatrick, 2012).
Herein we investigate the existence of an unde-
scribed species of studfish in the Fundulus catenatus
species group (Ghedotti & Davis, 2013) and employ
phylogeographical techniques to explore geographical
boundaries and genetic signatures of expansion. The
F. catenatus species group contains three described
species: northern studfish, F. catenatus Storer, stip-
pled studfish, Fundulus bifax Cashner & Rogers, and
southern studfish, Fundulus stellifer Jordan (Figs 1,
2). Fundulus catenatus can be found in five disjunct
regions in the eastern USA, separated by unsuitable
lowland habitats: Ozark, Ouachita, and Eastern
Highlands as well as small, isolated regions in east-
ern Indiana and south-western Mississippi (Fig. 2).
In the Ozark highlands, northern studfish are found
in tributaries to the Missouri River, direct tribu-
taries to the Mississippi River, the upper Arkansas
River, and the Black and White river drainages; in
the Ouachita highlands, they occur in the Red, Oua-
chita, and Saline drainages; in the Eastern High-
lands, they are widespread in the Tennessee, Green,
Cumberland, and Kentucky drainages; in Indiana,
they are restricted to small tributaries to the East
Fork White River; and in south-west Mississippi they
are restricted to tributaries of the Homochitto and
Amite rivers (Fig. 2). The northern studfish is closely
related to two taxa restricted to the Mobile Basin,
the southern studfish, F. stellifer, and the stippled
studfish F. bifax (Fig. 2). The systematics and mor-
phology of the studfish group were reviewed by Ghe-
dotti, Simons & Davis (2004) and revised by
Ghedotti & Davis (2013).

The northern studfish exhibits minor morphologi-
cal variation across its range and eight ‘populations’
were suggested based on a suite of meristic and mor-
phological data (Thomerson, 1969). Thomerson
(1969) speculated that this species initially dispersed
west across the Mississippi River from the Eastern
Highlands, suggesting that Ozark Highland F. cate-
natus are most closely related to Cumberland River
F. catenatus, and Ouachita Highland F. catenatus
are most closely related to Tennessee River F. cate-
natus. The Ozark Highland F. catenatus is morpho-
logically homogeneous and occupies a large area,
which Thomerson interpreted as indicative of recent
dispersal (Fig. 2). Thomerson suggested that the dis-
junct southern Mississippi F. catenatus were the pro-
duct of dispersal, specifically by tributary hopping
down the Mississippi River.

The distribution of the F. catenatus species group
was considered informative and consistent with the
Central Highlands vicariance hypothesis (Mayden,

1988), a prediction that was tested by Grady, Cash-
ner & Rogers (1990) and Strange & Burr (1997).
Grady et al. (1990) used allozyme data to investigate
relationships, and argued that these pointed to a dif-
ferent historical interpretation than the morphology.
They observed an east–west split within F. catena-
tus, with Eastern Highland F. catenatus sister to
Indiana, Ozark, Ouachita, and lower Mississippi
F. catenatus (Fig. 2). Grady et al. (1990) interpreted
their results as consistent with a widespread ances-
tral distribution subdivided by a series of vicariance

Figure 1. Illustrations of male specimens from the Fun-

dulus catenatus species group: A, northern studfish, Fun-

dulus catenatus (Paint Rock River, Tennessee River

drainage, Jackson County, AL, UAIC 11147.05); B, Fundu-

lus sp. cf. catenatus (Jack’s Fork near Alley Springs, Shan-

non Co., MO, MHP 15157); C, stippled studfish, Fundulus

bifax Cashner & Rogers (Gold Branch, Tallapoosa River

drainage, Elmore County, AL, UAIC 10861.01); D, south-

ern studfish, Fundulus stellifer Jordan (White Oak Creek,

Alabama River drainage, Dallas County, AL, UAIC

10848.05). Illustrations by Joseph R. Tomelleri.
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events. The southern Mississippi F. catenatus were
thought to be isolated by vicariance or possibly
established by dispersal via larval drift (Rogers &
Cashner, 1987) or tributary hopping (Thomerson,
1969). Strange & Burr (1997) used mitochondrial
restriction fragment length polymorphisms analysed
with Dollo parsimony and examined the phylogeogra-
phy of F. catenatus as part of a larger comparative
test of the Central Highlands vicariance hypothesis.
They reported a close relationship between the Indi-
ana and Ozark F. catenatus, which were sister to
most Eastern Highland F. catenatus (Tennessee and
Cumberland rivers). They also identified paraphyly
of the Mobile Basin species, with F. stellifer sister to
F. bifax plus F. catenatus.

Phylogeographic analysis of F. catenatus using
only mitochondrial cytochrome b (cytb) sequences

(A. M. Simons, unpubl. data) indicated a deep divi-
sion between Tennessee River F. catenatus and all
remaining samples, including all other Eastern
Highland F. catenatus. These data also indicated
that F. catenatus was paraphyletic with respect to
the Mobile Basin taxa (Fig. 3), as reported by
Strange & Burr (1997). Paraphyly of F. catenatus
with respect to the Mobile Basin taxa would be unu-
sual indeed, given the morphological similarity
amongst populations of F. catenatus and the fact
that the two Mobile Basin taxa were not recognized
as separate species until allozyme studies indicated a
substantial genetic difference between specimens col-
lected from the Tallapoosa and the Coosa and Ala-
bama rivers (Rogers & Cashner, 1987; Cashner,
Rogers & Grady, 1988). To investigate these prelimi-
nary results further, we used a multilocus approach

Figure 2. Map of south-eastern USA depicting the range and sampling locations of the Fundulus catenatus species

group (see Table 2).
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to resolve the phylogenetic relationships of the
widely distributed North American studfishes, and to
determine whether the two mitochondrial lineages
observed were indicative of two species within
F. catenatus. Our results found evidence for two spe-
cies and, for clarity, we will refer to these as F. cate-
natus, restricted to the Buffalo and Tennessee rivers,
and F. sp. cf. catenatus, occupying the rest of the
range. We will refer to these two species combined
as northern studfishes (F. catenatus + F. sp. cf. cate-
natus).

MATERIAL AND METHODS

TAXON SAMPLING AND DNA EXTRACTION,
AMPLIFICATION, AND SEQUENCING

We obtained 24 samples of F. catenatus from six
localities and 104 F. sp. cf. catenatus from 23

localities throughout their range and samples of
F. bifax and F. stellifer from single localities (Fig. 2,
Table 1). Samples of Fundulus chrysotus G€unther
(one individual), Fundulus diaphanus Lesueur (two),
Fundulus heteroclitus Linnaeus (one), Fundulus juli-
sia Williams & Etnier (two), Fundulus rathbuni Jor-
dan & Meek (two), Fundulus seminolis Girard (two),
and Fundulus zebrinus Jordan & Gilbert (two) were
included as outgroups (Table 1).

Total genomic DNA was extracted from muscle or
fin clips using Qiagen DNAeasy Blood and Tissue
Kit (Qiagen, Valencia, CA) according to the manufac-
turer’s suggested protocol. We used PCR to amplify
one mtDNA locus, cytb, from all individuals and four
nuclear DNA (nDNA) intron loci, syntaxin 5A
(stx5a), nicalin (ncl1), ribosomal protein SA (rpsa),
and ribosomal protein 3 (rps3) from a subset of sam-
ples (Table 1). All PCRs were performed in solution
with total volume 12.5 lL, containing 1.5 lL

Figure 3. Phylogeny of unique haplotypes produced from Bayesian inference of Cytochrome b (cytb) sequence data.

Posterior probabilities followed by maximum likelihood bootstrap support at critical nodes. Scale bar is number of sub-

stitutions per site. Cytb haplotype network constructed by a median-joining method. The numbers annotated on

branches of haplotype network represent the number of nucleotide base changes between haplotypes.
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template DNA, 2.75 lL water, 6.25 lL GoTaq Green
Master Mix (Promega, Madison, WI), 1.0 lL forward
primer, and 1.0 lL reverse primer. Cytb was ampli-
fied using the GLU (50-GACTTGAAGAACCA
CCGTTG-30) and THR (50-TCCGACATTCGGTTTAG
AAG-30) primers described in Near, Porterfield &
Page (2000) and using the following thermal condi-
tions: denaturation at 94 °C for 30 s, annealing at
50 °C for 30 s, and extension at 72 °C for 90 s,
repeated for 25 cycles.

The four nDNA intron loci were amplified using
the following primers: stx5a – 10F (50-GGAGGAG
ACKGACTGGAAGT-30) and 10R (50-GCAGAACATY
GARAGCACMA-30), ncl1 – 428 bp F8 (50-SGCCAGG
TTGATYTTCTTRT-30) and R8 (50-CCAGTCTGCTSC
AGGACAAY-30), rpsa – 3F (50-ATTGTTGCCATYG
ARAAYCC-30) and 3R (50-GCWGCCTGRATCTGA
TTGGT-30), and rps3 – F4 (50-CTACAAGCTGCTSGG
AGGMC-30) and R4 (50-TAGTTSACKGGGTCTCC
RCT-30) (Halas & Simons, 2014, D. Halas pers.
comm.). All introns were amplified with an initial
denaturation at 95 °C for 4 min, followed by denatu-
ration at 95 °C for 40 s, varying annealing tempera-
tures for 40 s, and 7 °C for 90 s for 25 cycles.
Annealing temperature for ncl1, stx5a, rpsa, and
rps3 was 50, 51, 52, and 56 °C, respectively. Owing
to initial difficulty phasing rpsa and rps3 sequences
of some individuals, internal primers were developed
using PRIMER3 (http://frodo.wi.mit.edu/primer3/).
Additional rpsa sequences were amplified using the
intron thermal profile with the primer pairs F101
(50-GTAAACGGATCGGGGTTTCT-30) and R800 (50-
AAGGCCCTTTTCACTTTTCA-30), and F146 (50-TG
ACTGGGGTATGAGAAGCTC-30) and R728 (50-CA
CGCTTTCTAACCTCCCTTT-30) and an annealing
temperature of 50 and 54 °C, respectively.

PCR products were purified using Exonuclease 1
and shrimp alkaline phosphatase (USB Corporation,
Cleveland, OH) at the manufacturer’s suggested
thermal profiles. Automated Sanger sequencing of
purified PCR products was performed using ABI
Prism BigDye Terminator v. 3.1 chemistry (Applied
Biosystems, Foster City, CA) at the Biomedical Geno-
mics Center DNA Sequencing and Analysis Facility
at the University of Minnesota.

EDITING AND ALIGNING SEQUENCES

Complementary heavy and light strands were
aligned into contiguous sequences (contigs) and edi-
ted in GENEIOUS v. 6.1.6 (www.geneious.com;
Biomatters Ltd., Auckland, New Zealand). Length
heterozygotes found in nuclear introns were phased
by eye with help from CHAMPURU v. 1.0 (Flot,
2007, available online at http://www.mnhn.fr/jfflot/
champuru/). Consensus sequences of contigs wereT
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aligned using the MUSCLE (Edgar, 2004) clustering
algorithm as implemented in GENEIOUS v. 6.1.6.
Each alignment was trimmed to make sequences
near uniform in length. In intron alignments, large
indels found only in outgroups were removed. This
reduced the length of rps3 and stx5a. Nuclear
introns were tested for recombination using the phi
test (Bruen, Philippe & Bryant, 2006) as imple-
mented in SplitsTree v. 4.13.1 (Huson & Bryant,
2006). For some analyses, identical cytb haplotypes
were removed using ElimDupes (http://hcv.lanl.
gov/content/sequence/ELIMDUPES/elimdupes.html).

PHYLOGENETIC ANALYSIS

Two data sets were created for cytb: all individuals
and unique haplotypes. The best-fitting partitioning
scheme and nucleotide substitution models were
determined using PartitionFinder v. 1.01 (Lanfear
et al., 2012) based on Bayesian information criterion
scores. Bayesian analysis of each cytb data set was
conducted using MrBayes v. 3.2.1 (Ronquist et al.,
2012) on the CIPRES Science Gateway portal
(Miller, Pfeiffer & Schwartz, 2010). The Metropolis
coupled Markov chain Monte Carlo (MCMCMC) com-
mand was used for two simultaneous runs with four
chains (three heated chains, one cold) per 15 000 000
generations, sampling every 1000. Log files were
checked in the program TRACER v. 1.5 (http://beast.
bio.ed.ac.uk/Tracer) to assess convergence of runs
and burn-in was set to remove the first 20% of sam-
pled trees. We performed maximum likelihood (ML)
analyses in the program GARLI v. 2.0 (Zwickl, 2006)
on the CIPRES Science Gateway portal (Miller et al.,
2010). The gene tree with the best likelihood score
was selected from five search replicates. The nodes of
the best ML tree found by the aforementioned five
search replicates were annotated with the proportion
of nodes found by 1000 bootstrap replicates using
SumTrees v. 3.3.1 in the DendroPy v. 3.11 package
(Sukumaran & Holder, 2010).

To account for genetic diversity observed in the
cytb gene tree, we subsampled six F. catenatus, ten
Fundulus sp. cf. catenatus, two F. bifax and F. stel-
lifer, and one F. julisia, F. diaphanus, and F. rath-
buni for the nuclear intron data set. Phylogenetic
analysis of each of the four nuclear intron data sets
followed the same methods of partitioning scheme
and nucleotide substitution model selection, Baye-
sian, and ML analyses.

SPECIES TREE ANALYSIS

Species tree analysis of the subsampled individuals
(six Fundulus catenatus, ten F. sp. cf. catenatus, two
F. bifax and F. stellifer, and one F. julisia,

F. diaphanus, and F. rathbuni) was conducted using
*BEAST v. 1.7.5 (Heled & Drummond, 2010). Species
were designated based on the hypothesis of relation-
ship suggested by the cytb gene tree. The following
methods were used for an all loci (cytb + nuclear
introns) and just nuclear intron data set. An appropri-
ate clock model was determined by performing molec-
ular clock likelihood ratio tests for each locus in
PAUP* v. 4.0b10 (Swofford, 2003). A Yule process spe-
ciation prior was used for branching rates. We applied
similar partitioning schemes and nucleotide substitu-
tion models to analyses of individual genes. Ten inde-
pendent runs of 50 000 000 generations each were
conducted, sampling every 1000 generations. The
MCMCMC log files were analysed in TRACER v. 1.5
(http://beast.bio.ed.ac.uk/Tracer) to assess conver-
gence of the runs, ensure proper mixing, and deter-
mine an appropriate burn-in (first 10% of sampled
trees). LogCombiner v. 1.7.4 (http://beast.bio.ed.ac.uk/
LogCombiner) was used to remove burn-in and com-
bine files; the resulting 10 000 trees were used to pro-
duce a maximum clade credibility tree using
TreeAnnotator v. 1.7.4 (http://beast.bio.ed.ac.uk/
TreeAnnotator).

SPECIES DELIMITATION USING NDNA

To assess the deep split recovered in both the cytb
gene tree and species tree between Fundulus catena-
tus and F. sp. cf. catenatus, we used the program
BAYESIAN PHYLOGENETICS AND PHYLO-
GEOGRAPHY (BP&P v. 2.2: Yang & Rannala, 2010)
to compare a one-species model (F. catenatus com-
bined with F. sp. cf. catenatus) and a two-species
model (F. catenatus and F. sp. cf. catenatus). In
BP&P, we used the reversible-jump Markov chain
Monte Carlo method (Rannala & Yang, 2013) to deli-
mit species and assess cryptic diversity. BP&P
requires a guide tree, species group membership defi-
nitions, and sequence alignments. The guide tree and
species group memberships were assigned according
to our hypothesis of species limits based on the cytb
gene tree (Fig. 2). The phased nuclear introns of six
F. catenatus and ten F. sp. cf. catenatus individuals
were provided as the sequence alignments. To evalu-
ate the influence of some priors and settings we ran
multiple runs for 500 000 generations, sampling
every five generations, and used a burn-in of 50 000
generations. We considered three different combina-
tions of prior distributions of two parameters known
to influence the posterior probability for models,
ancestral population size (Θ) and root age (s) (Yang &
Rannala, 2010): large ancestral population size with
deep divergence amongst species, small ancestral
population size with shallow divergence amongst spe-
cies, and large ancestral population size with small
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divergence amongst species (Leach�e & Fujita, 2010).
As suggested by the user’s manual we set the muta-
tion rate parameter, ‘locusrate’, at 15 to account for
similar rates amongst noncoding loci and ran analy-
sis utilizing both provided reversible-jump Markov
chain Monte Carlo algorithms to ensure similar
results. A posterior probability ≥ 0.95 at the splitting
event of F. catenatus and F. sp. cf. catenatus was con-
sidered strong evidence of two species (following
Leach�e & Fujita, 2010).

To further explore evidence for multiple species,
we utilized a species delimitation method using
Bayes factors described by Grummer, Bryson &
Reeder (2014). This method compares marginal like-
lihood scores, estimated with stepping-stone sam-
pling (Xie et al., 2011), and path sampling (Lartillot
& Philippe, 2006), using Bayes factors. We estimated
species trees for both species delimitation models
using the methods presented in the Species Tree
Analysis section. The sole difference was that the ini-
tial species tree inference was run for 75 000 000
generations, sampling every 1000 generations. Fol-
lowing *BEAST analysis, the initial 20% of sampling
was removed as burn-in, and both path sampling
and stepping-stone sampling were executed for a
chain length of 7 500 000 generations for 300 paths
(totalling 225 000 000 generations). This was carried
out five times to provide evidence of consistent
results. Resulting marginal likelihood scores were
compared as 2Ln (Bayes factors) (where Bayes
factor = marginal likelihood score of one-species
model – marginal likelihood score of a two-species
model). Kass & Raftery (1995) suggested considering
2Ln (Bayes factors) scores of 0–2, 2–6, 6–10, and > 10
as ‘not worth more than a bare mention’, ‘positive’
support, ‘strong’ support, and ‘very strong’ support,
respectively.

POPULATION STATISTICS AND MEDIAN-JOINING

NETWORK

The following summary statistics were assessed
using DnaSP v. 5.10.1 (Librado & Rozas, 2009): sin-
gletons, polymorphic sites, parsimony informative
sites, number of haplotypes, haplotype diversity, and
nucleotide diversity.

A cytb haplotype network was constructed by the
median-joining method (Bandelt, Forster & R€ohl,
1999) in the program NETWORK v. 4.6.1.2 (fluxus-
engineering.com). The data set contained all individ-
uals sampled and was trimmed to the shortest
sequences (934 bp) because large amounts of missing
data in a sequence led to a large number of unverifi-
able ‘unique’ haplotypes. All default settings were
used with the one exception of the switching para-
meters frequency > 1 criterion being set to active.

NEUTRALITY TESTS

We explored possible population expansion using a
coalescent-based approach with Fu’s FS (Fu, 1997)
and Ramos-Onsins and Rozas’ R2 (Ramos-Onsins &
Rozas, 2002). We used both methods as we have vary-
ing sample sizes, and tests run by Ramos-Onsins &
Rozas (2002) found R2 to function better for small
sample sizes, whereas FS behaved best for large sam-
ple sizes. The following populations were selected
based on median-joining network: F. sp. cf. catenatus
(excluding Mississippi and Ouachita), F. sp. cf. cate-
natus (Ouachita), and F. catenatus. The southern Mis-
sissippi population of F. sp. cf. catenatus was excluded
from this analysis owing to limited sampling (ten indi-
viduals). FS and R2 were calculated and coalescent
simulations were run given segregating sites for
10 000 replicates in the program DnaSP v. 5.10.1. Sig-
nificantly negative values of FS (P-value < 0.02) and
significant R2 (<0.05) suggest an excess of rare haplo-
types, indicative of non-neutral processes such as
recent demographic expansion or genetic hitchhiking
(Fu, 1997; Ramos-Onsins & Rozas, 2002).

RESULTS

SEQUENCING AND ALIGNMENTS

We successfully sequenced cytb for 24 individuals of
F. catenatus and 104 individuals of F. sp. cf. catena-
tus and subsampled six F. catenatus and ten F. sp.
cf. catenatus to represent major clades for all four
nuclear introns. The longest sequences in each gene
alignment were 1085 bp (cytb), 478 bp (stx5a),
428 bp (ncl1), 999 bp (rpsa), 1536 bp (rps3) (Support-
ing Information Table S1). The cytb data set was
reduced from 128 to 59 individuals after removing
duplicate haplotypes. Rps3 and stx5a contained long
indel regions, which were found only in the outgroup
species F julisia and F. rathbuni, and subsequently
removed from the alignments prior to all analyses.

MODEL SELECTION

The best-fitting partitioning schemes and models of
nucleotide substitution selected for use in Bayesian
and maximum likelihood gene tree analyses were as
follows: cytb by codon position (F81, GTR + Γ,
K80 + Γ), ncl1 (JC + Γ), rps3 (HKY + Γ), rpsa
(HKY + Γ), and stx5a (K80 + Γ). The models of nucleo-
tide substitution were adjusted as follows to fit options
available in the program *BEAST: cytb (all positions
GTR + Γ) and all nuclear introns (HKY + Γ).

Phi tests detected no evidence for recombination
in any of the nuclear genes at a significance level of
0.05. The likelihood ratio test rejected the molecular
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clock for cytb and rps3. As such, in the species tree
analyses cytb and rps3 were assigned a relaxed
clock uncorrelated exponential model and ncl1, rpsa,
and stx5a were assigned a strict molecular clock
model.

MITOCHONDRIAL AND NUCLEAR GENE TREES

The monophyly of the F. catenatus species group
(F. catenatus, F. sp. cf. catenatus, F. bifax, and
F. stellifer) was strongly supported by the cytb gene
tree (posterior probability (pp) = 1.0, ML = 99;
Fig. 3). Fundulus catenatus, F. bifax, and F. stellifer
form a well-supported clade (pp = 0.95, ML = 76)
sister to F. sp. cf. catenatus (pp = 1.0, ML = 80;
Fig. 1). Within F. catenatus there are three well-
supported clades formed by individuals from Bear
Creek in far north-east Mississippi (pp = 0.99,
ML = 76), Upper Tennessee River (upstream of
Guntersville, AL; pp = 0.99, ML = 68), and Buffalo
River (including tributaries such as the Duck River;
pp = 0.99, ML = 99) (Fig. 3). Fundulus sp. cf. cate-
natus had less geographical structure, as only the
isolated Mississippi (pp = 1.0, ML = 97) and Oua-
chita individuals (pp = 1.0, ML = 92) formed well-
supported clades.

The gene trees for all nuclear introns had some
geographical structure (Fig. S1). Fundulus catenatus
and F. sp. cf. catenatus were often recovered as
monophyletic, but not reciprocally so, and the rela-
tionship between these two clades was not fully
resolved for any nuclear locus. All gene trees, except
stx5a, provided strong support for the monophyly of
the F. catenatus species group (F. catenatus, F. sp.
cf. catenatus, F. bifax, and F. stellifer).

SPECIES TREE ANALYSIS

Species tree analysis of all loci in *BEAST provided
strong support for the F. catenatus species group
(pp = 0.98) and a clade with F. catenatus, sister to
F. sp. cf. catenatus (pp = 0.99; Fig. 4A). Species tree
analysis of just nuclear loci in *BEAST provided the
same topology with reduced support for each clade.
In this analysis the sister relationship between
F. bifax and F. stellifer is not strongly supported
(pp = 0.72, 0.68 respectively; Fig. 4B).

SPECIES DELIMITATION

There is substantial evidence for two Fundulus spe-
cies currently recognized as F. catenatus: F. catena-
tus in the Tennessee River and its tributaries, and
F. sp. cf. catenatus, occupying the rest of the range.
All posterior probability distributions for all BP&P
runs delimited F. catenatus and F. sp. cf. catenatus
as separate species (pp = 1.0). These results were
replicated by all iterations tested on prior distribu-
tions of two parameters known to influence the pos-
terior probability for models, ancestral population
size (Θ) and root age (s). Additionally, most fine-tune
MCMCMC move acceptance proportions were opti-
mal, 0.30, and all were in the interval (0.15, 0.7) sug-
gested by the BP&P manual.

A two-species model is strongly supported over a
one-species model based on hypothesis testing using
BayesFactors. All five independent path sampling
and stepping-stone procedures sampling executed in
*BEAST resulted in very similar marginal likelihood
scores and ultimately Bayes factors greater than 10,
all between the narrow range of 92–98.

Figure 4. Phylogenies from species tree analysis conducted in *BEAST. Posterior probabilities listed at all nodes. A, all

loci [cytochrome b + nuclear DNA (nDNA)]; B, nDNA. Scale bar represents substitutions per site.
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POPULATION STATISTICS AND MEDIAN-JOINING

NETWORK

The median-joining haplotype network for cytb sepa-
rated F. sp. cf. catenatus from F. catenatus by at
least 49 nucleotide substitutions (Fig. 3). Within each
of these two large clusters is some geographical struc-
ture. For example, F. sp. cf. catenatus is divided into
two large clusters; one from the Ouachitas separated
by at least six nucleotide substitutions from the other
cluster with several widespread haplotypes and one
restricted haplotype (Mississippi population). Within
F. catenatus there appear to be three distinct popula-
tions including one separated by at least 13 nucleo-
tide substitutions from its nearest haplotype.

NEUTRALITY TESTS

Fundulus sp. cf. catenatus (minus Mississippi and
Ouachita) was the only group to exhibit significantly
negative Fu’s FS (FS = �21.62, P-value 0.0001) and
significant R2 (R2 = 0.03, P-value = 0.0003; Table 2).
Fundulus catenatus from Ouachita and F. catenatus
(Tennessee River) both had nonsignificant results for
Fu’s FS and R2 (Table 2).

DISCUSSION

Phylogenetic analysis of cytb sequence data indicates
that F. catenatus sensu lato is paraphyletic, corrobo-
rating Strange & Burr (1997). The observed groups
largely conflict with ‘populations’ based on morpho-
logical variation reported by Thomerson (1969), but
clearly indicate the presence of four distinct studfish
lineages: F. bifax and F. stellifer in the Mobile Basin,
F. catenatus in the Tennessee River and its tribu-
taries, and an undescribed species, F. sp. cf. catena-
tus, present across the rest of the range (Fig. 3). The
short branches at the base of the cytb tree may indi-
cate that the four taxa rapidly diverged. In this situ-
ation, one would expect differences between gene
trees and species trees, although mitochondrial and
nuclear gene tree discord is generally rare (Bowen
et al., 2014).

Species tree analysis, based on nuclear loci (nDNA)
and all loci (cytb + nDNA), supports a monophyletic
F. catenatus species group (Fig. 4), consistent with
the analyses of mitochondrial sequences. The support
for monophyly of the Mobile Basin taxa was low
(pp = 0.72), again suggesting that speciation within
the F. catenatus group occurred over a short time
period (Fig. 4A). However, unlike the cytb tree,
F. catenatus plus F. sp. cf. catenatus is mono-
phyletic, sister to a monophyletic group containing
the Mobile Basin taxa, F. bifax and F. stellifer. This
hypothesis is consistent with phylogenetic patterns T
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in other fish taxa (Berendzen, Simons & Wood, 2003;
Near & Keck, 2005; Roe, Mayden & Harris, 2008)
and is reflected in hypotheses of drainage relation-
ships in synthetic biogeographical analyses (Mayden,
1988; Hoagstrom, Ung & Taylor, 2014). Near & Keck
(2005) and Roe et al. (2008) suggested a vicariance
event separating what is now the Upper Tennessee
River from the Mobile Basin, in the middle to late
Miocene, consistent with the formation of a drainage
system similar to the modern Tennessee River (Gal-
loway, Whiteaker & Ganey-Curry, 2011; Hoagstrom
et al., 2014).

The species delimitation analyses, based on
nuclear loci, corroborate the hypothesis of cryptic
diversity. We argue that the northern studfishes
comprise at least two cryptic taxa, one occupying the
Tennessee and Buffalo rivers, and a second occupy-
ing the rest of the range. The type specimen of
F. catenatus was collected in Florence, Alabama
(Storer, 1846); thus, the Tennessee and Buffalo riv-
ers contain the nominal species. Studies based on
morphological and molecular data have demon-
strated other cryptic species in the Eastern High-
lands and recent work has demonstrated that
phylogeographical patterns amongst taxa exhibit
similarities but rarely congruence (Strange & Burr,
1997; Harrington & Near, 2012; Halas & Simons,
2014), indicating that the rivers of the Eastern High-
lands have a long and complex geographical history.

Analyses of the cytb data indicate that F. catenatus
has substantial population structure with evidence
for at least three distinct populations, Buffalo River,
Upper Tennessee River, and Bear Creek, suggesting
little or no gene exchange between them. It is unclear
why F. catenatus would exhibit so much genetic
structure across a relatively small geographical area,
particularly as many of the other taxa inhabiting the
Tennessee and Cumberland rivers show genetic sub-
division within each of those systems (Hollingsworth
& Near, 2009; Keck & Near, 2010; Halas & Simons,
2014). This is in stark contrast to F. sp. cf. catenatus,
which exhibits very little genetic structure across a
much larger range. This may reflect an interaction
between dispersal behaviour in F. catenatus and the
physiography of the Tennessee and Buffalo rivers. It
may also reflect species-specific dispersal behaviours
between the two species. Differences in dispersal
between closely related species was observed in the
Etheostoma zonale species group, with E. zonale
replacing a closely related cryptic species via intro-
gression as E. zonale expands its range upstream
(Halas & Simons, 2014).

Fundulus sp. cf. catenatus occupies a much greater
geographical area (Figs 2, 3) than F. catenatus.
Three genetically distinct clusters are evident: Oua-
chita Highlands, Mississippi, and remaining samples

from the rest of the range. The Ouachita Highlands
haplotypes form a monophyletic group, sister to all
remaining haplotypes of F. sp. cf. catenatus. The
Ouachita and Red rivers drain the Ouachita High-
lands and contain several endemic highland fish spe-
cies, or distinct populations (Mayden, 1985),
indicative of a long period of isolation. Several clades
exhibit patterns similar to F. sp. cf. catenatus, where
the Ouachita and Red river taxa are sister to a lar-
ger and more widely distributed clade (Berendzen
et al., 2008; Blum et al., 2008; Egge & Simons,
2011). Other taxa with populations in the Ouachita
Highlands do not indicate differentiation between
the Ouachita Highlands and other areas (Halas &
Simons, 2014), suggesting that the Ouachita High-
lands taxa are not the same age and that there have
been multiple dispersals into this area.

Fundulus sp. cf. catenatus isolated in southern
Mississippi are also monophyletic but are nested
within the non-Ouachita F. sp. cf. catenatus clade
(Fig. 3). Other relict highland taxa are present in
and near the Homochitto-Amite basins, including
Chrosomus erythrogaster (S. Martin, pers. comm.),
Hypentelium nigricans (Berendzen et al., 2003), and
Etheostoma caeruleum (Ray, Wood & Simons, 2006).
Unlike F. sp. cf. catenatus, these taxa are nested
within a widespread Mississippi River clade rather
than forming a distinct monophyletic group.

The remainder of the range of F. sp. cf. catenatus,
extending from eastern Kentucky, west to Oklahoma
and from Arkansas north to Indiana (Fig 2), is char-
acterized by the presence of widespread haplotypes
with no evidence of haplotypes restricted to particu-
lar geographical locations (Fig. 3). The haplotype dis-
tributions and significantly negative values for FS

and R2 suggest that F. sp. cf. catenatus (minus the
Mississippi and Ouachita samples) has undergone
recent population expansion accompanied by disper-
sal (Table 2). This dispersal was probably followed
by at least one contraction of the range, leaving indi-
viduals isolated in small tributaries to the East Fork
White River, Indiana. There are many examples of
northern expansion of the ranges of highland fishes
into the upper Mississippi and upper Ohio river sys-
tems following the Pleistocene glaciations (Near,
Page & Mayden, 2001; Simons, 2004; Echelle et al.,
2014; Halas & Simons, 2014). Fundulus sp. cf. cate-
natus differs from these in that it has not dispersed
extensively into previously glaciated areas. It is pos-
sible that the population expansion of F. sp. cf. cate-
natus is a relatively recent phenomenon, occurring
after northward dispersal corridors were no longer
accessible. There is some evidence for ongoing expan-
sion of the range of this taxon via stream capture
and other mechanisms. Thomerson (1969) mentioned
a number of recent locality records that suggest
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F. sp. cf. catenatus is expanding its range in the
Ozark Highlands via unknown means, and Branson
& Batch (1971) hypothesized recent range expansion
into the Kentucky River system via stream captures
from the Salt River.

This study was designed to investigate the observa-
tion of paraphyly of F. catenatus and F. sp. cf. catena-
tus with respect to Mobile Basin taxa and thus did not
address other potentially cryptic taxa in this group.
Within F. catenatus, the large number of steps in the
haplotype network between samples from the Duck
River, Upper Tennessee River and Bear Creek (Fig. 3)
suggests an extensive period of isolation. This area is
rife with endemic taxa with restricted ranges (Har-
rington & Near, 2012; Keck & Near, 2013) and other
cryptic taxa have been identified from the Upper Ten-
nessee River (Halas & Simons, 2014). It is possible
that F. sp. cf. catenatus also contains additional
cryptic diversity, notably the Ouachita Highlands
population. The cytb tree and haplotype network
demonstrate that this group is monophyletic, sister to
the rest of F. sp. cf. catenatus. The Ouachita High-
lands individuals were identified as morphologically
distinct by Thomerson (1969), and again, this area has
a number of endemic taxa. Furthermore, our sampling
did not include the upper Red River of Arkansas and
Oklahoma. In order to further explore species limits in
Ouachita Highlands F. sp. cf. catenatus and the three
distinct populations of F. catenatus more individuals
and molecular loci need to be sampled.

CONCLUSION

We used a multilocus approach to identify cryptic
diversity and resolve the phylogenetic relationships
of the widely distributed North American studfishes.
We discovered one species restricted to the Ten-
nessee River and its tributaries, and a second, wide-
spread species that has undergone a recent
population expansion. It is possible that both of these
species contain additional cryptic taxa, but a critical
assessment of this is beyond the reach of our data.
We were able to corroborate our hypothesis of cryptic
diversity, which derived from analysis of mitochon-
drial data and demonstrated that the phylogenetic
relationships identified using only mitochondrial
data were misleading, probably because the events
leading to isolation and speciation occurred over a
relatively short period of time.
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Figure S1. Resulting gene trees of nuclear DNA introns (stx5a, ncl1, rpsa, and rps3) from phylogenetic analy-
sis in a Bayesian framework. Tips represent unique haplotypes. Circles indicate clades supported by ≥ 0.95
Bayesian posterior probabilities.
Table S1. List of species sampled, catalogue number, locality, and GenBank accession number for molecular
loci sampled.

© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016

14 P. J. HUNDT ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/180/2/461/3868637 by guest on 24 April 2024


