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Climatic and geological processes associated with glaciation cycles during the Pleistocene have been implicated in influencing

patterns of genetic variation and promoting speciation of temperate flora and fauna. However, determining the factors promoting

divergence and speciation is often difficult in many groups because of our limited understanding of potential vicariant barriers

and connectivity between populations. Pleistocene glacial cycles are thought to have significantly influenced the distribution

and diversity of subterranean invertebrates; however, impacts on subterranean aquatic vertebrates are less clear. We employed

several hypothesis-driven approaches to assess the impacts of Pleistocene climatic and geological changes on the Northern Cavefish,

Amblyopsis spelaea, whose current distribution occurs near the southern extent of glacial advances in North America. Our results

show that the modern Ohio River has been a significant barrier to dispersal and is correlated with patterns of genetic divergence.

We infer that populations were isolated in two refugia located north and south of the Ohio River during the most recent two

glacial cycles with evidence of demographic expansion in the northern isolate. Finally, we conclude that climatic and geological

processes have resulted in the formation of cryptic forms and advocate recognition of two distinct phylogenetic lineages currently

recognized as A. spelaea.
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Pleistocene glacial ice sheets have advanced several times south-

ward from the Canadian Arctic during the last 2.7 million years.

These glacial advances and associated climatic fluctuations have

shaped the distributions and patterns of genetic variation of many

temperate flora and fauna (Pielou 1991; Hewitt 2000, 2004) and

have played a key role in promoting speciation in several lineages

(Johnson and Cicero 2004; Ribera and Vogler 2004). In addi-

tion to isolating populations in multiple refugia south of the ice

sheets, glacial cycles during the Pleistocene dramatically altered

hydrological flows and even formed new river systems in North

America that may be important geological barriers to gene flow

in amphibians (Kozak et al. 2006; Lemmon et al. 2007). These

cycles resulted in genetic divergence and potentially facilitated

speciation in several other groups (Carstens and Knowles 2007),

including several lineages of ray-finned fishes (Mayden 1988;

Strange and Burr 1997; Berendzen et al. 2003).

Pleistocene glacial advances also had a significant impact on

the distribution and diversity of subterranean fauna in the North-

ern Hemisphere (Porter et al. 2007; Folquier et al. 2008; Culver

and Pipan 2009, 2010). Troglobites (obligate subterranean fauna)

are largely absent from formerly glaciated areas and it is thought

that most fauna located north of the southern limit of Pleistocene

glaciers were extirpated as a result of dramatic changes in cli-

matic and hydrological conditions, including declines in ground-

water temperatures, altered hydrological regimes, and lower al-

lochthonous organic inputs (Peck and Christiansen 1990). How-

ever, a few invertebrate species (primarily aquatic) are found in

caves of formerly glaciated regions and their existence reflects ei-

ther post-glacial colonization from ice-free regions or survival in

subglacial refugia (Holsinger 1980; Lewis 1983; Peck and Chris-

tiansen 1990; Kristjansson and Svavarsson 2007; Kornobis et al.

2010).

During glacial maxima of the Pleistocene, most of North

America was completely covered by glaciers reaching as far south

as the modern Ohio River in southern Indiana and Ohio in the east-

ern United States. However, much of the narrow arc of karst in the

Crawford-Mammoth Cave Uplands and Mitchell Plain in south-

central Indiana remained free of ice (Fig. 1), and this region may

have served as a periglacial refugium for many small, invertebrate

troglobites and the source of migrants for subterranean habitats

in adjacent, previously glaciated regions (Lewis 1983). Alterna-

tively, periglacial conditions in south-central Indiana may have

been too harsh for many troglobitic species and current subter-

ranean biodiversity in this region would then reflect post-glacial

colonization from karst areas to the south (Barr 1960; Niemiller

and Poulson 2010). However, many species of Pseudanophthal-

mus caves beetles appear to have persisted in periglacial refugia

in southern Indiana (Barr 1960). Although some smaller inver-

tebrates likely persisted throughout the Pleistocene in periglacial

(e.g., Pseudanophthalmus cave beetles), or in some cases even

Figure 1. Map showing the distribution and sampling localities

of Amblyopsis spelaea with respect to the Ohio River (bold dark

grey line). Numbered localities correspond to populations listed in

Table 1. Black circles represent populations belonging to the north-

ern group whereas white circles represent populations belonging

to the southern group. Populations exist within the Crawford-

Mammoth Cave Uplands (lighter grey) and Mitchell Plain (darker

grey) ecoregions in an area that remained unglaciated throughout

the Pleistocene. The southern extent of Pleistocene glaciations is

indicated by a dashed black line.

subglacial (e.g., groundwater amphipods in Iceland) refugia, sim-

ilar evidence for larger troglobites that occupy higher trophic lev-

els in subterranean ecosystems, such as crayfishes and cavefishes,

is largely lacking.

Drainage patterns in this region were very different before the

Pleistocene when present-day tributaries of the Ohio River were

headwater drainages in eastern Kentucky to the ancient Teays

River (Gray 1991; Fig. 1 in Teller and Goldthwait 1991). The

modern course of the Ohio River formed approximately 0.8 mya

(Gray 1991) associated with multiple episodes of glacial melt-

water discharge and upstream drainage capture by the Old Ohio

River following the overflow and draining of Lake Tight (Teller

and Goldthwait 1991). Although initially shallow, the modern

Ohio River is now deeply entrenched through cave-bearing strata
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throughout portions of its course through the Crawford-Mammoth

Cave Uplands and Mitchell Plain. The river is now 75 m below the

bottom of the Teays-aged valleys and has completely bisected the

cave-bearing St. Genevieve and St. Louis limestones in parts of its

course (Teller and Goldthwait 1991) likely isolating cave faunas

on either side of the river. Even in areas where cave-bearing strata

have not been completely bisected, it is highly likely that caverns

or solution channel networks below the Ohio River were quickly

filled by sediment or glacial outwash, as water velocities contin-

ually decreased as the Ohio River became larger with less of a

gradient (McCandless 2005). If the Ohio River has been a barrier,

then we should observe genetic divergence between populations

north and south of the river correlated with timing of formation

of the modern course of the Ohio River. However, several troglo-

bitic species are distributed both north and south of the modern

Ohio River (Hobbs et al. 1977; Niemiller and Poulson 2010) and

it is unclear whether the river truly is a significant obstacle to

gene flow or if divergence predates the formation of the Ohio

River and the Pleistocene altogether. In addition, patterns of ge-

netic variation and divergence may be shaped by other factors,

such as geologic factors or climatic events unrelated to the Pleis-

tocene (Juan and Emerson 2010; Juan et al. 2010, and references

therein). For example, several phylogeographic studies of subter-

ranean fauna have found that diversification often is associated

with climatic or geologic events that predate the Pleistocene (e.g.,

Ribera et al. 2010; Faille et al. 2010).

The Northern Cavefish (Amblyopsis spelaea) is a teleost

fish (family Amblyopsidae) that occurs in subterranean waters

throughout the narrow arc of karst of the Crawford-Mammoth

Cave Uplands and Mitchell Plain from south-central Indiana to

the Mammoth Cave area of central Kentucky (Niemiller and Poul-

son 2010). The distribution of A. spelaea north of the modern

Ohio River in Indiana lies within the area that remained ice

free throughout the Pleistocene but occurs as close as 16 km

from the glacial maxima during the Illinoian glaciation (300–

130k years before present). The divergence of A. spelaea from

its closest surface-dwelling relatives (Forbesichthys agassizii and

F. papilliferus) occurred 4.0 to 7.9 mya (Niemiller et al. 2013),

suggesting a much longer history of subterranean isolation than

the well-known Mexican cave tetra, Astyanax mexicanus, which

appears to have several more recent and independently derived

cave populations (Porter et al. 2007). However, patterns of ge-

netic divergence among A. spelaea populations have not yet been

investigated. Moreover, several recent studies have documented

significant cryptic diversity in aquatic subterranean fauna often

associated with hydrological drainages (Verovnik et al. 2003;

Finston et al. 2007; Niemiller et al. 2012). Because its distri-

bution includes at least seven hydrological basins, A. spelaea

might comprise several morphologically cryptic lineages, as

has been documented in other amblyopsid cavefishes (Niemiller

et al. 2012), in which divergence and genetic structure have been

shaped by past geological and climatic processes. Limited data

on rudimentary eye size and pigmentation suggest that the Ohio

River might indeed be a barrier (Poulson 1960).

We hypothesize that patterns of genetic variation in

A. spelaea have been influenced by both geological and climatic

processes that occurred during the Pleistocene. We take an integra-

tive hypothesis-testing approach to assess the roles of vicariance

and dispersal and to examine if cryptic diversity is consistent with

the evolutionary history of A. spelaea. First, we assess if the for-

mation of the Ohio River is correlated with the partitioning of

genetic variation and divergence within A. spelaea. Along this

vein, we also investigate whether genetic variation may be as-

sociated with other factors, including hydrological boundaries of

surface subbasins and geologically defined ecoregions. Second,

we determine if climatic fluctuations significantly influenced ge-

netic diversity by assessing whether the current distribution of

A. spelaea reflects persistence throughout the Pleistocene in situ

or isolation in periglacial refugia followed by colonization north-

ward. We employ a multilocus dataset to address these questions

by correlating fossil-calibrated, coalescent-based divergence time

estimates among lineages to the timing of geological and climatic

events and by examining and comparing levels of genetic variation

throughout the distribution of A. spelaea.

Materials and Methods
SPECIMEN SAMPLING

We collected specimens or tissue samples (fin clips) from 72 in-

dividuals of 16 populations across the distribution of A. spelaea

(Fig. 1) in Indiana and Kentucky (Table 1). The distribution of

A. spelaea is largely continuous; however, the species is found in

two distinct clusters of populations south of the Ohio River: one

in the Mammoth Cave region in south-central Kentucky and the

other in Breckinridge Co., Kentucky, primarily within the Sinking

Creek drainage, which flows into the Ohio River. These clusters

are likely separated from each other by the Rough Creek Fault

Zone (also known as the Hart County Ridge) from Hart County

to Webster and Union counties in Kentucky. Few localities are

known outside these two regions and recent surveys of caves in

the vicinity of the Rough Creek Fault Zone failed to yield cave-

fish. Consequently, our sampling south of the Ohio River focused

on the core set of populations in Breckinridge County closest to

the Ohio River relevant to the questions addressed in this study.

We also included in our analyses samples or sequences for all

other amblyopsid cavefishes as outgroups, including Chologaster

cornuta, F. agassizii, F. papilliferus, Speoplatyrhinus poulsoni,

Troglichthys rosae, Typhlichthys eigenmanni, and T. subterraneus

for divergence time analyses. Samples and sequences of other
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Table 1. Locality information, including cave, county, state, sample, hydrological basin and subbasin, and ecoregion, and haplotype

numbers observed at each locality for 16 populations of Amblyopsis spelaea. Eleven populations (n = 36) were sampled north (N) and

five populations (n = 36) south (S) of the Ohio River.

No. Group Locality Abbrev. County State n Basin: Subbasin Ecoregion nd2 s7 rag1 tbr rho

1 N BB Hole BBH Crawford IN 2 Lower Ohio:
Blue-Sinking

Crawford-
Mammoth Cave
Uplands

1 1 1 1 1

2 N Eric’s River Cave ERI Crawford IN 4 Lower Ohio: Blue-
Sinking

Crawford-
Mammoth Cave
Uplands

3, 6 1 1 1 1

3 N Marengo New
Discovery

MND Crawford IN 3 Lower Ohio: Blue-
Sinking

Mitchell Plain 1 1 1 1 1

4 N Black Medusa Cave BLM Harrison IN 5 Lower Ohio: Blue-
Sinking

Mitchell Plain 1 1 1 1 1

5 N Blue Springs
Caverns

BLS Lawrence IN 11 Wabash: Lower
East Fork White

Mitchell Plain 1 1 1 1 1

6 N Donaldson Cave DON Lawrence IN 3 Wabash: Lower
East Fork White

Mitchell Plain 2 1 1 1 1

7 N Henshaw Bend
Cave

HSB Lawrence IN 1 Wabash: Lower
East Fork White

Crawford-
Mammoth Cave

5 1 1 1 1

Uplands
8 N Upper Twin Cave UPT Lawrence IN 1 Wabash: Lower

East Fork White
Mitchell Plain 7 1 1 1 1

9 N Elrod Cave ELR Orange IN 1 Wabash: Lower
East Fork White

Mitchell Plain 1 2 1 1 1

10 N Murray Spring
Cave

MSP Orange IN 1 Wabash: Lower
East Fork White

Mitchell Plain 1 1 2 1 1

11 N Spring’s Spring
Cave

SPR Orange IN 4 Wabash: Patoka Crawford-
Mammoth Cave
Uplands

1, 4 1 1, 3 1 1

12 S Bandy Cave BND Breckinridge KY 3 Lower Ohio: Blue-
Sinking

Crawford-
Mammoth Cave
Uplands

10 2 1 2 2

13 S Penitentiary Cave PEN Breckinridge KY 11 Lower Ohio: Blue-
Sinking

Crawford-
Mammoth Cave
Uplands

8 2 1, 4 1 2

14 S Rimstone Cave RIM Breckinridge KY 10 Lower Ohio: Blue-
Sinking

Crawford-
Mammoth Cave
Uplands

8 2 1 1 2

15 S Under the Road
Cave

UTR Breckinridge KY 4 Lower Ohio: Blue-
Sinking

Crawford-
Mammoth Cave
Uplands

8, 11 2 1, 4 1 2

16 S Webster Cave WEB Breckinridge KY 8 Lower Ohio: Blue-
Sinking

Crawford-
Mammoth Cave
Uplands

8,9 2 1 1, 3 2

related species that represent major lineages of percopsiform

fishes (Aphredoderus gibbosus, A. sayanus, Percopsis omisco-

maycus, and P. transmontana) were also included because the

fossil constraints employed to estimate divergence dates fall out-

side the amblyopsid clade (Niemiller et al. 2013).

DNA EXTRACTION, POLYMERASE CHAIN REACTION

(PCR), AND SEQUENCING

Genomic DNA was extracted using Qiagen DNEasy kits (Qiagen

Inc.) or by standard phenol–chloroform methods. We used PCR to

amplify all or parts of one mitochondrial and four nuclear genes

(Table S1) following previous published protocols (Niemiller

et al. 2012, 2013), including mitchondrial NADH dehydrogenase

2 (nd2) and nuclear intron 1 of ribosomal protein s7 (s7), exon 3

of recombination activating gene 1 (rag1), rhodopsin (rho), and

T-box brain 1 (tbr1). Purified PCR products were sequenced at

the Molecular Biology Resource Facility, Division of Biology,

University of Tennessee. Our dataset was also supplemented with

available sequences previously accessioned on GenBank for re-

lated studies (Niemiller et al. 2012, 2013).
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Sequences were aligned and edited in SEQUENCHER v4.5

(Gene Codes) with resulting contigs aligned in MACCLADE v4.07

(Maddison and Maddison 2005). Alleles of nuclear sequences

that contained more than one heterozygous site were inferred

in a Bayesian framework with PHASE v2.1 (Stephens et al.

2001; Stephens and Scheet 2005) using 10,000 iterations and

a burn-in of 10,000 generations. To check for consistency of re-

sults, haplotype frequency estimates and goodness-of-fit mea-

sures from three independent runs were compared. No sequences

were excluded from analyses. We accessioned unique DNA

sequences generated during this study into GenBank (JX977875–

JX979154).

ESTIMATION OF GENE TREES AND HAPLOTYPE

NETWORKS

Gene trees for each locus were constructed using partitioned

Bayesian analyses, and posterior probabilities were estimated

with the MCMC algorithm implemented in MRBAYES 3.1 (Ron-

quist and Huelsenbeck 2003). All loci are protein coding and were

partitioned by codon with the exception of the first intron of ribo-

somal protein s7. The best-fit models of molecular evolution for

each partition were selected using the Akaike’s information cri-

terion (AIC) implemented in MODELTEST v3.7 (Posada and Cran-

dall 1998). Conditions for the MCMC followed Niemiller et al.

(2012). Samples from the stationary distribution of trees were

used to generate 50% majority-rule consensus trees for each lo-

cus. We also constructed unrooted statistical parsimony haplotype

networks for all loci in TCS v1.21 (Clement et al. 2000) to visu-

alize the number of mutations between groups of populations.

TESTS FOR BARRIERS TO DISPERSAL

To examine whether the Ohio River has been a significant barrier

to dispersal among populations, we conducted a partial Mantel

test on each locus (Mantel 1967; Smouse et al. 1986) to test for a

correlation between genetic distance and position relative to the

Ohio River while controlling for geographic distance. If the river

is a barrier, then genetic distances between pairs of populations

on the same side of the river should be lower than genetic dis-

tances between pairs of populations spanning the river. We first

computed a matrix of pairwise uncorrected genetic distances for

each, whereas a matrix of binary variables was calculated where

the position of two populations relative to the Ohio River was

coded as either occurring on the same side or on opposite sides of

the river. Then we calculated a matrix of geographic distances as

the great-circle distance between a pair of populations. All partial

Mantel tests were calculated using ZT v1.1 (Bonnet and Van de

Peer 2002) with 100,000 permutations.

As an additional test of the Ohio River barrier hypothe-

sis, we grouped populations by regions north and south of the

Ohio River and used hierarchical analyses of molecular variance

(AMOVA; Excoffier et al. 1992) implemented in ARLEQUIN v3.5

(Excoffier and Lischer 2010) using uncorrected pairwise distances

and 10,000 permutations. Hierarchical AMOVA partitions the to-

tal genetic variance into covariance components due to differ-

ences among a priori groups, among populations within groups,

and within populations. As an alternative to the Ohio River bar-

rier, we also examined the partitioning of genetic variation by

hydrological subbasins and ecoregions (Table 1). Interconnectiv-

ity of drainage basins and ecoregions shape genetic structure in

other aquatic, subterranean taxa in the Interior Highlands of east-

ern North America (Niemiller et al. 2008, 2012) and may also

have had an effect on patterns of genetic structure in A. spelaea.

We conducted both partial Mantel tests and AMOVAs as outlined

above but grouping populations by hydrological subbasins and

ecoregions.

DIVERGENCE TIME ESTIMATES

If the formation of the Ohio River has been a significant bar-

rier facilitating divergence in A. spelaea, then the date of this

geological event (ca. 0.8 mya; Gray 1991) should fall within

the confidence intervals for the estimated divergence time be-

tween populations north and south of the river. To investigate

timing of diversification, we estimated divergence times using the

Bayesian, coalescence-based program ∗BEAST v1.6.1 (Drum-

mond and Rambaut 2007; Heled and Drummond 2010) in a

species tree framework that uses multilocus data to jointly esti-

mate multiple gene trees embedded in a shared species tree under

the multispecies coalescent. We included five samples from each

Amblyopsis group (north and south of the Ohio River) and two

from all other percopsiform species. Sequence data were parti-

tioned by locus and by codon position for protein-coding loci.

Partition-specific models of nucleotide substitution (Table S1)

were implemented, all parameters were unlinked across loci (not

across data partition), and an uncorrelated lognormal (UCLN)

model of rate variation was assumed for each partition. A Yule

process speciation prior was used for the branching rates.

Because no amblyopsid fossils exist, we used two fossil cal-

ibration age prior distributions from non-amblyopsid fossil taxa.

†Tricophanes foliarum Cope (1872) is known from the Oligocene

and shares common ancestry with Aphredoderus (Rosen 1962;

Rosen and Patterson 1969). The age of the node containing

the Aphredoderidae and Amblyopsidae was calibrated using

the age of this fossil. We chose a lognormal distribution such

that the minimum possible sampled age corresponded to 33.9

Ma. †Lateopisciculus turrifumosus (Murray and Wilson 1996) is

known from the Paleocene and shares common ancestry with Per-

copsis (Murray and Wilson 1996). We calibrated the most recent

common ancestor of Percopsiformes using the age of this fossil,

choosing a lognormal distribution such that the minimum possi-

ble sampled age corresponded to 58.7 Ma. Following McCormack
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et al. (2011), we hand-edited the XML file to incorporate fossil pri-

ors on the species tree. We conducted three independent MCMC

runs for 100 million generations for each analysis, sampling ev-

ery 2000 generations. All runs were examined in TRACER v1.5 to

monitor convergence and likelihood stationarity and verify that an

effective sample size (ESS) exceeded 200 for all parameters being

estimated. A conservative burn-in of 40 million generations was

excluded from each run. The tree and log files were combined

using LOGCOMBINER (v1.6.1, distributed as part of the BEAST

package). The maximum credibility tree with mean node heights

was recovered in TREEANNOTATOR (v1.6.1, distributed as part of

the BEAST package).

TESTS FOR POPULATION EXPANSION

If periglacial conditions were too harsh, even in subterranean

habitats, then the present-day distribution of A. spelaea would

reflect range expansion from areas further south. If this were the

case, then we predict that populations north of the Ohio River

would have lower genetic variation than populations south of the

river and there would be a signal of recent population growth

north of the Ohio River over the last 10 to 20 thousand years. We

calculated measures of genetic diversity, including the number of

unique haplotypes (K), the number of segregating sites (S), and

nucleotide diversity (π), in ARLEQUIN for each group of popula-

tions north and south of the Ohio River and overall for each locus.

To test for departures from neutrality or constant popula-

tion size, we calculated the summary statistics Fs (Fu 1997),

Tajima’s D (Tajima 1989), and R2 (Ramos-Onsins and Rozas

2002). Significant negative values of Fs and Tajima’s D and small

positive values of R2 indicate population growth. Neutrality tests

on each locus were performed in DNASAM (Eckert et al. 2010) for

each group of populations (north and south) and all populations

combined. Significance was determined by 10,000 permutations.

We also reconstructed the demographic history of A. spelaea

using GMRF skyride plots (Minin et al. 2008) implemented in

BEAST. GMRF skyride plots are a nonparametric approach that

incorporates the waiting time between coalescent events in a gene

tree to estimate changes in effective population size over time. We

constructed GMRF skyride plots for each group of populations

north and south of the Ohio River using the nd2 dataset only

because of low variability for nuclear loci. The estimated posterior

rate of molecular evolution for the nd2 locus was determined from

the ∗BEAST divergence time analysis. We ran the analysis twice

for 20 million generations each sampling every 2000 generations.

All runs were visualized in TRACER and to verify that ESS values

exceeded 200 for all parameters estimated. A conservative burn-in

of 5 million generations was excluded from each run. Changes in

effective population size over time were deemed significant if the

upper and lower 95% confidence intervals at the root of the plot

did not overlap those at the tips (Eytan and Hellberg 2010).

DETECTING CRYPTIC DIVERSITY

Several methodologies have recently been developed to de-

limit species and uncover cryptic diversity using molecular data

(Knowles and Carstens 2007; O’Meara 2010; Yang and Rannala

2010; Ence and Carstens 2011). A consensus has yet to be reached

as to which approach is most appropriate, however there is a gen-

eral view that the use of multilocus datasets is warranted for

accurate species delimitation (O’Meara 2010; Yang and Rannala

2010; Kubatko et al. 2011; Niemiller et al. 2012). Here we em-

ploy recently developed approaches to species delimitation that

make use of multilocus data operating under the logic that consis-

tent delimitation of sets of populations as distinct lineages across

methods provides stronger support for species recognition than

the results of a single approach alone.

First, we used the nonparametric heuristic method described

in O’Meara (2010) to jointly delimit species and estimate the

species tree using a multilocus dataset in the program BROWNIE

v2.1 (O’Meara et al. 2006). This approach apportions individuals

into putative species by attempting to minimize excess intraspe-

cific structure while minimizing gene tree conflict among species.

Because many individuals shared identical alleles we included

seven individuals of each group in Amblyopsis and Forbesichthys

corresponding to the maximum number of alleles observed for a

locus. Heuristic searches were conducted with the number of ran-

dom starting species trees (NReps) set to 100, all possible taxon

reassignments on leaf splits were explored (Subsample = 1), the

minimum number of species (MinNumSpp) was set to 2, the max-

imum number of species (MaxNumSpp) was set to 6, and the min-

imum number of samples per species (MinSamp) was set to 2. The

50% majority-rule consensus gene trees generated from Bayesian

analyses were used as input trees. We conducted 5000 indepen-

dent BROWNIE runs on the BulldogK cluster at Yale University.

As an additional measure to delimit species without a

priori group assignments, we investigated genetic structure

in Amblyopsis spelaea using the MCMC clustering algorithm

STRUCTURE 2.3.3 (Pritchard et al. 2000). Haplotypes for each lo-

cus were treated as alleles (e.g., Eytan and Hellberg 2010) and 10

independent runs were conducted for each value of K = 1 to 10,

with 100,000 generations of burn-in and 1 million post-burn-in

replicates using the admixture model. Values of K were compared

by the �K method (Evanno et al. 2005) to infer the best estimate

of K.

Although species discovery methods are advantageous in

systems that have not been well studied to develop taxonomic

hypotheses within defining groups a priori, such as many subter-

ranean organisms (Niemiller et al. 2012), it does not incorporate

other sources of existing data available for more well-studied

groups. Species validation methods (Cummings et al. 2008; Yang

and Rannala 2010; Ence and Carstens 2011) quantify support

for a priori groupings of samples that are based on other lines
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Figure 2. Haplotype networks for Amblyopsis for each locus. Circle color indicates the group (black for populations north of the

Ohio River and white for south of the Ohio River) and size is proportional to the number of individuals sharing that haplotype. Small

black squares on branches are inferred mutations not sampled. Numbers on circles correspond to distinct haplotypes listed in Table 1.

Twenty-seven mutations separate the nd2 networks north and south of the Ohio River.

of evidence, such as morphological, geographical, and behav-

ioral data. Geological and geographic evidence suggest that the

Ohio River is a vicariant barrier for subterranean fauna and taxa

distributed on opposite sides of the river, including Amblyopsis

spelaea, might constitute independent lineages. To test this hy-

pothesis, we employed two species validation methods: Bayesian

species delimitation (Yang and Rannala 2010) and genealogical

tests of taxonomic distinctiveness (Cummings et al. 2008).

We conducted Bayesian species delimitation (Yang and Ran-

nala 2010)—a multilocus coalescent-based method that includes

prior information about population size and divergence times and

uses reversible-jump MCMC to estimate the posterior distribution

for different species delimitation models, in the program BPP ver-

sion 2.0 (Rannala and Yang 2003; Yang and Rannala 2010). We

ran the analysis using conditions in Niemiller et al. (2012). We

used the ∗BEAST species tree as the guide tree in each analysis

but only included four species at the tips that included F. agassizii,

F. papilliferus, and the two lineages within Amblyopsis spelaea.

Each analysis was run for 500,000 generations with a burn-in of

50,000 and run at least twice to confirm consistency between runs.

We also assessed the taxonomic distinctiveness of popula-

tions north and south of the Ohio River using the genealogical

sorting index (gsi; Cummings et al. 2008) whereby a quantita-

tive measure of the degree to which ancestry of delimited species

is exclusive is generated for individual genes and for multilo-

cus data combined. The relative degree of exclusive ancestry is

on a scale from 0 to 1, where 1 indicates complete monophyly.

Using this statistic, hypothesized species can be tested against a

null hypothesis of no divergence. We calculated an ensemble gsi

(egsi) and gsi for each locus using the Genealogical Sorting In-

dex web server (http://www.genealogicalsorting.org). Consensus

gene trees were used as input trees. The null hypothesis that the

degree of exclusive ancestry is observed by chance alone (i.e., no

divergence) was evaluated by estimating a P value using 10,000

permutations.

Results
POPULATION SUBDIVISION IN AMBLYOPSIS

Estimation of gene genealogies resulted in nearly identical topolo-

gies for most loci (Fig. S1), with two major clades in Amblyopsis

corresponding to samples north and south of Ohio River, respec-

tively. These clades were reciprocally monophyletic for the mi-

tochondrial nd2 and nuclear rho loci. Although reciprocal mono-

phyly could not be tested owing to low differentiation at the other

three loci, the two groups did not share s7 alleles.

Haplotype networks also revealed division of Amblyopsis

into two groups corresponding to alleles found north and south

of the Ohio River (Fig. 2). No haplotypes were shared between

groups for nd2, s7, and rho, whereas little variation was found for

rag1 and tbr1. Overall, few alleles were observed for nuclear loci

(maximum of four in rag1). Populations north and south of the
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Table 2. Results of partial Mantel tests to test the partial correlation between genetic distance and potential barriers to dispersal after

controlling for geographic distance (r). Significant P values are denoted by an asterisk (∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001) and indicate

that a barrier restricts gene flow between populations of A. spelaea.

Barrier nd2 s7 rag1 rho tbr1

Ohio River 0.99∗∗∗ 0.65∗∗∗ 0.10 1.00∗∗∗ 0.21
Hydrological subbasins −0.67∗∗∗ −0.40∗∗∗ 0.20 −0.67∗∗∗ 0.18
Hydrological subbasins (Blue-Sinking split) 0.04 0.01 0.08 0.04 0.10
Ecoregions 0.11 0.03 0.06 0.12 0.22

Table 3. Hierarchical analysis of molecular variance for the mtDNA nd2 locus grouped according to (a) region (north and south of Ohio

River), (b) hydrological subbasin, and (c) ecoregion (see Table 1). Significance is based on 10,000 permutations: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P

< 0.001.

Source of variation df SS VC V% ϕ-Statistics

(A)
Among regions 1 558.514 15.438 96.74 ϕCT = 0.967∗∗∗

Among populations within regions 14 23.222 0.364 2.28 ϕSC = 0.700∗∗∗

Within populations 56 8.750 0.156 0.98 ϕST = 0.990∗∗∗

Total 71 590.486 15.958
(B)

Among basins 2 246.782 5.347 45.50 ϕCT = 0.455∗

Among populations within basins 13 334.954 6.249 53.17 ϕSC = 0.976∗∗∗

Within populations 56 8.750 0.156 1.33 ϕST = 0.987∗∗∗

Total 71 590.486 11.752
(C)

Among ecoregions 1 298.483 8.111 61.83 ϕCT = 0.618∗

Among populations within ecoregions 14 283.253 4.851 36.98 ϕSC = 0.969∗∗∗

Within populations 56 8.750 0.156 1.19 ϕST = 0.988∗∗∗

Total 71 590.486

Ohio River were separated by three nucleotide substitutions at the

rho locus and just one substitution at s7. Twenty-seven mutational

steps separated these groups of populations at the nd2 locus. The

nd2 network failed to connect at the 95% confidence interval

between haplotypes north and south of the Ohio River, so the

connect limit was set at 30 to connect populations for visualization

purposes only. An insertion shared by all individuals was found in

rho that is absent in all other amblyopsids. In addition, individuals

south of the Ohio River all shared a mutation that resulted in a

premature stop codon in the open reading frame.

BARRIERS TO DISPERSAL

Genetic distances between populations are significantly lower on

the same side of the river compared to distances between popula-

tions located on opposite sides of the river, even after controlling

for geographic distance. Uncorrected pairwise sequence diver-

gence for the mitochondrial nd2 locus between populations on

opposite sides of the Ohio River averaged 0.031 ± 0.005, whereas

sequence divergence averaged 0.0012 ± 0.0004 and 0.0006 ±
0.0003 between populations located on the north and south side

of the Ohio River, respectively. Pairwise sequence divergence was

considerably lower for all nuclear loci. The greater divergence

between populations on opposite sides of the Ohio River was

found for the rho locus, averaging 0.0050 ± 0.0003. The results

of partial Mantel tests suggest that the Ohio River is a significant

barrier to dispersal and restricts gene flow between populations of

Amblyopsis spelaea north and south of the river after accounting

for geographic distance (Table 2). Hierarchical AMOVA of nd2

revealed that genetic structure is highly correlated with regions

north and south of the Ohio River, as 96.7% of variation was parti-

tioned among regions (Table 3). These analyses strongly indicate

that the Ohio River has been a significant barrier for cavefish.

Partial Mantel tests failed to detect significant structure

across hydrological boundaries or ecoregions (Table 2), which are

both possible alternatives to the Ohio River as barriers to dispersal

and gene flow. The partial Mantel test for a partial correlation be-

tween genetic distance and hydrological subbasins showed a sig-

nificant negative relationship. Populations that occur within the

Blue-Sinking River subbasin, which spans both sides of the Ohio

River, drove this negative relationship. When these populations
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Figure 3. Fossil-calibrated phylogeny for amblyopsid lineages in-

cluding populations of Amblyopsis spelaea north and south of

the Ohio River as separate lineages inferred from the multilocus

species tree analysis. Clade posterior probabilities are indicated

next to nodes, and uncertainty in divergence time estimates are

shown by blue bars on nodes with the length corresponding to

the 95% highest posterior density of node ages.

were partitioned into groups north and south of the river, the cor-

relation disappeared and was not significant. Although AMOVAs

showed that genetic variation is significantly partitioned among

hydrological basins and ecoregions, the percentage of variation

explained by partitioning by hydrological basin (45.5%) or ecore-

gion (61.8%) was substantially less than that when partitioning

by region north and south of the Ohio River (Table 3). Given that

genetic groups for all three loci with appreciable variation were

concordant with the Ohio River break (Fig. 2), no alternative

hypotheses are supported by our data.

TIMING OF DIVERGENCE IS CONSISTENT WITH

FORMATION OF THE OHIO RIVER

Estimation of the species tree and mean divergence times based

on the multilocus dataset revealed a sister relationship between

Amblyopsis and Forbesichthys, which diverged 4.96 mya (95%

HPD: 2.64–7.17 mya) during the early Pliocene (Fig. 3), as found

previously (Niemiller et al. 2013). Diversification within these

genera occurred during the Pleistocene. F. agassizii and F. papil-

liferus diverged during the early Pleistocene 1.49 mya (95% HPD:

0.46–2.64 mya), whereas the split between A. spelaea populations

north and south of the Ohio River was estimated at 0.53 mya

(95% HPD: 0.12–1.06 mya) in the Pleistocene (Fig. 3). The 95%

highest posterior density for the divergence date of this split in-

Table 4. Genetic diversity and test statistics of selective neu-

trality within regions of Amblyopsis spelaea populations north

and south of the Ohio River for each locus. Statistics were based

on 36 individuals sampled for each group (72 individuals total).

K = number of unique haplotypes; S = number of segregating

sites; π = nucleotide diversity. Significance for neutrality tests

were based on 10,000 permutations. ∗P < 0.05.

Locus K S π Tajima’s D Fu’s Fs R2

nd2
North 7 10 0.0012 −1.52∗ 1.79 0.07
South 4 4 0.0006 0.88 0.58 0.08
All 11 44 0.0160 2.72 15.56 0.19

s7
North 2 1 0.0001 1.13 1.36 0.16
South 1 0 0.0000
All 3 2 0.0007 0.49 0.73 0.14

rag1
North 3 2 0.0001 −1.50∗ −2.59∗ 0.11
South 2 1 0.0001 0.23 0.23 0.10
All 4 3 0.0001 −1.41∗ −3.28∗ 0.06

rho
North 1 0 0.0000
South 1 0 0.0000
All 2 4 0.0025 3.07 7.97 0.25

tbr1
North 1 0 0.0000
South 3 3 0.0007 0.78 1.63 0.08
All 3 3 0.0004 1.16 0.75 0.04

cludes the estimated date of formation of the modern course of

the Ohio River ca. 0.8 mya (Gray 1991).

EVIDENCE FOR POPULATION SIZE EXPANSION AND

PERSISTENCE IN PERIGLACIAL REFUGIA

Measures of genetic diversity were all higher for the group of pop-

ulations north of the Ohio River closest to the glacial maximum

during the Pleistocene than south of the river, with the exception of

the tbr1 locus (Table 4). Test results for population size changes

based on summary statistics in Amblyopsis showed a trend of

population expansion for both groups; however, only Tajima’s D

and R2 for nd2 and Tajima’s D and Fu’s Fs for rag1 were sig-

nificant in the northern group (Table 4). A signal of population

expansion was not detected for the combined dataset leaving out

rag1.

Bayesian skyride plots did not uncover significant effec-

tive population size changes for either group of populations, al-

though there is an increasing trend toward the present day in both

groups (Fig. 4). The median TMRCA for the northern group was

54,000 years with a maximum TMRCA of 92,000 years, whereas

the median TMRCA for the southern group was 20,000 years

with a maximum TMRCA of 42,000 years. The median effective
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Figure 4. GMRF skyride plots for the nd2 locus for groups of populations north and south of the Ohio River in Amblyopsis. Time (in

years) is shown on the x-axis and the effective population size (number of individuals) is shown on the y-axis. The central dark horizontal

line in the plot is the median value for effective population size and the shaded area represents the 95% HPD interval for those estimates.

The vertical dashed line represents the median TMRCA. The upper 95% HPD for the TMRCA is at the right edge of the plot, whereas the

lower 95% HPD is the vertical line to the left of the median.

population size was 380,000 individuals for the northern group but

was lower for the southern group at 130,000 individuals. These

results indicate that although there is some evidence consistent

with population expansion north of the Ohio River, Amblyopsis

persisted during the most recent glacial cycles in at least two

periglacial refugia, including one north of the Ohio River.

Given the low levels of variation in all loci in both northern

and southern groups, we have very little power to detect nonequi-

librium patterns or demographic differences between groups.

However, given the lack of shared alleles at three loci (Fig. 2)

and our divergence time estimates (Fig. 3), the alternative hy-

pothesis that northern populations were colonized from the south

in the last 20,000 years is not consistent with our data.

CRYPTIC DIVERSITY IN AMBLYOPSIS

All species delimitation approaches partitioned populations north

and south of the Ohio River into distinct lineages. O’Meara’s

(2010) nonparametric heuristic approach delimited two species

within Amblyopsis spelaea with all samples north of the Ohio

River in Indiana as a species separate from samples south of the

river (Fig. 5). The STRUCTURE analysis also returned K = 2 as the

optimal value for K, and resulted in complete separation into two

groups: a group corresponding to individuals from north of the

Ohio River and a group from south of the Ohio River. Estimated

proportions of ancestry for all individuals within a group were

> 0.98. Bayesian species delimitation supported the guide tree

when assuming four species (two Amblyopsis plus F. agassizii and

F. papilliferus), supporting a single model with speciation prob-

abilities of 1.0 for all nodes (Fig. 5). These partitioning methods

underscore the pattern illustrated in Fig. 2 and fail to support any

additional or alternative patterns of subdivision.

Values of gsi and egsi indicate a high degree of exclusive

ancestry in A. spelaea north and south of the Ohio River (Table

S2). Gsi values were greater than 0.9 for both groups for all loci

except rag1 and tbr1, which exhibited shared ancestry of alle-

les and low levels of variation compared to other loci (Figs. 2,

S1). Egsi values were also significant for both groups with mod-

erately high values of exclusive ancestry, reflecting lack of differ-

entiation at the rag1 and tbr1 loci. These results also are consistent

with the Ohio River being a major barrier to dispersal separating

Amblyopsis into two distinct groups.

Discussion
Determining the factors promoting divergence is often difficult,

and is especially problematic for subterranean organisms because

of our limited knowledge regarding the delineation of potential vi-

cariant boundaries and connectivity between populations, and the

difficulty associated with sampling subterranean habitats. Pleis-

tocene glacial cycles have significantly affected the distribution

and diversity of subterranean fauna, as troglobitic species, partic-

ularly terrestrial fauna, are largely absent from formerly glaciated

regions (Folquier et al. 2008; Culver and Pipan 2010). In this

study, we employed multiple, hypothesis-driven approaches to as-

sess the influence of climatic and geological changes during the

Pleistocene on a species of amblyopsid cavefish, a top predator

in aquatic cave ecosystems in the Interior Plateau of North Amer-

ica. We show that the modern Ohio River has been a significant

barrier to dispersal and its formation likely promoted diversifica-

tion in Amblyopsis. We also show that Amblyopsis persisted in at

least two distinct periglacial refugia, including one north of the

Ohio River near the southern glacial maximum during the Pleis-

tocene, rather than isolation in a single, more southern refugium
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Figure 5. Results from both O’Meara’s (2010) and Bayesian

species delimitation support two lineages within Amblyopsis

spelaea. The percentage of best trees recovering a node in the

nonparametric heuristic approach (top) and Bayesian speciation

probabilities (bottom) are provided for each node. The Bayesian

posterior estimates for θ and τ are also provided on the species

tree.

followed by recent northward colonization. Taken together, our

results support recognition of two distinct lineages in Amblyopsis

whose divergence was facilitated by both climatic and geological

processes occurring during the Pleistocene.

GEOLOGICAL BARRIERS TO CAVEFISH DISPERSAL

Although large rivers are thought to be significant barriers to

dispersal for terrestrial subterranean fauna, it has been hypoth-

esized that major rivers have little influence on the dispersal of

many aquatic species, particularly smaller invertebrates (Barr and

Holsinger 1985). However, fluvial barriers may be less perme-

able to larger aquatic fauna, such as crayfishes and cavefishes,

which cannot travel through small solution or alluvial channels

that likely are filled with sediment and glacial outwash in larger

rivers like the Ohio River. Our results for Amblyopsis are con-

sistent with this latter hypothesis. Phylogenetic analyses (Figs. 2,

S1) strongly suggest that the river is a genetic barrier and limits

dispersal between populations north and south of the Ohio River.

No alleles were shared on opposite sides of the river for three loci.

The presence of shared alleles for rag1 and tbr1 likely reflects

retention of ancestral polymorphism, recent divergence, and low

mutation rates for these loci.

Divergence dating also supports the Ohio River as a signifi-

cant isolating barrier, as the 95% highest posterior density for the

date of the divergence between populations north and south of the

river in Amblyopsis (Fig. 3) is consistent with the formation of the

modern Ohio River ca. 0.8 mya (Gray 1991). Prior to the river’s

formation, the distribution of Amblyopsis was likely continuous

throughout the cave and karst-bearing geological formations of

the Crawford-Mammoth Cave Uplands and Mitchell Plain, as

ancient drainages (e.g., the Old Ohio River) were considerably

smaller and not as deeply entrenched as the modern Ohio River

is today. Once the modern course of the Ohio River was formed

after the damming and overflow of headwater drainages of the

Teays River (Teller and Goldthwait 1991), it began to cut into

the soluble, cave-bearing limestone formations. Entrenchment of

the modern Ohio River is attributed to episodic glacial meltwater

discharge and probably occurred fairly rapidly during its early

development (Teller and Goldthwait 1991) effectively isolating

many cave faunas, including Amblyopsis.

PERSISTENCE AND DIVERGENCE IN

SUBTERRANEAN, PERIGLACIAL REFUGIA

Phylogenetic, divergence dating, and demographic reconstruction

analyses support the existence of two refugia during the middle-

to-late Pleistocene located on opposite sides of the Ohio River. In

addition, our results suggest that subterranean colonization and

diversification in Amblyopsis was also driven by changing climate

during the Pleistocene, consistent with many other subterranean

taxa in temperate regions (Barr 1968; Barr and Holsinger 1985;

Holsinger 2000; Niemiller et al. 2012). Although determining the

exact timing of subterranean colonization is especially difficult for

most taxa, several lines of evidence indicate that divergence was

facilitated by climatic changes during the Pleistocene. First, the

geographic distribution of Amblyopsis in close proximity to the

glacial maximum implicates a significant influence of Pleistocene

climatic fluctuations. It is very unlikely that Amblyopsis could

have persisted in surface refugia so close to the southern glacial

extent due to the harsh periglacial conditions. The onset of glacial

advances during the Pleistocene are thought to have occurred

rapidly (Adams et al. 1999). Consequently, the ancestor to A.

spelaea likely was already facultatively living underground but

might not have yet become troglomorphic, perhaps much like

members of the sister lineage to Amblyopsis today (F. agassizii

and F. papilliferus).

Patterns of molecular evolution in the eye photoreceptor gene

rhodopsin also provide insight into the evolutionary history of

Amblyopsis. Niemiller et al. (2013) demonstrated that selection

is relaxed in subterranean lineages of amblyopsids including Am-

blyopsis. We found that all individuals sampled possess an amino
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acid insertion not found in rhodopsin gene copies in surface taxa.

In addition, all individuals sampled south of the Ohio River pos-

sess a mutation that results in a premature stop codon not found in

individuals north of the river. The presence of different fixed muta-

tions, including loss-of-function mutations, between populations

north and south of the river also suggests that they were isolated

in separate refugia throughout the middle to late Pleistocene. The

accumulation of nonsynonymous substitutions in Amblyopsis is

low compared to some other subterranean amblyopsid lineages

(Niemiller et al. 2013) and also suggests that subterranean colo-

nization has been relatively recent. Consequently, we cannot rule

out the possibility that divergence between populations north and

south of the Ohio River occurred before subterranean coloniza-

tion. Regardless, our study offers strong support for the Ohio

River as a barrier facilitating divergence in Amblyopsis.

Based on our results, we propose the following hypothesis

to explain the evolutionary history of Amblyopsis throughout the

Pleistocene. Prior to the Pleistocene, the surface ancestor had al-

ready migrated into karst regions of the Crawford-Mammoth Cave

Uplands and Mitchell Plain inhabiting cool springs, spring runs,

and streams, and may also have been present further north than the

present-day distribution of Amblyopsis. It is also likely that this

ancestor was facultatively utilizing caves prior to the Pleistocene.

Dramatic climatic shifts and inhospitable surface conditions in

the early Pleistocene facilitated further subterranean colonization

and extinction of surface populations; however, gene flow be-

tween populations continued via subterranean corridors until the

overflow of Lake Tight and formation of the modern course of

the Ohio River ca. 0.8 mya, which effectively isolated popula-

tions to the north and south of this barrier as the river cut through

the cave-bearing geological formations. During glacial advances,

populations were isolated in refugia and subsequently may have

expanded in geographic extent during warmer interglacial periods.

CRYPTIC DIVERSITY AND CONSERVATION

IMPLICATIONS

In recent years, phylogeographic studies have uncovered con-

siderable cryptic diversity in several subterranean species groups

that exhibit little morphological differentiation and many of which

have comparatively large distributions (Finston et al. 2007; Tron-

telj et al. 2009; Niemiller et al. 2012). We identified two distinct

phylogenetic lineages in Amblyopsis spelaea that are separated

by a major barrier to gene flow and are on independent evolution-

ary trajectories. These lineages are reciprocally monophyletic at

three loci (nd2, s7, and rho) and can be recognized as distinct

species under the genealogical species concept (Baum and Shaw

1995) and metapopulation lineage species concept (de Queiroz

1998, 2007). Some morphological data also support recognition

of these two lineages in Amblyopsis (Poulson 1960), including

differences in rudimentary eye size and pigmentation. Based on

these lines of evidence, we believe that populations north of the

Ohio River should be recognized as an entity distinct from popu-

lations south of the river, which would retain the name A. spelaea.

However, we refrain from formally describing a new species for

the northern lineage until a further examination of morphological

differentiation is conducted to help elucidate the taxonomic status

of these groups.

The identification of cryptic diversity in Amblyopsis has im-

mediate conservation implications. Amblyopsis spelaea is listed

as “Vulnerable” by IUCN, as regional species of concern by the

U.S. Fish and Wildlife Service, and as “Endangered” and “Special

Concern” in Indiana and Kentucky, respectively (Niemiller and

Poulson 2010). Few cave systems are known to support large pop-

ulations (>50 individuals), and several populations, particularly

those south of the Ohio River, have been significantly impacted

by habitat alteration and degradation, groundwater pollution, dis-

ease, and over-collection (Pearson and Boston 1995; Niemiller

and Poulson 2010). The conservation status of A. spelaea in both

Kentucky and Indiana may need to be elevated in the future, given

evidence of low census population sizes, low genetic diversity, and

anthropogenic threats.

Conclusions
Our study highlights the use of multiple, hypothesis-driven ap-

proaches in a multilocus framework to elucidate the climatic and

geological processes that have influenced the evolutionary history

of the only cave-dwelling vertebrate whose distribution extends to

the North American glacial maximum of the Pleistocene. Climatic

changes have promoted subterranean colonization and speciation,

whereas geological processes (i.e., formation of the modern Ohio

River) have facilitated isolation and divergence in Amblyopsis.

Both processes have significantly influenced the levels and struc-

turing of genetic variation. The end result is two phylogenetically

distinct lineages that were previously unknown but were diag-

nosed using multiple species delimitation approaches.
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Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Table S1. Loci used in the current study and selected best-fit molecular evolutionary models for character partitions implemented

in Bayesian divergence time analyses.

NA – the gene does not contain the specified partition.

Table S2. The genealogical sorting index (gsi) for each group of Amblyopsis spelaea and each species of Forbesichthys for the

five loci examined and for all loci combined. Significance is based on 10,000 permutations: ∗p < .05. ∗∗p < 0.01. ∗∗∗p < 0.001.

Figure S1. Gene genealogies estimated from partitioned Bayesian analyses of 72 Amblyopsis plus outgroup samples for five

genes: nd2, s7, rag1, rho, and tbr1.
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