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ABSTRACT

Aim The river drainages of the Appalachian Mountains have experienced a
dynamic history as glacial cycles, stream capture and other geological processes
have led to the fragmentation and fusion of formerly isolated palaeodrainages.
Some ancient rivers have gone extinct, including portions of the great Teays
River. Here we investigate the contribution of contemporary and historical
drainages to patterns of phylogeographical structure in the spring salamander
complex, Gyrinophilus porphyriticus.
Location Eastern North America, USA.
Methods Sampling spanned the range of the G. porphyriticus complex, and
included representative samples of the cave species of Gyrinophilus as well.
Molecular sequence data included the mitochondrial DNA locus cytochrome b
and the nuclear locus recombination-activating gene 1 (RAG-1). Time-calibrated phylogenies were inferred, and Bayes-LAGRANGE was used to reconstruct ancestral distributions. Contemporary and historical river influences on
patterns of genetic diversity were tested using distance-based redundancy analysis (db-RDA).
Results The G. porphyriticus complex originated prior to the Pleistocene glacial
cycles, and historical river systems explained more genetic variation than did contemporary drainages or geographical distance. Patterns of genetic variation suggest that extinct or remodelled palaeodrainages, including the Teays River, played
an important role in structuring contemporary patterns of genetic variation.
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Main conclusions The hydrogeological history of eastern North American
drainage basins has been instrumental in structuring patterns of regional biodiversity in freshwater species. Here we show that hydrological remodelling has
also left its genetic signature in the semi-aquatic spring salamander complex,
G. porphyriticus. Historical drainages accounted for the largest fraction of phylogeographical structure, more so than did contemporary drainages or geographical distance, with spatial and temporal patterns of variation associated
with the extinct Teays River.
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INTRODUCTION
The geological and climatic history of the Appalachian
Mountains of eastern North America included the waxing
and waning of glaciers during the Pleistocene, secondary
ª 2015 John Wiley & Sons Ltd

bouts of uplift that rejuvenated topographical relief, and the
hydrological remodelling of ancient river systems (Thornbury, 1965; Prince et al., 2010; Gallen et al., 2013). Such
changes impact populations by promoting or constraining
dispersal, vicariance and extinction (Berendzen et al., 2003;
http://wileyonlinelibrary.com/journal/jbi
doi:10.1111/jbi.12668
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Jones et al., 2006; Soltis et al., 2006), and can lead to the origin of distinct evolutionary lineages (Highton, 1995; Kuchta
et al., 2009a; Kozak & Wiens, 2010). Even within species and
species complexes, phylogeographical structure often reflects
the joint influence of contemporary and historical connections (Kozak et al., 2006; Kuchta et al., 2009b).
The Appalachian Mountains of eastern North America are
one of the most biologically diverse temperate regions in the
world, and are a biodiversity hotspot for salamanders (Highton, 1995; Duellman & Sweet, 1999). In part, this is due to
the dynamic history of the region, which includes the extensive hydrological remodelling of river systems (Hocutt et al.,
1986; Mayden, 1988) (Fig. 1). For example, the former Teays
River was a major drainage in eastern North America that
flowed westward from the central Appalachians, but was rerouted during the Pleistocene when it was dammed by
advancing glaciers 0.78–1.3 Ma (Melhorn & Kempton, 1991;
Andrews, 2004) (Fig. 1). This impoundment created a massive lake, Lake Tight, which existed for several thousand
years before breaching drainage divides and carving new
drainage channels, thus initiating the formation of the present-day Ohio River (Hocutt et al., 1978; Melhorn & Kempton, 1991).
Another mechanism by which formerly isolated river systems can fragment and fuse is stream capture. This occurs
when the headwaters of a river system breach a drainage
divide and assimilate the headwaters of another stream.
Examples are evident all along the eastern continental divide
(ECD) of eastern North America, as the higher gradient and
faster flowing streams of Atlantic river systems have continually eroded westward into the Appalachian Mountains
(Thornbury, 1965; Hocutt et al., 1978; Prince et al., 2010).
For organisms associated with headwater streams, hydrological rearrangements can profoundly influence population
structure. Populations once connected become isolated when
rivers break apart, and formerly isolated populations come
into contact when new connections are formed. The consequences of river system alterations have been especially well
studied in fishes (Hocutt et al., 1986; Mayden, 1988; Near
et al., 2001; Berendzen et al., 2003), but increasing evidence
indicates that phylogeographical structure in aquatic and
semi-aquatic plethodontid salamanders has been impacted as
well (Jones et al., 2006; Kozak et al., 2006).
The aim of this study was to investigate the relative contribution of historical and contemporary river systems to
phylogeographical diversity in the spring salamander complex, Gyrinophilus porphyriticus Green, 1827. To this end, we
examined patterns of genetic diversity using DNA sequence
data from mitochondrial DNA (cytochrome b; hereafter Cyt-b) and the nuclear DNA marker recombinationactivating gene 1 (RAG-1). Specific hypotheses include: (1)
diversification in Gyrinophilus is pre-Pleistocene in origin,
(2) the Teays River was a long-standing barrier to dispersal
that separated groups of populations, and (3) stream capture
functioned to translocate populations across the ECD from
west to east.
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Figure 1 Historical and present-day river systems of eastern
North America. (a) Major river systems prior to the Pleistocene
glaciations. (b) Contemporary river systems. The dashed grey
line demarcates the extent of the Nebraskan glaciation.

MATERIALS AND METHODS
Distribution and natural history
Salamanders in the genus Gyrinophilus are widely distributed
throughout the Appalachian Mountains. Most of our
Journal of Biogeography 43, 639–652
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sampling is of the widespread spring salamander complex,
Gyrinophilus porphyriticus, which ranges from northern Alabama to southern Quebec (Fig. 2, Appendix S1 in Supporting Information). Following Brandon (1966), four subspecies
have historically been recognized (porphyriticus, duryi,
danielsi, dunni). Individuals of G. porphyriticus are found in
and near headwater streams, springs, seepages, and caves.
Larvae are tied to streams. Adults, by contrast, are semiaquatic, but when terrestrial tend to remain within the riparian corridor (Greene et al., 2008; Lowe et al., 2008). In
contrast with G. porphyriticus, the cave taxa G. palleucus
palleucus, G. p. necturoides and G. gulolineatus have relatively
restricted distributions and are endemic to cave systems
(Fig. 2). Previous research has suggested that cave taxa are
phylogenetically nested within G. porphyriticus (Niemiller
et al., 2008, 2009).
Population sampling and laboratory techniques
Blood and tissue samples were collected from throughout the
range G. porphyriticus, as well as from representative samples
of G. p. palleucus, G. p. necturoides and G. gulolineatus
(Fig. 2, Appendix S1). Genomic DNA was extracted using
Qiagen DNeasy Blood and Tissue Kits (Qiagen, Valencia,
CA, USA). We amplified and sequenced the Cyt-b locus
using the primers OUCYTBF (50 AAACCAATGGCCCACACCCTACGC 30 ) and OUCYTBR (50 TCTGCCGTCC
CCGTTATAGGAATAAT 30 ). Polymerase chain reactions
(PCR) were carried out in 25 ll reaction volumes using
20 ng of template DNA, 0.4 lM of each primer, 0.2 mM of
each dNTP, 1.25 U of Green Taq (Genscript, Piscataway, NJ,
USA) and 1X Green GoTaq buffer (Promega, Madison, WI,
USA). PCR conditions were as follows: initial denaturation
at 94 °C for 3 min; 30 cycles at 94 °C for 30 s, 55.5 °C for
30 s, and 72.0 °C for 40 s; and a final elongation at 72.0 °C
for 7 min. PCR products were visualized on 1% agarose gels,
and purified using QIAquick PCR purification kits (Qiagen,
Valencia, CA, USA). We obtained Cyt-b data from 122
individuals from 72 populations (see Appendix S1). All
sequences were trimmed to 902 bp so that they were of equal
length, with limited missing data.
The RAG-1 was amplified and sequenced using the primers OURAG1F (50 TCCCTTCACTTGCCCAAGCGCCA 30 )
and OURAG1R (50 TGCAGAGAAAGCCCTCCTTCCAGGCT
30 ), which were modified from Niemiller et al. (2008). PCR
conditions were as follows: initial denaturation at 94 °C for
4 min; 30 cycles at 94 °C for 30 s, 64.2 °C for 30 s, and
72.0 °C for 1 min; and a final elongation at 72.0 °C for
7 min. Sequence data were obtained from 107 individuals
from 74 populations (see Appendix S1). We trimmed all
sequences to 1161 bp so they were of equal length, with no
missing data.
DNA was sequenced on an Applied Biosystems (Foster
City, CA, USA) 3130xl Genetic Analyzer and a 3730 DNA
Analyzer. Most samples were sequenced in the forward and
reverse directions, including all individuals heterozygous for
Journal of Biogeography 43, 639–652
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RAG-1. Sequences were aligned using MUSCLE in geneious
6.1 (Biomatters, Ltd., San Francisco, CA, USA). The phase of
heterozygotes was estimated using phase 2.1.1 (Stephens
et al., 2001). We ran phase for 1000 iterations, with a thinning interval of two steps and a burn-in of 100 iterations.
For heterozygotes not resolved by phase, PCR products were
cloned using a TOPO-TA Cloning Kit (Invitrogen, Carlsbad,
CA, USA). Four separate colonies were sequenced from each
clone, and all heterozygotes were resolved. For RAG-1, we
tested for intragenic recombination using the difference in
sum-of-squares (DSS) test in topali (Milne et al., 2009),
including a 10 bp increment, a window size of 100 and 500
parametric bootstraps.
We compared patterns of genetic differentiation among
clades using polymorphism (P), the number of segregating
sites (S), haplotype diversity (h), sequence diversity (j) and
nucleotide diversity (p) (Nei, 1987). Calculations were carried out in DNAsp 5.10.1 (Librado & Rozas, 2009).
Phylogenetic analyses and divergence time
estimation
We inferred time-calibrated phylogenies in beast 2.1.3
(Bouckaert et al., 2014) using Cyt-b and a concatenated data
set including Cyt-b and RAG-1. The concatenated data set
was trimmed to include only individuals that had both
markers (n = 85; Appendix S1). As there are no spelerpine
fossils from the pre-Pleistocene (Holman, 2006), we adopted
two different approaches to time calibration: (1) we used the
rate of substitution for Cyt-b as estimated by Mueller (2006),
and (2) we used several outgroups and fossil data to constrain the age of extant plethodontids.
To estimate a phylogeny from the concatenated data using
the substitution prior, we used a normal distribution for the
clock rate with a rate of 0.62 substitutions per nucleotide site
per 100 Myr (SD = 0.16) (Mueller, 2006). No outgroups
were included, as recommended by Drummond & Bouckaert
(2015). An optimal partitioning strategy and model of
sequence evolution was estimated using partitionfinder
1.0.1 (Lanfear et al., 2012). For nucleotide positions 1, 2,
and 3, respectively, the best-fit model for Cyt-b was
HKY+I+Γ, GTR+I and GTR+Γ, and for RAG-1, it was
GTR+I+Γ, HKY and HKY+I. We employed a strict clock
model and a constant population size coalescent tree prior.
Analyses were run for 50 million generations, with samples
saved every 5000 generations. Effective sample sizes (ESS)
and the stationarity of likelihood values were examined in
Tracer 1.6 (Rambaut et al., 2014). No ESS values were
< 200, and most were several thousand. Results were summarized using a maximum clade credibility (MCC) tree in
TreeAnnotator 2.0.2 (Heled & Bouckaert, 2013). The first
25% of trees was discarded as burn-in, which was well
beyond stationarity.
To estimate a time-calibrated phylogeny from the concatenated data using node constraints, we included 24 outgroup
plethodontid species from 11 genera (Bonett et al., 2014), as
641

Shawn R. Kuchta et al.
(a)

(b)

Figure 2 (a) Map of the range of Gyrinophilus porphyriticus, with turquoise representing Lake Erie (to the north) and the Atlantic
Ocean (to the east). Sample localities are numbered, and match Fig. 3 and Appendix S1. Symbols identify the mtDNA clade of
individuals in that population (Fig. 3). Subspecies and intergradation zones, as proposed by Brandon (1966), are differentially shaded.
The dotted grey line identifies the Eastern Continental Divide. The range of G. gulolineatus overlaps G. porphyriticus. (b) Sampling at
the junction of Virginia, North Carolina and Tennessee.
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listed in Table S1. Amphiuma means was used to root the
tree, as the Amphiumidae is consistently recovered as closely
related to plethodontids (Zhang & Wake, 2009; Pyron &
Wiens, 2011; Bonett et al., 2014). Because different tree priors apply to ingroup and outgroup taxa, we adopted a twostep approach to inferring a time-calibrated phylogeny. First,
we inferred a phylogeny including all the outgroup taxa and
a sample of individuals (n = 13) from throughout Gyrinophilus (see Appendix S1). Following Bonett et al. (2014), we
applied a normally distributed calibration prior for the
crown group of plethodontids, with a mean age of 73 Myr
and a standard deviation of 6 Myr. This provides a 95%
prior distribution that ranges from 61.2–84.8 Myr, which
encompasses the range of dates commonly inferred for the
age of plethodontids (Mueller, 2006; Wiens et al., 2006;
Zhang & Wake, 2009; Bonett et al., 2014). The best-fit model
of sequence evolution was chosen using the Akaike information criterion corrected for small sample size (AICc) in
jModeltest 2.1.5 (Darriba et al., 2012): HKY+I+Γ for Cyt-b,
and GTR+I+Γ for RAG-1. Topologies and branch lengths
were linked, and we used an uncorrelated lognormal molecular clock and Yule tree prior. This analysis estimated that the
most recent common ancestor (MRCA) of Gyrinophilus
existed 5.2 Ma [95% highest posterior density (HPD): 3.9–
6.7 Ma) (Table 1). Next, we used this estimate as a prior in
a second analysis that included only Gyrinophilus, including
a normal distribution and a standard deviation of 0.76. The
models of evolution were the same as used in the analysis
using the substitution rate prior. The beast analysis, Markov
chain Monte Carlo (MCMC) sampling, and summarizing of
results were as described above.
Because our geographical sampling was most complete for
Cyt-b (n = 122), we also inferred a time-calibrated gene tree
for this locus alone. The partitioning scheme and model of
evolution were selected using partitionfinder (K80+I+Γ,
GTR+I+Γ and GTR+Γ for positions 1, 2 and 3 respectively).
Tree and clock models were linked, and no outgroups were
used. The substitution rate prior was applied (Mueller,
2006). Markov chain Monte Carlo sampling and the summarizing of results were as described above.
For comparative purposes, maximum likelihood (ML)
analyses were also conducted on the concatenated data and
on Cyt-b. These are described in Appendix S2.
Gene trees for RAG-1 were poorly resolved due to a lack
of variation (not shown). To test for a correspondence
between mtDNA clades and patterns of variation in RAG-1,
we used an analysis of molecular variation (AMOVA) as
implemented in Arlequin 3.5 (Excoffier et al., 2005). To infer
relationships among RAG-1 alleles, we generated a haplotype
network using statistical parsimony in tcs 1.21, including a
95% connection limit (Clement et al., 2000).
Ancestral area reconstruction
The distributions of ancestral lineages of Gyrinophilus were
reconstructed using the dispersal-extinction-cladogenesis
Journal of Biogeography 43, 639–652
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Table 1 Estimated ages of clades within Gyrinophilus, dated in
beast 2. Concatenated data included Cyt-b and RAG-1. Clade
ages were estimated using rates of substitution for Cyt-b
(Substitution), or by constraining the age of the family
Plethodontidae (Node). Ages are reported as median values
(95% HPD).
Estimated age of clade (Ma  95% HPD)

Clade
Gyrinophilus
Clade A
(pop. 37
included)
Clade A
(pop. 37
excluded)
North-east
South-west
Clade B
North
South
Clade C
Clade D

Cyt-b
Substitution

Concatenated
Substitution

Node

8.4 (4.1–14.1)
2.9 (1.2–4.8)

9.3 (5.8–13.4)
3.2 (1.9–4.8)

4.9 (3.5–6.6)
3.2 (1.9–4.5)

1.7 (0.8–3.0)

2.1 (1.2–3.2)

1.8 (1.0–2.7)

1.2
1.3
4.1
0.3
2.4
5.2
1.3

1.4
1.6
4.3
0.3
2.6
5.3
1.6

0.8
0.9
2.4
0.2
1.5
2.9
0.9

(0.4–2.1)
(0.6–2.3)
(1.8–7.0)
(< 0.1–0.5)
(1.1–4.0)
(2.3–9.0)
(0.4–2.3)

(0.7–2.2)
(0.9–2.5)
(2.6–6.4)
(< 0.1–0.0.7)
(1.5–3.8)
(2.9–7.6)
(0.8–2.7)

(0.4–1.3)
(0.5–1.4)
(1.4–3.5)
(< 0.1–0.4)
(0.9–2.2)
(1.6–4.2)
(0.4–1.5)

HPD, highest posterior density; RAG-1, recombination-activating
gene 1.

(DEC) model of Bayes-LAGRANGE (Ree & Smith, 2008;
Smith, 2009), as implemented in rasp 3.2 (Yu et al., 2015).
The analysis takes into account topology, branch lengths and
phylogenetic uncertainty when making inferences. The MCC
trees and posterior distributions obtained from our analyses
of the concatenated and Cyt-b data were used, but trimmed
to include only single individuals from monophyletic populations using the drop.tip function in the ‘APE’ package (Paradis et al., 2004) in R (R Development Core Team, 2014).
Analyses included 1000 trees randomly sampled from our
Bayesian posterior distributions. The watersheds used were
(historical drainages in parentheses): (A) upper Ohio
(Teays); (B) lower Ohio (Old Ohio); (C) upper Tennessee
(Appalachian); (D) lower Tennessee (drained into Old Mississippi); (E) Mid-Atlantic, between the West Branch Susquehanna and James Rivers; (F) South Atlantic, between the
Yadkin and Savannah Rivers; (G) Northern mid-Atlantic
(Erigan system), including the Allegheny and Monongahela
Rivers. Ancestral ranges included up to three areas, and no
constraints on dispersal were imposed.
Riverine influences on phylogenetic patterns of
genetic diversity
Distance-based Redundancy Analysis (db-RDA) was used to
test for a relationship between patristic distance, drainage
association and geographical location (Legendre & Fortin,
2010). db-RDA is a multivariate analogue to regression that
quantifies the proportion of variation in an explanatory data
matrix that is explained by predictor variables. All db-RDA
643
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calculations were carried out using the ‘vegan’ package in R.
As R2 in RDA is inflated, we used an adjusted R2 calculation
(Bocard et al., 2011). Samples were assigned to contemporary river systems based on collection site (Fig. 2,
Appendix S1). Historical drainage assignments were determined using historical drainage maps (Hocutt et al., 1986;
Mayden, 1988). Differentiation among haplotypes was estimated using patristic distances, which were calculated from
our Bayesian Cyt-b phylogeny using the ‘APE’ package in R
3.1.2. Binary drainage matrices were created by assigning a
value of zero to individuals inhabiting the same drainage,
and one to individuals inhabiting different drainages. Geographical distances were calculated using the program Geographic Distance Matrix Generator 1.2.3 (http://
biodiversityinformatics.amnh.org/open_source/gdmg).
RESULTS
Patterns of sequence diversity
Fifty haplotypes of Cyt-b from 122 individuals from 72 sampling localities were recovered for Cyt-b. In general, populations in the south harboured the highest levels of diversity
(Table 2). For example, sequence diversity (j) was 11.8 in
Clade A (north), but in Clades B and C (south) it was 17.6
and 34.2 respectively. On the other hand, Clade D, which is
located in the south and potentially includes haplotypes from
cave species (see below), had relatively low levels of diversity
(e.g. j = 8.3).
For RAG-1, we recovered 48 unique alleles from 107 individuals from 74 sampling localities (Table 3). No evidence of
allelic recombination was detected. RAG-1 displayed lower
diversity than Cyt-b, with only 3% of 1161 sites polymorphic. We analysed patterns of diversity by assigning individuals to mitochondrial clades and subclades. An AMOVA

attributed 19.3% of genetic variation to variation among
mtDNA clades, 32% of variation to variation among populations within clades, and 48.3% of variation to variation
within populations (all P < 0.0001; Table 4). Patterns of
variation did not exhibit a clear latitudinal trend. For example, sequence diversity (j) was 2.1 in Clade A and 2.3 in
Clade B. The lowest diversity was documented in Clade C
(j = 1.3), while the highest diversity was found in Clade D
(4.4). The high level of variation in Clade D contrasts sharply with mtDNA variation, where Clade D had the lowest
levels of diversity (Tables 2 & 3).
Phylogenetic relationships
The topology and support levels were similar among the
trees inferred using different methodologies. The time-calibrated phylogeny inferred using Cyt-b and substitution rate
priors is presented in Fig. 3, while the ML analyses are summarized in Fig. S1, and the Bayesian inferences from the
concatenated data (calibrated using either a substitution rate
prior or a node constraint prior) are in Figs. S2–S3. All
Bayesian analyses recovered four clades, which we labelled
Clades A–D (Fig. 3). Relationships among the four clades are
poorly supported (Fig 3, Figs. S2–S3). Clade A [posterior
probability (pp) = 1] is distributed throughout the northern
portion of the range of G. porphyriticus. It includes a ‘northeast’ subclade (pp = 0.96) in the north-eastern portion of
the range, including geographically disjunct populations in
Hamilton Co, Ohio (populations 19–21, Fig. 2). A ‘southwest’ subclade ranges from the headwaters of the New River
into eastern Kentucky, northern Tennessee, and southern
Ohio (pp = 0.96). Haplotypes from populations 38 and 65,
which are south of the rest of Clade A, were sister to the
remaining populations; however, one haplotype from population 65 was also recovered in Clade D, consistent with

Clade

No.
sequences

No.
pops

Sequence
length

No.
haplotypes

S*

h†

p‡

j§

G. porphyriticus
Clade A¶
North-east
South-west
Clade B
North
South
Clade C
Clade D

122
80
46
33
24
5
19
4
13

72
39
23
16
18
4
14
4
12

776
902
902
902
892
902
892
824
854

50
24
15
8
17
2
15
3
7

155
59
22
22
61
1
45
58
40

0.96
0.93
0.89
0.77
0.97
0.60
0.98
0.83
0.85

0.031
0.013
0.004
0.007
0.020
0.001
0.013
0.042
0.010

23.9
11.8
3.2
5.9
17.6
0.6
11.6
34.2
8.3

Table 2 Diversity indices for Cyt-b (see
Appendix S1).

*Number of segregating sites in a sample.
†Haplotype diversity (the probability that two randomly sampled sequences are different).
‡Nucleotide diversity (the probability that two randomly sampled homologous nucleotides are
different, or, equivalently, the average number of nucleotide differences per site between two
randomly chosen sequences).
§Sequence diversity (the average number of nucleotide differences between pairs of sequences).
¶Specimen 52157 (pop. 31) is excluded due to missing data. In addition, a unique haplotype
from population 37 is sister to rest of Clade A (Fig. 3), and was not included in either subclade.
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Table 3 Diversity indices for 1161 base pairs of RAG-1. The
number of individuals in each grouping is equal to the number
of alleles  2.

Clade

No.
pops

No.
alleles

No.
unique
alleles

S

h

p

j

G. porphyriticus*
Clade A
North-east
South-west
Clade B
North
South
Clade C
Clade D

74
33
20
13
17
4
13
6
10

214
110
64
44
46
14
32
14
22

48
21
6
17
15
5
12
5
11

38
19
5
15
14
6
11
7
16

0.92
0.86
0.66
0.93
0.89
0.86
0.86
0.51
0.91

0.0023
0.0018
0.0009
0.0024
0.0020
0.0022
0.0015
0.0012
0.0038

2.69
2.11
1.08
2.82
2.30
2.60
1.72
1.34
4.43

RAG, recombination-activating gene 1.
*Seven populations (76–82) were analysed as part of G. porphyriticus,
but were not assigned to a clade because we lacked mtDNA for those
populations and they are close to secondary contacts between
mtDNA clades. In addition, population 65 was not assigned to a
clade, because it is a hybrid population between Clades A and D.

hybridization between these two clades (see below). Clade A
also includes a divergent haplotype from population 37 that
is sister to the two subclades, while another individual from
population 37 possessed a haplotype that was deeply nested
within the south-west subclade. The divergent haplotype may
belong to a narrowly distributed clade that we failed to
otherwise sample (perhaps hybridizing with members of the
south-west subclade), or it may be an example of retained
ancestral polymorphism.
Populations outside of Clade A occupy the southern portion of the range of Gyrinophilus, and have relatively
restricted distributions. Clade B (pp = 1) is found along the
southern edge of the range. It is includes a northern subclade
(pp = 1) located near the headwaters of the New River, and
a southern subclade (pp = 1) located along the southern
border of the range of G. porphyriticus. Clade C (pp = 0.98)
occupies a small geographical area in north-eastern Georgia
and western North Carolina, while Clade D constitutes a
geographically cohesive group in eastern Kentucky, eastern
Tennessee and northern Alabama (Fig. 2). This last clade
includes G. porphyriticus, the cave-dwelling taxa G. gulolineatus and G. palleucus, and hybrids between G. porphyriticus
Table 4 Results of the hierarchical analysis of molecular
variance using RAG-1, with populations sorted into mtDNA
clades.
Source of variation
Among clades
Among populations
within clades
Within populations
Total

Sum of
squares

Percentage
of variation

P-value

6
59

52.62
111.43

19.3
32.07

< 0.0001
< 0.0001

126
191

82.92
246.96

48.26

< 0.0001

df

RAG-1, recombination-activating gene 1.
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and cave taxa. Individuals from population 65 were hybrids
between G. porphyriticus 9 G. gulolineatus (A.H. Wynn &
J.F. Jacobs, unpublished data), and included haplotypes
belonging to both Clade D and Clade A. Finally, a single
divergent haplotype from population 72 was not assigned to
a clade because its placement is poorly resolved (c.f., Fig. 3,
Figs. S2–S5), but the specimen was identified as G. p. palleucus. By contrast, an individual from populations 71 was also
identified as G. p. palleucus, but its haplotype was deeply
nested within Clade D.
In general, the ML analyses were less resolved than the
Bayesian analyses, with lower support values (Fig. S1). A
phylogeny of Cyt-b inferred using paup* recovered Clades
A–C with moderate to high bootstrap support (69–95%),
but Clade D was not recovered. A phylogeny inferred using
the concatenated data in RAxML was similar, except that
Clade C, which was composed of deeply divergent haplotypes
in all other analyses, was also unresolved. However, RAxML
is designed for rapid ML inference from large data sets, and
necessarily compromises thoroughness for speed (Stamatakis,
2014).
Finally, a haplotype network of RAG-1 alleles revealed limited structure (Fig. 4). Four alleles were abundant (1, 3, 4,
5). Allele 3 was largely associated with Clade A, and allele 4
was entirely restricted to the north-east subclade of Clade A.
On the other hand, allele 1 was common in Clades A, B, and
D, and allele 5 was recovered in all clades (Fig. 4).
DIVERGENCE TIME ESTIMATES
We obtained divergence time estimates using two methods: a
substitution rate prior and a node age constraint (Table 1).
All analyses indicated that the G. porphyriticus complex originated prior to the Pleistocene. The oldest estimate for the
complex was the rate-based calibration of the concatenated
data at 9.3 Ma (95% HPD = 5.8–13.4 Ma), while the youngest estimate was the node-based calibration of the concatenated data at 4.9 Ma (95% HPD = 3.5–6.6 Ma). Mean
estimates for the age of Clade A ranged from 2.9–3.2 Ma
(95% HPD: 1.2–4.8 Ma), while the MRCA of the north-east
and south-west subclades is estimated to have existed
1.7–2.1 Ma (95% HPD: 0.8–3.2 Ma). Clades B and C were
estimated to have originated 2.4–5.3 Ma (95% HPD: 1.4–
9.0 Ma). Within Clade B, the southern subclade is relatively
old, with mean estimates of 1.5–2.6 Ma (95% HPD = 0.9–
4.0 Ma), while the southern subclade is relatively young,
with mean estimates ≤ 0.3 Myr. Finally, the age estimates for
Clade D ranged from 0.9–1.6 Myr (95% HPD: 0.4–2.7 Ma).
Ancestral area inference
All analyses produced similar results (Fig. 5, Figs. S4–S5,
Table S2). The distribution of the ancestor of the G. porphyriticus complex was not clearly determined, but the most
probable inferences included the upper Tennessee (former
Appalachian) River system (Table S2). The ancestor of Clade
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USNM525215 31 Grayson VA
RH68445 29 Washington VA
USNM525032 35 Watauga NC
USNM525267 30 Washington VA
USNM524974 32 Ashe NC
RH70404 34 Watauga NC
USNM525095 33 Watauga NC
USNM525090 34 Watauga NC
USNM525216 31 Grayson VA
USNM525227 36 Lee VA
USNM525233 36 Lee VA
USNM525270 28 Wythe VA
USNM525244 37 Lee VA
USNM525269 28 Wythe VA
USNM524967 26 Pike KY
USNM525228 36 Lee VA
USNM524961 27 Harlen KY
MDH31 24 Pike OH
MDH42 25 Scioto OH
MDH40 25 Scioto OH
MDH43 25 Scioto OH
MDH46 25 Scioto OH
MDH35 24 Pike OH
MDH36 24 Pike OH
MDH44 25 Scioto OH
MDH45 25 Scioto OH
MDH32 24 Pike OH
MDH37 24 Pike OH
MDH39 24 Pike OH
MDH33 24 Pike OH
MDH41 25 Scioto OH
USNM317735 65 Knox TN
USNM525183 38 Blount TN
USNM525185 38 Blount TN
USNM525260 10 Rockingham VA
USNM525263 10 Rockingham VA
USNM525293 7 Randolph WV
RH64520 8 Randolph WV
RH64727 6 Westmoreland PA
USNM525274 22 Greenbrier WV
USNM525276 22 Greenbrier WV
MDH2 16 Hocking OH
MDH7 16 Hocking OH
MDH8 16 Hocking OH
MDH240 17 Hocking OH
MDH3 16 Hocking OH
MDH60 15 Holmes OH
MDH54 20 Hamilton OH
MDH63 15 Holmes OH
MDH50 18 Washington OH
USNM525147 2 Clinton PA
RH62240 12 Pocahontas WV
RH57689 2 Clinton PA
RH57691 2 Clinton PA
USNM525133 19 Hamilton OH
USNM525176 4 Indiana PA
RH62236 12 Pocahontas WV
USNM525285 11 Pocahontas WV
USNM525178 1 Potter PA
USNM525219 9 Highland VA
MDH57 20 Hamilton OH
USNM525138 21 Hamilton OH
USNM525143 3 Carbon PA
USNM525218 9 Highland VA
USNM525203 13 Amhurst VA
USNM525205 13 Amhurst VA
USNM525207 13 Amhurst VA
RH62237 12 Pocahontas WV
USNM525288 14 Pocahontas WV
USNM525289 14 Pocahontas WV
USNM525287 14 Pocahontas WV
RH64521 5 Westmoreland PA
RH64722 6 Westmoreland PA
RH64723 6 Westmoreland PA
RH64726 6 Westmoreland PA
USNM525279 22 Greenbrier WV
USNM525259 23 Rappahannock VA
USNM525256 23 Rappahannock VA
USNM525250 23 Rappahannock VA
USNM525251 23 Rappahannock VA
USNM525243 37 Lee VA
USNM524963 63 Jackson KY
USNM524960 61 Carter KY
USNM524968 62 Powell KY
USNM524964 64 McCreary KY
USNM317721 65 Knox TN****
USNM317723 65 Knox TN****
USNM525240 66 Lee VA
USNM300599 68 Rutherford TN*
USNM300600 67 Rutherford TN*
USNM317754 69 Grundy TN**
USNM317712 70 Roane TN***
USNM317699 71 Jackson AL***
USNM317702 72 Jackson AL***
USNM524363 58 Rabun GA
USNM524374 60 Union GA
USNM524376 59 Union GA
USNM525020 57 Jackson NC
USNM525192 47 Monroe TN
USNM525199 43 Monroe TN
USNM317756 51 Colbert AL**
USNM525006 49 Graham NC
USNM525193 44 Monroe TN
RH59025 45 Monroe TN
USNM525201 46 Monroe TN
RH59024 45 Monroe TN
USNM525194 45 Monroe TN
USNM525005 49 Graham NC
USNM524354 50 Cherokee AL
USNM525000 48 Graham NC
USNM525202 46 Monroe TN
USNM525182 56 Pickens SC
USNM525105 52 Wilkes NC
USNM524998 53 Caldwell NC
USNM524990 55 Buncombe NC
USNM524989 54 Buncombe NC
USNM524980 42 Avery NC
USNM524972 39 Alleghany NC
USNM525100 40 Watauga NC
USNM525062 41 Watauga NC
RH70808 41 Watauga NC

Southwest
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Mya

Figure 3 Bayesian maximum clade credibility (MCC) tree inferred using Cyt-b. Taxon labels include specimen identification number,
the population number from Fig. 2, and county plus state information. All samples are G. porphyriticus, except as follows: *G. palleucus
palleucus, **G. palleucus necturoides, ***G. gulolineatus, ****G. porphyriticus 9 G. gulolineatus. Numbers adjacent to each node are
Bayesian posterior probabilities. Negative branch lengths are not an error, but occur because node heights are averages from the
posterior distribution. Negative branches here are limited to poorly supported nodes.
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Figure 4 Haplotype network of RAG-1
alleles, inferred using statistical parsimony
in tcs v 1.21 (Clement et al., 2000). Circles
represent haplotypes, with the radius
proportional to sample size (as illustrated
by the concentric circles in the upper right).
Colours designate the mtDNA clades to
which individuals belong. Lines connecting
haplotypes represent single mutations;
asterisks represent inferred mutations. The
numbers are haplotype numbers, as
identified in Appendix S1. RAG-1,
recombination-activating gene 1.

A was inferred to have been broadly distributed, including
the Teays, Appalachian and mid-Atlantic drainages. The
ancestor of the north-east subclade of Clade A was inferred
to have occupied the mid-Atlantic drainages, with the second
most probable distribution also including the upper Ohio.
The south-west subclade, by contrast, was inferred to have
occupied either the upper Tennessee or the upper Tennessee
+ upper Ohio. The ancestor of Clade B was inferred to have
occupied the upper Tennessee, or the upper Tennessee +
south Atlantic drainages. All models supported the northern
subclade of Clade B as having occupied the upper Ohio +
south Atlantic drainages. This is an odd distribution at first
blush, but stems from sampled populations currently occupying a restricted distribution near the headwaters of the
New River (upper Ohio), with populations in Atlantic
streams just over the ECD from the New River. The ancestor
of the southern subclade of Clade B was estimated to have
occupied the upper Tennessee + south Atlantic. All models
supported the Tennessee as the ancestral region of Clade C.
Finally, the ancestor of Clade D was inferred to be widespread in all models, with only Atlantic regions excluded.
Historical versus contemporary river systems
Distance-based redundancy analysis was used to partition
variation among contemporary drainages, historical drainages, and geography (Table 5, Fig. 6). For Cyt-b, the full
model explained 52.6% of the variation (P < 0.0001). Geography accounted for 30.7% of the variation (P < 0.001);
however, only 4.0% of the variation was explained by geography after factoring out the contributions of drainages
Journal of Biogeography 43, 639–652
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(P < 0.001). Similarly, contemporary drainages accounted for
35.3% of the variation (P < 0.001), but only 2.1% of the
variation was explained by contemporary drainages alone
(P = 0.025). Historical drainages accounted for the most
variation: 47% of the total variation was accounted for by
historical drainages, including 12.7% of the variation by historical drainages alone (P < 0.001).
For RAG-1, the full model explained 21% of the variation
(P < 0.001) (Table 5, Fig. 6). Much of this was accounted
for by historical drainages, which explained 11.2% of the
variation after conditioning on contemporary drainages and
geography (P < 0.001). By contrast, contemporary drainages
explained 1.6% of the variation after conditioning on historical drainages and geography (P = 0.027). There was no relationship between geography and patristic distance after
conditioning on drainages, and little variation (< 3%) was
explained jointly by any set of factors.
DISCUSSION
In this study, we sampled throughout the range of the G.
porphyriticus complex and documented large amounts of
phylogeographical structure. Patterns of variation are likely a
consequence of the old age of the complex, an extensive geographical range relative to dispersal ability, and hydrological
remodelling of drainage systems since the Pleistocene. We
found that Cyt-b was substantially more variable than our
nuclear marker, RAG-1, which is consistent with other studies (Ballard & Whitlock, 2004). Nonetheless, the differences
in variability and obvious genetic structure are striking
(Tables 2 & 3). This could simply be a consequence of a
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Most probable state

(C) 67023 30 Washington VA

AC

2nd most probable

40

(A) 70576 33 Watauga NC

1: AC
2: ABC

5

3rd most probable

(C) 63089 36 Lee VA

AC
41

SW

All other states

1: AC
2: C

1

2

(A) 69310 28 Wythe VA
4
6 1: A
42
2: AC
1: AB
2: A

(B) 63650 27 Harlen KY
3

(A) MDH45 25 Scioto OH
(C) 72061 38 Blount TN
(E) 54379 10 Rockingham VA

E

Clade A

7

AE

1: ACE
2: CE

47

1: AE
2: E

16
1: AE
2: E
3: EG

(E) 64516 13 Amherst VA

8

(A) 71773 14 Pocahontas WV

9

(A) MDH240 17 Hocking OH
1: EG
14 2: G
50

(G) 61064 1 Potter PA
11

(G) 61063 4 Indiana PA
10

NE

52

1: C
2: AC

15
1: E
2: AE

22

13

(E) 66752 3 Carbon PA

EG

1: EG
2: G

(G) 62460 7 Randolph WV
12

(G) 64520 8 Randolph WV

G

(E) 71111 23 Rappahannock VA
(A) 59531 63 Jackson KY

A
17

AC

(A) 59532 61 Carter KY
18

(C) 63112 66 Lee VA

1: ABC
2: BCD

21

Clade D

(D) 60374 70 Grundy TN

BD
19

1: C
2: CF

(B) 63529 68 Rutherford TN

20

1: B
2: BD

(B) 61416 64 McCreary KY

34

(C) 52374 47 Monroe TN

C
24
C
25
1: CF
2: F

(C) 66586 50 Cherokee AL
23

(C) 69728 48 Graham NC

C

(C) 58958 44 Monroe TN

26

South

(F) 70393 56 Pickens SC

1: CF
2: F
1: C
2: CDF

30

35
1: CF
2: F

(F) 66480 52 Wilkes NC

F
1: F
2: CF

27

(F) 71354 53 Caldwell NC
29

(F) 67058 55 Buncombe NC
33

28

Clade B

CF

(C) 67059 54 Buncombe NC
(F) 64507 42 Avery NC

F
1: CDF
2: CD

38

North

31

AF

(F) 67804 41 Watauga NC

32

(A) 71231 39 Alleghany NC
(D) 63533 72 Jackson TN

Clade C

1: C
2: CF

1: CF
2: C
37

(F) 63753 58 Rabun GA
36

(C) 72343 57 Jackson NC
(C) 63815 59 Union GA

lower mutation rate and higher effective population size in
RAG-1. Alternatively, male-biased dispersal could lead to less
geographical variation in nuclear markers if the nuclear genome is experiencing higher levels of gene flow (Ballard &
Whitlock, 2004).
It is likely that the strong signal in mtDNA dominated our
phylogeographical inferences. MtDNA has a lower effective
population size than nuclear markers because it is haploid
and maternally inherited. As a consequence, genetic drift is
relatively strong, increasing the probability that mtDNA
648

Figure 5 Bayes-LAGRANGE ancestral range
analysis. The analysis was run on 1000
dated topologies randomly sampled from
the posterior distribution of phylogenies
produced in beast 2. The topology here is
the maximum clade credibility (MCC) tree
from a concatenated data set including Cytb and RAG-1, and calibrated using a nodebased age prior. However, to improve
readability branch lengths are not
proportional to time (see Table 1, Fig. S3
for ages and support values). Pie charts
present the most likely ancestral
geographical ranges at each node, with
values less than 20% not shown. Numbers
next to nodes correspond with Table S2 in
Appendix S3. A = upper Ohio River, of the
former Teays River system; B = lower Ohio
River, not of the former Teays; C = upper
Tennessee River, of the former Appalachian
River system; D = lower Tennessee, not in
the former Appalachian River system;
E = Rivers draining into the Mid-Atlantic,
between the West Branch Susquehana and
James Rivers; F = Rivers draining into the
south Atlantic, between Yadkin and
Savannah Rivers; G = Rivers that were
potentially members of the former
Laurentian system, including the Allegheny
and Monongahela Rivers. Taxon labels
include specimen identification number, the
population number from Fig. 2, and county
plus state information. RAG-1,
recombination-activating gene 1.

variation will coalesce sooner, and increasing the likelihood
that mtDNA gene tree will be concordant with the species
tree (Moore, 1995; Maddison, 1997). Nonetheless, lineage
sorting is a stochastic process, and mtDNA will not always
reflect the species tree. In addition, mtDNA readily introgresses across contact zones (Jackman & Wake, 1994; Kuchta
& Tan, 2006; Kuchta, 2007), increasing the opportunity for
introgressive hybridization to be a confounding factor (see
also Niemiller et al., 2008, 2009). In our study, individuals
in population 65 were hybrids between G. porphyriticus and
Journal of Biogeography 43, 639–652
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Table 5 Proportion of genetic variance explained by
contemporary drainage associations (contemporary), historical
drainage associations (historical) and geographical distance. The
‘Combined’ factor includes all main effects as well as variation
shared jointly by the main effects (Fig. 4).
Locus

Predictors

Variance

Adjusted R2

P-value

Cyt-b

Contemporary drainages
Historical drainages
Geographical distance
Combined
Total variance
Contemporary drainages
Historical drainages
Geographical distance
Combined
Total variance

1.76
6.94
2.21
28.175
49.49
0.00006
0.00026
0.00002
0.00052
0.00208

3.6%
12.7%
4.0%
52.6%

0.024
< 0.001
0.002
< 0.001

1.6%
11.2%
0.4%
21.0%

0.03
< 0.001
ns
< 0.001

RAG-1

We found that phylogeographical divergence in the G.
porphyriticus complex was associated with both contemporary and historical drainages. However, variance partitioning
showed that historical drainages explained substantially more
variation than did contemporary drainages, both for mtDNA
(12.7% vs. 2.1%) and RAG-1 (11.2% vs. 1.6%) (Tables 4–5;
Fig. 6). Geographical distance accounted for only 4.0% of
the variation in Cyt-b, and its influence was not detected
using RAG-1.
These results implicate historical drainage systems in the
fashioning of phylogeographical diversity within the G. porphyriticus complex. A leading hypothesis is that the Teays
River functioned as a barrier to dispersal, resulting in divergent phylogeographical groups to the north-east and southwest. This is because the Teays River was massive and would
have been a barrier for headwater species. Today, the headwaters of the New River correspond with the headwaters of
the former Teays (Fig. 2b), and are located in a relatively
narrow strip between the ECD and the headwaters of the
Tennessee River system. It is here that one would expect
phylogeographical units to meet. Our findings are consistent
with the hypothesis that the Teays functioned as a biogeographical barrier. The northern-most clade we recovered was
Clade A (Figs. 2 & 3). Populations in the north-east subclade
of Clade A are found north and east of the former Teays
River, with the exception of populations in Hamilton Co,
Ohio, which are disjunct from the rest of the range (Figs. 2
& 3). These disjunct populations were likely recently
founded, as they are deeply nested within the north-east subclade. Ancestral range reconstruction using BayesLAGRANGE indicated that the ancestral range of the northeast subclade occupied either the mid-Atlantic drainages, or
the mid-Atlantic + upper Ohio. We prefer the latter because
Gyrinophilus currently has a limited distribution east of the
ECD, and the occupation of these drainages is consistent
with stream capture (see below). The south-west subclade of
Clade A, on the other hand, is found exclusively west of the
former Teays (Fig. 2). Bayes-LAGRANGE reconstructs the
ancestor as occupying the upper Tennessee drainage, and
perhaps also the upper Ohio. The south-west and north-east
subclades likely contact one another north of the headwaters
of the New River, between populations 22 and 28 (Fig. 2).
The 95% HPD of our divergence time estimates for the split
between the two subclades straddle the damming of the

G. gulolineatus, population 37 contained two highly divergent
haplotypes, and population 72 possessed a haplotype that
was not closely related to surrounding populations. Apart
from differences in variability, however, it is not clear that
Cyt-b and RAG-1 were strongly discordant in our data, and
an AMOVA showed that patterns of variation in RAG-1 are
correlated with mtDNA clades.
Historical drainage connections and
phylogeographical divergence
We inferred divergence times using two alternative
approaches: a substitution rate prior (Mueller, 2006) and a
node constraint (Bonett et al., 2014). The rate prior resulted
in older age estimates and wider confidence intervals
(Table 1). For instance, for the concatenated data, the
MRCA of the G. porphyriticus complex was inferred to be
9.3 Myr old (95% HPD = 5.8–13.4), whereas under the node
constraint the complex was inferred to be 4.9 Myr old (95%
HPD = 3.5–6.6). For comparison, Bonett et al. (2014), using
a species tree approach, estimated the age of the G. porphyriticus complex at ~ 5–6 Myr old (based on their Fig. 2).
These estimates all agree that the species complex originated
prior to the onset of Pleistocene glaciations, when many
rivers in eastern North America tracked different courses
than they do today.
(a)

(b)

Contemporary
0.02

Historical
0.13

0.02

Contemporary
0.02

0.27

Figure 6 Venn diagrams showing the
partitioning of genetic variation between
contemporary drainages, historical drainages
and geographical distance. (a) Cyt-b. (b)
RAG-1. RAG-1, recombination-activating
gene 1.
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-0.005

Historical
0.11

0.02
0.03

0.006

Geography
0.04

0.13
Explained
Variation = 0.53

<0.01

Geography
0.04

Explained
Variation = 0.21
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Teays, which occurred roughly 0.78–1.3 Ma (Andrews,
2004). This is the expected result if re-routing of the Teays
played a role in the formation of phylogeographical diversity.
Whether the damming of the Teays played a role in the origin of the subclades is unclear, however, and dispersal (as
opposed to vicariance) is also consistent with this pattern. In
either case, our findings are consistent with the hypothesis
that the Teays River impacted population structure in G.
porphyriticus, and is congruent with other studies that have
identified the Teays as an important isolating barrier in
aquatic taxa (Hocutt et al., 1978, 1986; Berendzen et al.,
2003; Kozak et al., 2006).
In addition to hydrological remodelling, we also predicted
that historical stream capture played a role in the phylogeographical history of the G. porphyriticus complex. Stream
capture is an important process across the ECD, where
Atlantic-draining river systems have long eroded westward
into the Appalachian Mountains (Hocutt & Wiley, 1986;
Prince et al., 2010). Stream capture was found to play a fundamental role in the phylogeographical history of the Northern two-lined salamander complex, Eurycea bislineata, as well
as in the distributions of several fish species (Hocutt et al.,
1978; Kozak et al., 2006). In G. porphyriticus, mitochondrial
haplotypes from populations inhabiting mid-Atlantic drainages (populations 10, 12–13) are phylogenetically nested
among haplotypes from populations that drain into the Ohio
River (Figs. 2 & 3). To the south, Clade C, which is composed of divergent haplotypes (Fig. 3), is distributed along
the border of the Tennessee, Savannah, and Chattahoochee/
Apalachicola rivers. Stream capture may have played a role
in this distribution, although long-distance dispersal is a
viable alternative explanation. For example, Campbell et al.
(2010) have shown that newly metamorphosed individuals of
the salamander genus Desmognathus engage in overland
movement, including movement between headwater streams.
Not all populations east of the ECD fit the stream capture
hypothesis. For example, haplotypes from population 23 are
sister to the remainder of the north-east subclade (Fig. 2),
and we estimated this split occurred during the Pleistocene.
Whether this is the consequence of an older stream capture
event or some form of vicariance awaits further investigation.
It is also conceivable the haplotypes descended from an
ancestor that inhabited the Erigan River system, which was a
part of the Laurentian River system and drained out the present-day St. Lawrence Valley (Fig. 1a); however, this is speculative and we did not find convincing evidence that the G.
porphyriticus complex inhabited the Erigan River system.
Finally, populations 52–53 and 55 in the upper Catawba,
Broad, and Pee Dee River systems (mid-Atlantic drainages)
formed a clade. Population 54 in the upper reaches of the
Tennessee River system near the ECD is the only other member of this clade. Ancestral range reconstruction in BayesLAGRANGE predicted that this clade diversified on the eastern side of the ECD, then expanded westward across the
ECD (Fig. 5). This pattern contradicts our stream capture
hypothesis, although an east–west stream capture event
650

during the Pleistocene is possible, as is long-distance dispersal across the ECD.
SUMMARY
River systems in eastern North America have experienced a
dynamic history as glacial impoundments, stream capture,
and other geological events have led to the fragmentation
and fusion of formerly isolated palaeodrainages. Zoogeographical studies are increasingly finding that drainage history has had a profound influence on regional biodiversity,
especially in obligate aquatic organisms. We studied the phylogeography of the semi-aquatic spring salamander complex,
Gyrinophilus porphyriticus and recovered a complex genetic
structure that is reflective of the influence of historical drainage connections. Historical drainage systems explained
more variation in phylogeographical structure than did contemporary drainages or geographical distance, and it is likely
that the prehistorical Teays River played a major role in promoting isolation and divergence.
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