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Phylogeography of the Cow
Knob Salamander (Plethodon
punctatus Highton): populations
on isolated Appalachian
mountaintops are disjunct

but not divergent

Matthew R. Graham™, William D. Flint?, Alexsis M. Powell®,
Victor Fet® and Thomas K. Pauley?

‘Department of Biology, Eastern Connecticut State University, Willimantic, CT, United States,
2Department of Biology, James Madison University, Harrisonburg, VA, United States, *Department of
Biological Sciences, Marshall University, Huntington, WV, United States

Although many studies have examined how taxa responded to Pleistocene
climate fluctuations in the Appalachian Mountains, impacts on high-elevation
endemics of Central Appalachia are not yet understood. We use mitochondrial
(ND4 & Cytb) and nuclear (GAPD) DNA sequences to investigate the
phylogeography of the Cow Knob Salamander (Plethodon punctatus), a
woodland species from Central Appalachian highlands thought to have origins
in the Pleistocene. Data from 72 tail tips representing 25 sites revealed that the
species comprises two geographically cohesive mitochondrial clades with a
narrow, putative contact zone on Shenandoah Mountain. Molecular clock
estimates indicate the clades diverged in the Middle Pleistocene. The
population size of the Southern clade appears to have remained stable for at
least 50,000 years. Despite spanning several isolated mountain systems, the
Northern clade has exceptionally low genetic diversity, probably due to recent
demographic expansion. Palaeodemographic hypothesis testing supported a
scenario in which a founder effect characterized the Northern clade as it
diverged from the Southern clade. Species distribution models predicted no
suitable habitat for the species during the Last Glacial Maximum. Ultimately,
Pleistocene glacial climates may have driven the species from the northern half
of its current range, with recolonization events by members of the Northern
clade as climates warmed. Density dependent processes may now maintain a
narrow contact zone between the two clades.
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Introduction

Sky islands have garnered much attention in biogeography (i.e.
Brown, 1971; Brown, 1978; Masta, 2000; Moore et al., 2013). The
term is applied to isolated patches of montane habitats surrounded
by non-analogous environments at lower elevations, thus acting as
isolated “islands in the sky” for mountain-dwelling taxa (reviewed
in McCormack et al., 2009). Early work exploring the connectivity
among taxa endemic to sky island systems largely centered on
mountain ranges associated with the Chihuahuan, Sonoran, and
Great Basin deserts, where islands of montane pine forests provide a
stark contrast to the lower elevation deserts, semi-deserts, and
grasslands that surround them. This region, especially the
Madrean sky island system, has been much studied (i.e. Warshall,
1994; Masta, 2000; McCormack et al., 2008; Ober et al., 2011;
Mitchell & Ober, 2013; Moore et al., 2013; Manthey & Moyle, 2015;
Wiens et al,, 2019). Taxa inhabiting these sky islands have been
shown to exhibit various degrees of connectivity, ranging from
Pleistocene-level associations among sky islands (Masta, 2000;
McCormack et al., 2008), to scorpions that have been isolated in
their respective habitats since the Miocene (Bryson et al., 2013).
More mesic sky island systems have been studied as well, and some,
such as the cloud forests of the neotropics, are remarkably complex
with ancient lineages and cryptic species (i.e. Castoe et al., 2009;
Doan et al., 2016).

In this contribution, we focus on the mountaintops of the
Central Appalachians in eastern North America. Although not
usually considered sky islands, montane habitats of the region are
fragmented and possess characteristics similar to those of sky island
complexes. High mountains and low-elevation valleys provide steep
elevational gradients, resulting in high habitat heterogeneity over
short distances. Most of the Central Appalachians did not receive
glacial coverage during the Pleistocene, but were drier and colder
during glacial episodes (Springer et al, 2009). Thus, organisms
endemic to Central Appalachian highlands may have experienced
significant distributional shifts as they tracked suitable climates
while they fluctuated during the Pleistocene. Alternatively,
endemics may have been forced to adapt in place as climates
changed around them, or a combination of both. These processes
could either promote diversification in montane taxa via natural
selection, sexual selection, and drift, or inhibit lineage formation by
promoting gene flow when displaced from their high-elevation
habitats. Both of these patterns have been observed for sky island
complexes in western North America (McCormack et al., 2009), but
much less is known about responses to Pleistocene climate in
fragmented mountains of central Appalachia (but see Mulder
et al., 2019).

We assessed the phylogeography of Plethodon punctatus
Highton, 1972 (Caudata: Plethodontidae), a medium-bodied
salamander endemic to central Appalachia. Like other woodland
salamanders, P. punctatus spend most of their time underground
and only come to the surface at night to feed on invertebrates when
conditions are sufficiently wet. Plethodon punctatus was identified
as a separate species from P. wehrlei due to both physical and
ecological differences (Highton, 1972). Plethodon punctatus occurs
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in high-elevation (>850 m) forest habitats where they live among
rocks and talus throughout the Shenandoah and Great North
mountain ranges, and several adjacent mountaintops. Its range
forms a narrow and patchy strip, approximately 150 km in length,
in the Ridge and Valley Physiographic Province (Figure 1).
Plethodon wehrlei occurs throughout a greater range of elevations
and habitats within much of the Allegheny Plateau physiographic
province from central West Virginia through southern New York
and portions of the western Ridge and Valley Province in Virginia.
Small plethodontid salamanders with narrow distributions have
been demonstrated to have poor acclimation ability and lower
thermal tolerances to temperature extremes in lab experiments
(Markle & Kozak, 2018), so we suspect P. punctatus may have
been influenced by fluctuating Pleistocene climates.

Early genetic studies using allozymes posited that P. punctatus is
closely related to P. wehrlei Fowler and Dunn, 1917, from which it
diverged during the Pleistocene (Highton, 1972; Highton, 1995).
Together the two species comprised the P. wehrlei species complex.
A recent molecular genetic study, however, revealed that P. wehrlei
is represented by several distinct genetic lineages that originated in
the Middle Miocene, with P. punctatus deeply nested within the
complex (Kuchta et al., 2018). These patterns were confirmed using
data from restriction site-associated DNA sequencing (RADseq),
with several distinct lineages elevated to species status (Felix et al.,
2019). Of the species in the complex, only P. punctatus is restricted
to high elevations. In a previous study (Kuchta et al.,, 2018), samples
from this species collected from several isolated mountains
recovered two main mitochondrial lineages that spanned
seemingly unsuitable habitat, indicating that disjunct populations
may not be genetically differentiated.

Using these studies as a foundation, we assessed genetic
structure across the range of P. punctatus to determine if
populations inhabiting unsampled isolated mountaintops
represent additional genetic lineages. We then explored the
genetic data to ascertain the influence of Pleistocene climate
fluctuations on P. punctatus populations by estimating divergence
times and population size changes with molecular clock-based
analyses. Finally, we used results from these analyses to generate
palacodemographic hypotheses for the species’ Pleistocene history,
which we tested using Approximate Bayesian computation.

Materials and methods
Sampling and molecular techniques

We collected 72 tail tips from P. punctatus, representing 25
general sites, throughout the species’ range (Figure 1; Table 1) using
nighttime visual encounter surveys (Flint and Harris, 2005) and by
flipping rocks and cover objects. Sterilized razors and scissors were
used to remove 1-2 cm tail tips from each animal before they were
released where found. Tail clipping has been demonstrated to be a
low-impact method for collecting tissue samples from salamanders
(i.e. Polich et al., 2013). Tail tips were stored in 95% ethanol at 20°C
until DNA extractions were performed using a DNeasy Tissue Kits
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FIGURE 1
Map of the Central Appalachian region inhabited by Plethodon punctatus. Red circles indicate samples belonging to the Southern clade. Blue circles
represent the Northern clade. Circles with white dots denote samples from Kuchta et al. (2018). The species’ known range is depicted in red in the inset.

TABLE 1 Sampling localities, clade designations, and GenBank accession numbers for Plethodon punctatus samples in Figure 1.

GenBank accession numbers

Specimen Identifier State Locality
ND4 Cytb GAPD
Plethodon punctatus 7 14 wv W State Line 0Q617020 0Q617060 0Q992722
Plethodon punctatus 8 14 WV W State line 0Q617021 0Q617061 0Q992732
Plethodon punctatus 10 14 WV W State Line 0Q617014 0Q617062 0Q992744
Plethodon punctatus 11 14 WV W State Line 0Q617015 0Q617063 —
Plethodon punctatus 12 14 wv W State Line — 0Q617064 0Q992726
Plethodon punctatus 14 14 wv W State Line — 0Q617065 0Q992748
Plethodon punctatus 15 14 wv W State Line — 0Q617066 0Q992746
Plethodon punctatus 16 16 wv High Knob 0Q617016 0Q617067 0Q992760
Plethodon punctatus 19 14 WV CR25 0Q617017 0Q617068 0Q992764
Plethodon punctatus 20 14 WV CR25 — 0Q617069 —
Plethodon punctatus 21 14 wVv CR25 0Q617018 0Q617070 0Q992743
(Continued)
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TABLE 1 Continued

10.3389/famrs.2023.1175492

GenBank accession numbers

Specimen Identifier State Locality
ND4 (@Y10] GAPD
Plethodon punctatus 22 14 WV CR25 0Q617019 0Q617071 0Q992733
Plethodon punctatus A27 23 wv Great North Mtn. 0Q617022 0Q617072 0Q992747
Plethodon punctatus A28 23 WV Great North Mtn. 0Q617023 0Q617073 0Q992750
Plethodon punctatus A30 1 VA Chestnut Ridge 0Q617024 0Q617074 0Q992765
Plethodon punctatus A3l 1 VA Chestnut Ridge 0Q617025 0Q617075 0Q992721
Plethodon punctatus A32 1 VA Chestnut Ridge 0Q617026 0Q617076 0Q992749
Plethodon punctatus A33 5 VA Walker Mtn. 0Q617027 0Q617077 0Q992724
Plethodon punctatus A34 5 VA Walker Mtn. 0Q617028 0Q617078 0Q992762
Plethodon punctatus A35 5 VA Walker Mtn. 0Q617029 — 0Q992729
Plethodon punctatus A36 22 wv Lost River State Park 0Q617030 0Q617079 0Q992763
Plethodon punctatus A37 22 wv Lost River State Park 0Q617031 0Q617080 —
Plethodon punctatus A38 22 wv Lost River State Park 0Q617032 0Q617081 —
Plethodon punctatus A39 21 VA Great North Church Mtn. 0Q617033 0Q617082 —
Plethodon punctatus A40 2 VA Sideling Hill 0Q617034 0Q617083 —
Plethodon punctatus B10 10 WV FR85 0Q617035 0Q617084 0Q992728
Plethodon punctatus B11 11 wv FR85 0Q617036 0Q617085 0Q992742
Plethodon punctatus B2 20 wv Cow Knob Road (Rough Run) 0Q617037 0Q617086 0Q992727
Plethodon punctatus B4 20 wv Forest Road 85-2 0Q617038 0Q617087 0Q992754
Plethodon punctatus B5 20 wv Forest Road 85-2 0Q617039 — 0Q992723
Plethodon punctatus ‘WF10 19 VA Tomahawk Mtn. 0Q617040 0Q617088 0Q992759
Plethodon punctatus WF11 20 WV W side of Cow Knob Road — 0Q617089 0Q992761
Plethodon punctatus WFI12 20 wv W side of Cow Knob Road 0Q617041 0Q617090 0Q992740
Plethodon punctatus WF13 16 VA Forest Road 85-2 (Rocky Area) 0Q617042 0Q617091 0Q992736
Plethodon punctatus WEF15 16 wv RT33 (High Knob Trail) 0Q617043 0Q617092 0Q992756
Plethodon punctatus WF16 16 wv Shenandoah Mtn. (High Knob Trail) 0Q617044 0Q617093 0Q992734
Plethodon punctatus WF17 9 VA Bald Mtn. Trail 0Q617045 0Q617094 0Q992753
Plethodon punctatus WF18 9 VA Bald Mtn. Trail 0Q617046 0Q617095 0Q992731
Plethodon punctatus WF19 6 VA Elliot Knob 0Q617047 0Q617096 0Q992725
Plethodon punctatus WE2 12 VA Reddish Knob 0Q617048 0Q617103 0Q992757
Plethodon punctatus WEF20 6 VA Elliot Knob 0Q617049 0Q617097 0Q992737
Plethodon punctatus WE22 25 wvV Nathaniel Mountain 0Q617051 0Q617098 0Q992738
Plethodon punctatus WE23 7 VA Shenandoah Mtn. N 0Q617052 0Q617099 0Q992741
Plethodon punctatus WE24 7 VA Shenandoah Mtn. N 0Q617053 0Q617100 0Q992735
Plethodon punctatus WE25 4 VA Shenandoah Mtn. S 0Q617054 0Q617101 0Q992739
Plethodon punctatus WE26 4 VA Shenandoah Mtn. S 0Q617055 0Q617102 0Q992755
Plethodon punctatus WE3 15 VA Shenandoah Mtn. — 0Q617104 0Q992751
Plethodon punctatus WF4 15 VA Shenandoah Mtn. 0Q617056 0Q617105 —
Plethodon punctatus WF5 24 WV Helmick Rock 0Q617057 0Q617106 0Q992730
(Continued)
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TABLE 1 Continued

10.3389/famrs.2023.1175492

GenBank accession numbers

Specimen Identifier State Locality
ND4 Cytb GAPD

Plethodon punctatus WEF6 24 wv Helmick Rock — 0Q617107 0Q992758
Plethodon punctatus WEF8 17 VA Walnut Ridge 0Q617058 0Q617108 0Q992745
Plethodon punctatus WF9 19 VA Tomahawk Mtn. 0Q617059 0Q617109 0Q992752
Plethodon punctatus RH72271 24 wv Helmick Rock — MG561987 MG562397
Plethodon punctatus RH72272 24 wv Helmick Rock — MG561988 MG562398
Plethodon punctatus RH67634 23 A% Great North Mtn. — MG561982 MG562394
Plethodon punctatus RH67635 23 WV Great North Mtn. — MG561983 MG562395
Plethodon punctatus RH67636 23 wv Great North Mtn. — MG561984 —
Plethodon punctatus RH74921 20 VA Cow Knob — MG561989 MG562401
Plethodon punctatus RH74922 20 VA Cow Knob — MG561990 MG562402
Plethodon punctatus RH74923 20 VA Cow Knob — MG561991 —
Plethodon punctatus RH54213 20 WV Cow Knob — MG561977 MG562361
Plethodon punctatus RH67637 20 WV Cow Knob — MG561985 —
Plethodon punctatus RH67638 20 wv Cow Knob — MG561986 MG562396
Plethodon punctatus RH64540 20 wv Forest RT 87 — MG561981 MG562374
Plethodon punctatus RH54202 18 VA White Oak Flats — MG561975 MG562359
Plethodon punctatus RH54203 18 VA White Oak Flats — MG561976 MG562360
Plethodon punctatus RH64533 18 VA White Oak Flats — MG561980 MG562373
Plethodon punctatus RH54353 13 WV Briery Branch Gap — MG561978 MG562362
Plethodon punctatus RH54354 13 wv Briery Branch Gap — MG561979 MG562363
Plethodon punctatus RH54038 8 VA Forest RT 95 — MG561973 MG562356
Plethodon punctatus RH54039 8 VA Forest RT 95 — MG561974 MG562357
Plethodon punctatus RH78148 3 VA Shenandoah Mtn. — MG561992 MG562411
Plethodon wehrlei WE21 — VA Jack Mtn. 0Q617050 0Q617110 —

Samples with identifiers beginning with “RH” are from Kuchta et al. (2018).

(Qiagen, Valencia, CA, USA). We amplified and sequenced regions
of mitochondrial genes coding for cytochrome b gene (Cytb) and
NADH dehydrogenase 4 (ND4), as well as the nuclear gene coding
for glyceraldehyde-3-phosphate dehydrogenase (GAPD). Primers
Pglut-F1b and PThr-R2b were used to amplify a 1072 bp fragment
of Cytb. ND4(F) and Ephist primers were used to amplify a 655 bp
region of ND4. Primers GAPD-F and GAPD-R were used to
generate a 594 bp of GAPD. Amplified PCR products were
purified using ExoSAP-IT (GE Healthcare, Piscataway, NJ, USA)
and sent to the DF/HCC DNA Resource Core (Harvard Medical
School, Boston, MA, USA) for bidirectional sequencing. Primer
sequences and citations are provided in Table S1. We edited the
double-stranded DNA fragments manually in Geneious v.7.1.9
(Biomatters Ltd, Auckland, New Zealand), and aligned each gene
separately in Geneious using MUSCLE (Edgar, 2004). As an
outgroup, we also collected a tail tip from P. wehrlei, and
sequenced both mitochondrial markers.

Frontiers in Amphibian and Reptile Science

The new data consisted of 51 Cytb sequences, 46 ND4
sequences, and 45 GAPD sequences. These were combined with
recently published Cytb data (Kuchta et al., 2018) to generate a final
data set consisting of 72 samples of P. punctatus, plus the individual
outgroup sample. Final alignment lengths were 1,072 bp for Ctyb,
655 bp for ND4, and 594 for GAPD. The GAPD alignment did not
contain any heterozygous sites. All sequences have been accessioned
in GenBank (Table 1).

Phylogenetics and divergence dating

Phylogeny and divergence dates were simultaneously estimated
for 77 individuals using all three gene datasets in a concatenated
2,321 bp alignment with Bayesian inference analysis conducted in
BEAST v. 1.10.4 (Drummond et al., 2012). We calculated the best-
fit substitution models and partitioning schemes using
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PartitionFinder2 (Lanfear et al., 2016) for the ingroup samples,
which indicated the alignment should be partitioned by gene (but
not codons) with the following substitution models: GTR+G for
Cytb, GTR+I for ND4, and HKY for GAPD. We used these models,
a lognormal relaxed clock for each gene, and the Coalescent
constant size tree prior to generate an.xml file in BEAUTI
(BEAST package). We calibrated the analysis with a normal clock
rate prior and a mean rate (ucld.mean) of 0.00623 and standard
deviation (ucld.stdev) of 0.00149 for the Cytb locus, identical to
studies on related plethodontids (Kuchta et al., 2016; Kuchta et al.,
2018). This rate assumes a crown age of 66 Ma for Plethodontidae,
which is based on the oldest known fossil of the presumed sister
family Amphiumidae (Gardner, 2003; Wiens et al., 2006). We ran
the.xml file in BEAST as two independent Markov Chain Monte
Carlo (MCMC) runs each conducted for 100 million generations
and sampled every 10,000 generations. We verified stationarity and
convergence of Markov chains and appropriate effective sample
sizes in Tracer v.1.7 (Rambaut et al, 2018). The two runs were
combined, and we rendered a maximum clade credibility tree using
TreeAnnotator (BEAST package) and visualized the tree in FigTree
v.1.4.4 (http://tree.bio.ed.ac.uk/software/). We assessed the
phylogenetic position and divergence dates for P. punctatus
within the P. wehrlei species group in an additional, broader
BEAST analysis using a combination of Cytb data from our study
and Kuchta et al. (2018). We used identical parameters for this
analysis, except two independent MCMC analyses were run for 60
million generations and sampled every 6,000 generations.

Haplotype networks

We explored relationships among haplotypes by creating simple
(e = 0) median-joining networks in POPART v.1.7.2 (Leigh and
Bryant, 2015) for all three gene partitions. The software omits all
sites with missing data, so the Cytb alignment was trimmed by
removing 45 bp from the 5’ end and 69 bp from the 3’ end, resulting
in 958 bp alignment. Six samples that still contained missing data
were removed from the Cytb alignment prior to analysis. One
sample with missing data from the ND4 alignment. No trimming
was required for the ND4 and GAPD alignments. The median-
joining approach is ideal for intraspecific haplotype comparisons
because it favors short connections and combines minimum-
spanning trees into a single network. Individual haplotypes were
assigned to the two clades identified in the phylogenetic analyses
(Southern and Northern clades), and we colorized nodes in each
network by clade designation.

Demographic history

We calculated molecular diversity statistics, such as nucleotide
diversity, and tested for evidence of recent demographic changes
using Tajima’s D (Tajima, 1989) and Fu’s Fg (Fu, 1997) with the
mitochondrial data in Arlequin v.3.5 (Excoffier et al., 2005).
Significance of Fu’s Fy and Tajima’s D values were assessed using
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5,000 coalescent simulations. Several samples with incomplete
sequences were omitted from these analyses.

In addition, we inferred changes in effective population size for the
Southern clade (see Results) using the Bayesian skyline method (Ho
and Shapiro, 2011) implemented in BEAST. Time and population size
were calibrated using the same substitution models and mutation rates
as the divergence dating analysis. Analyses were run for 50 million
steps, sampled every 5,000 steps. We let the software automatically
optimize all operators. Effective sample size (ESS) values were low for
multiple runs, so we re-ran the analysis using the simpler HKY+I
model. Results of the analyses were visualized using Tracer. The
Northern Clade did not possess enough variable sites to inform
coalescent-based analyses, so we omitted it from this analysis.

Palaeodemographic hypothesis testing

We tested different demographic scenarios using Approximate
Bayesian Computation (ABC) implemented in DIYABC v.2.1.0
(Cornuet et al., 2014). The software uses coalescent-based
simulations with random draws from prior distributions to
generate simulated datasets with the same number of samples and
loci as the observed data. Similarity is calculated using Euclidean
distances between summary statistics from the simulated and
observed datasets (Beaumont et al., 2002). We used the Cytb data
set, the partition with the most samples, in DIYABC to test nine
scenarios in two different series that represent various combinations
of bottlenecks and expansions for the Northern and Southern clades
(Figure 2). Large numbers of scenarios can negatively influence
ABC results (Pelletier and Carstens, 2014), so we performed the
analyses in two series, where the best-fit scenario in the first series
was compared against new scenarios in the second series, similar to
hierarchical approaches use in other studies (Stone et al., 2017;
Hyseni and Garrick, 2019).

The first series compared a scenario of vicariance (Scenario 1) to
two scenarios with founder events; one where members of the
Northern clade founded the Southern clade (Scenario 2), and the
other with the Northern clade founded by members of the Southern
clade (Scenario 3). We then compared the scenario with the strongest
support to five similar scenarios with different combinations of
bottlenecks and expansions. We chose to include these because the
BEAST analysis indicated the Northern and Southern clades shared a
common ancestor in the Middle Pleistocene, so we wanted to know if
fluctuating Pleistocene climates influenced population sizes. Because
of the significant phylogenetic differentiation between the two clades
at the Cytb locus (Figure 3), and their lack of any observed
geographical overlap (Figure 1), we did not consider gene flow
between populations in our simulations.

Before comparing the scenarios in both series, we first conducted
an analysis with only the simple vicariance model using broad priors.
We conducted a pre-evaluation of prior and summary statistics using
the first series of scenarios with narrower priors as suggested by the
previous run (Table S2). We then compared scenarios in each series
using the narrow priors and 10 of the 13 possible summary statistics
based on results of the pre-evaluation.
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Series A - Vicariance vs. Founder Events
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FIGURE 2

Alternative scenarios for the population history of Plethodon punctatus tested using DIYABC. Branch widths are relative to population size. Times
and population size changes are indicated with dashed lines. The effective population sizes of the Southern and Northern clades are represented by
Ns and Ny, respectively. The best-fit demographic scenario is outlined for each series. Logistic regression results comparing the posterior
probabilities of the different scenarios used in each series of DIYABC analyses are presented on the right. The number of simulated datasets (n)
closest to the observed data are presented on the x-axis.

P. wehrlei

Cytb
N 1.0
ND4
Northern
1.0
GAPD
1.0
Southern
.- 10 samples
2.0 1.5 1.0 0.5 0

Million years ago

FIGURE 3

BEAST chronogram (left) and haplotype networks (right) generated using genetic data from Plethodon punctatus. The chronogram was generated
using a concatenated 2,321 bp alignment partitioned by gene. Numbers at nodes indicate posterior probabilities. Bars represent 95% HPD ranges for
the three main nodes. Haplotype networks were generated using a Cytb alignment of 59 samples trimmed to 958 bp, a 655 bp ND4 alignment of 49
samples, and a 594 bp GAPD alignment of 45 samples.
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We used DIYABC to generate one million simulations per
scenario for each series, as suggested by Cornuet et al. (2014). We
used the same mutation rate as the BEAST analysis but scaled to a
generation time of 4.5 years. Plethodon punctatus are known to
reach sexual maturity in 4 years (Tucker, 1998) so we used 4.5 years
as the generation time to account for the fact that not all individuals
are likely to produce offspring the first year they are sexually
mature. We applied a uniform prior distribution to the mutation
rate and ran analyses using the HKY substitution model. We
estimated the posterior probabilities for modeled scenarios by
using DIYABC to run logistic regression on linear discriminant
analysis components of the summary statistics (Estoup et al., 2012).
One percent of simulated datasets possessing the smallest Euclidian
distances to the observed dataset were used for this approach.
Goodness-of-fit between the simulated and real data was then
assessed using principal component analysis (PCA) in the software.

Species distribution modeling

We used coordinates from locations where P. punctatus have
been collected, along with climatic layers, to develop species
distribution models (SDMs). We chose to exclude location data
associated with museum samples and literature records, which are
sometimes vague and can have georeferencing errors, and
conducted the analyses using coordinate data we collected in the
field. Furthermore, our sampling covered the entire known range of
the species and using a reduced data set reduces the chances of
overfitting the models to clustered occurrence records.

We constructed the SDMs using bioclimatic data representing
current (1950-2000), Middle Holocene, Last Glacial Maximum
(LGM), and Last Interglacial (LIG) periods, downloaded from the
WorldClim database (Hijmans et al., 2005). Layers were
downloaded at 30’ (ca 1 x 1 km) resolution for all but the LGM
data, which were available at 2.5" (4 x 4 km) resolution. We clipped
the layers to an area encompassing the entire known range of P.
punctatus, as well as adjacent, potentially accessible Appalachian
habitats (between 36.2-40.5° N and 77.2-82.0° W).

We used Maxent v.3.4.1 (Phillips et al., 2006) to construct a
present-day logistical SDM. We then projected it to the three paleo
climatic conditions. We ran the analysis using cross-validation with
five replicates (equivalent to 20% testing), the maximum number of
iterations set to 10,000, a random seed, and application of the fade
by clamping. We displayed the geographic distribution of climatic
suitability in ARCGIS v.10.1 (ESRI, Redlands, CA, USA).

Results
Phylogenetics and divergence dating

Results from the BEAST analysis using the three gene data
identified two geographically structured clades with varying levels of
support (Figure 3.). We refer to these as the Southern and Northern

clades, which do not overlap, but appear to come in contact on the
Shenandoah Mountain near Reddish Knob (Figure 1). The Southern
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clade consists of 20 individuals representing 17 different haplotypes
distributed from Chestnut Ridge, VA to near Reddish Knob, WV. The
Northern clade is comprised of 55 individuals and 27 haplotypes,
found from Reddish Knob, WV to South Branch Mountain, WV
(Figure 1). Molecular dating estimates using all three genes suggest
that P. punctatus and P. wehrlei diverged during the Late Pleistocene
(95% HPD = 0.37-1.15 Mya; mean = 0.74 Mya). Each clade also has
TRMCA estimate in the late Pleistocene, with estimates for the
Southern clade (95% HPD = 350-70 Kya; mean = 211 Kya) slightly
older than those for the Northern clade (95% HPD = 250-40 Kya;
mean = 145 Kya). The larger analysis of Cytb from the entire P.
wehrlei species complex produced similar divergence date estimates
(Figure S1). In this analysis, P. punctatus was positioned as sister to
three P. wehrlei haplotypes, which is potentially the result of an ancient
introgression event (see Discussion).

Haplotype networks

Haplotype network analyses using mitochondrial markers each
showed a distinction between the Southern and Northern clades, with
no shared haplotypes. Southern clade portions of these networks were
more diverse, whereas most individuals shared the same haplotype in
the Northern clade sections. The two clades did not segregate in the
nuclear network, in which members of both clades shared the most
common haplotype. None of the networks formed a clear star-shaped
pattern, which can be indicative of recent spatial or demographic
expansion. However, the nuclear network and the Northern clade
sections of the mitochondrial networks all revealed a common
haplotype shared by the large majority of individuals with one or
two uncommon haplotypes unique to only a few individuals.

Demographic history

Haplotype diversity was three times greater for the Southern than
the Northern clade for both mitochondrial genes. Nucleotide
diversity was an order of magnitude greater for the Southern clade
(Table 2). Tajima’s D was negative for all four tests, but only
significantly negative for the Northern Clade. Fu’s Fg was also
negative in all assessments, but only significantly negative for the
Northern clade with the Cytb data set (Table 2). Significantly negative
D and F values indicate that the null hypothesis of neutrality can be
rejected, and that populations have undergone demographic
expansion. The Bayesian skyline plot for the Southern clade depicts
a slow and slight increase in effective population size beginning about
58 Kya, but constant population size over this time period cannot be
rejected due to wide confidence intervals (Figure S2).

Palaeodemographic hypothesis testing

In our first ABC analysis (Series A), Scenario 3 was identified as
the most likely. Our second ABC analysis (Series B) identified the
same scenario as the most likely, this time called Scenario 1
(Figure 4; Table S4). In this scenario, the Southern and Northern
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TABLE 2 Summary statistics for Cytb (1,072 bp) and ND4 (655 bp) data for two main clades of Plethodon punctatus.

Clade n H h T s D F
Cytb
Northern Clade 43 6 0.222 ( + 0.084) 0.00024 ( + 0.00032) 5 -2.000* -6.421%*
Southern Clade 18 6 0.680 ( + 0.109) 0.00240 ( + 0.00163) 8 -0.669 -0.836
ND4
Northern Clade 34 5 0.225 ( + 0.094) 0.00018 ( + 0.00032) 2 -1.507* -0.528
Southern Clade 16 4 0.692 ( + 0.074) 0.00155 ( + 0.00122) 4 -0.388 -0.223

n, number of individuals; H, number of different haplotypes; h, haplotype diversity; 7, nucleotide diversity; s, number of polymorphic sites; D, Tajima’s D; F, Fu’s Fs. Standard deviations are in
brackets. *p < 0.05; **p < 0.01.
Samples with short sequences were omitted from the analysis.

clades are estimated to have shared a common ancestor 662 Kya  conditions, the model identified suitable habitats arranged in two
when the Northern clade was founded by members of the Southern  clusters. The northernmost cluster of suitable habitats is found
clade. Effective population sizes for each clade are similar, with the  throughout the known range of P. punctatus in the Ridge and Valley
mean estimate for the Northern clade (N = 227,000) slightly higher ~ Province, to the west of the known range in high elevations of the
than the Southern clade (N = 202,000) (Table S3). Allegheny Plateau Province. The other cluster to the southwest occurs in
high elevations of the Allegheny Plateau and Ridge and Valley Provinces

in southern West Virginia and western Virginia. The Holocene model

Species distribution modeli ng includes the southern cluster of suitable habitats, but somewhat reduced.
The northern cluster of suitable habitats does not occur in the Holocene

The species distribution model performed significantly better than ~ model. The LGM and LIG models did not identify any suitable habitat
random (AUC score = 0.98). When projected onto current climatic  for P. punctatus. All four model projections are presented in Figure 4.

FIGURE 4
Species distribution models for Plethodon punctatus developed under current (A), Holocene (B), last glacial maximum (LGM) (C), and last interglacial
(LIG) (D) climatic conditions. Red to yellow shading indicates areas with suitable climate. Black stars represent sample sites used to generate the models.
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Discussion
General phylogeographical patterns

The distribution of Plethodon punctatus is centered on
Shenandoah Mountain, but extends into nearby and seemingly
isolated montane habitats as well. Several of these peripheral
populations were sampled and sequenced in previous studies
(Kuchta et al., 2018; Felix et al., 2019), and despite their
insularity, they did not represent unique lineages. Our sampling
of several additional isolated populations—such as Elliot Knob,
Sideling Hill, and South Branch Mountain (Figure 1)-did not
uncover any new genetic lineages either. Instead, results suggest
P. punctatus is comprised of two clades: a Southern clade ranging
from Chestnut Ridge in Bath County, VA (Site 1) to near Reddish
Knob on the West Virginia and Virginia border on Shenandoah
Mountain (Site 11), and a Northern clade occurring from Reddish
Knob (Site 12) to South Branch Mountain in Hampshire County,
WV (Site 25). Interestingly, the range of each clade spans
presumably unsuitable low-elevation habitats. Southern clade
samples, for instance, are found in different mountain ranges that
flank Deerfield Valley in Augusta County, Virginia (Figure 1).
Samples from some of the smallest fragments of mountain
habitats found in and adjacent to Deerfield Valley [Walker
Mountain (Site 1), Chestnut Ridge (Site 2), and Sideling Hill (Site
5)] possessed the most differentiated haplotypes in the Southern
clade. Consequently, the valley appears to be influencing
phylogeographic structure in the Southern clade to some extent.
The Northern clade samples also span presumably unsuitable
habitats, but haplotypes are less differentiated. A disjunct sample
from South Branch Mountain, for instance, is almost 27 km north
of any other Northern clade populations, yet possesses a haplotype
shared by individuals across the northern half of the species’ range.

Perhaps the most striking result from our analyses is the two
clades are not allopatric and probably come into contact in the
Reddish Knob area of Shenandoah Mountain. Although we
sampled this area heavily, none of the sites we surveyed contained
both haplotypes, but they came close. The northernmost Southern
clade haplotype was sampled less than 1 km away from the
southernmost Northern clade haplotype. There is not disjunction
in suitable climate between these sites according to the current SDM
(Figure 4A). More detailed sampling could elucidate whether the
two clades do make contact, but we find it interesting that the clades
are not both found throughout the Shenandoah Mountain range.
What could have caused this lack of shared haplotypes?

We predict the observed pattern can be explained by two
factors, recent (postglacial) colonization and high-density
blocking. Phylogeographical analyses of taxa from temperate
latitudes often reveal species colonized new areas as climates
warmed following the last glacial period (i.e. Hewitt, 1999;
Hewitt, 2000; Hewitt, 2004). Expansion routes are often inferred
by patterns of genetic diversity, as diversity is expected to be lower
in areas that have been recently colonized. In P. punctatus,
Northern clade samples from the Reddish Knob area show low
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genetic diversity, supporting the hypothesis that the area was
recently colonized. If recent enough, then there might not have
been adequate time for haplotypes from the two mitochondrial
clades to mix along the contact zone. Alternatively, density-
dependent processes may be working synergistically to prevent or
slow this process.

Specifically, high-density blocking is a process where dispersers
are inhibited from colonizing areas because they are already densely
occupied (Waters et al., 2013). At the interspecific level, this process
has been referred to as “preemptive occupancy” and appears
common in salamanders (Good & Wake, 1992; Jockusch & Wake,
2002; Wake, 2006). The entire Shenandoah Mountain ridgeline is
likely suitable habitat for P. punctatus (Figure 4), so both clades
could have expanded their ranges progressively along the ridgeline
until they came into contact near Reddish Knob. They may then
have been unable to continue colonization because each clade had
already densely populated the area. Or, as in other studies of
salamanders, the mitochondrial clades could be connected by
nuclear gene flow (i.e. Pereira et al., 2016; Waldron et al., 2019).
Unfortunately, the GAPD data from P. punctatus were not variable
enough to explore these ideas. Future studies using techniques from
genomics could provide further insight.

Timing of diversification and expansion

Recent phylogenetic analyses found that P. wehrlei represents
several cryptic species, with P. punctatus deeply nested within the
nominotypical P. wehrlei (Kuchta et al., 2018; Felix et al., 2019).
Intriguingly, P. punctatus appears to be sister to a P. wehrlei lineage
found just west of the P. punctatus Southern Clade. Salamanders
from three sites in Bath and Highland counties of Virginia and
Pocahontas County of West Virginia [referred to as populations
10-12 in Kuchta et al. (2018)] belong to this sister lineage. Analyses
of nuclear DNA aligned these specimens with P. wehrlei, which
corroborates their P. wehrlei phenotype. Accordingly, populations
10-12 might represent P. wehrlei with historically introgressed
mtDNA from P. punctatus, as suggested by Kuchta et al. (2018).
If this is the case, then our molecular clock estimates place this
introgression event in the Middle Pleistocene (2.18-0.75 Mya;
Figure S1), perhaps while the two species made contact as their
distributions shifted in response to fluctuating climates.

If we do not consider the potentially introgressed populations
(pops 10-12), then our study suggests P. punctatus diverged from P.
wehrlei sometime between the Late Pliocene and Middle Pleistocene
(2.84-1.04 Mya; Figure S1). Northern and Southern P. punctatus
clades are estimated to have then diverged in the Middle to Late
Pleistocene (1.30-0.40 Ma; Figures 3, S2). Given this timeframe, we
suspect that two clades diverged when P. punctatus inhabited lower
and warmer elevations during glacial maxima. Species distribution
modeling supports the idea that climates were not suitable for P.
punctatus in its current highland habitats, but also does not reveal
any areas that may have been suitable during the Last Glacial
Maximum. Instead, the LGM model indicates climate was not
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suitable for P. punctatus anywhere in the Central Appalachians. If
true, then the species must have colonized its current range as
climates warmed during the Holocene, and genetic data should
contain signatures of the colonization event. Specifically, we would
expect genetic diversity to be low in areas that were recently
colonized due to the ‘leading-edge’ expansion model (Hewitt,
1999). Under this model, an expansion front would be dominated
by recruitment of a subset of genotypes from the leading edge of the
source population. Movement of the front would essentially occur
as repeated founder events, resulting in diminished genetic diversity
in newly inhabited areas.

Lower genetic diversity is precisely what we found in the
Northern clade, which had much smaller nucleotide and
haplotype diversity values than the Southern clade (Table 2).
Additionally, demographic tests using data from the Northern
clade support a hypothesis of recent expansion (Table 2),
although this result should be interpreted cautiously given limited
polymorphic sites. In contrast, models of constant population size
could not be rejected for the Southern clade and the Bayesian
skyride plot portrays a relatively stable effective population size for
the Southern clade over the last 60 Ka (Figure S2; Table 2). As such,
the Northern clade probably colonized much of its distribution very
recently, maybe following a dramatic range shift during last glacial
episode. But where did these two clades come from? Could low
diversity in the Northern clade have resulted from a founder event
from the Southern clade? Or are the two clades a product of
vicariance of a common ancestor?

Approximate Bayesian computation using mtDNA data
suggests a palacodemographic scenario in which Southern clade
individuals founded the Northern clade (Figure 2; Table S4).
Although additional nuclear data are needed, and patterns only
reflect matrilineal history, we hypothesize that the Southern clade
may have had a larger distribution that included areas now
occupied by the Northern clade. Then, as climates became less
suitable, northern populations could have gone extinct while
southern populations were able to persist. This would explain the
higher genetic diversity and more stable effective population size of
the Southern clade. In addition, if a small population of Northern
clade individuals was able to persist in or near the mountains north
of the Southern clade, then it could have quickly expanded and
recolonized habitats as they became available during warmer
Holocene climates. High-density blocking would have kept
Southern clade individuals from moving north, and the rapid
recolonization of northern habitats after the Northern clade
bottlenecked would explain its low diversity. However, we found
no evidence of divergence between the two clades in the nuclear
data that supports this hypothesis.

The fact that mtDNA is haploid, maternally inherited, and
usually lacks recombination often results in different
phylogeographic patterns than those from the nuclear genome.
Thus, several alternative hypotheses could explain the mitonuclear
discordance observed in P. punctatus. First, P. punctatus
populations could be panmictic across the species’ range and the
divergent mtDNA clades are a product of genetic drift. Species with
small effective population sizes are more susceptible to the effect of
drift. P. punctatus has a small distribution, and although mtDNA
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can be a poor predictor, our effective population size estimated was
well over 400,000 individuals. Second, high-density blocking could
be impacting the movement of females more than males, thereby
maintaining a sharp mtDNA contact zone despite the exchange of
nuclear genes. Finally, and we suspect that this is the case, the two
mtDNA clades might reflect real phylogeogeraphic structure also
present in the genome, but our nuclear marker was not sensitive
enough to detect Pleistocene level divergences. If true, then
techniques from genomics, such as analyses of genome-wide
SNPs using RADseq (Andrews et al., 2016), should identify two
main clades within the species. This approach could also be useful
for determining if disjunct populations are genetically
differentiated, would allow for assessments of admixture among
populations, and could further elucidate routes of
population expansion.

Collectively, the results of our study seem to indicate that P.
punctatus diverged from P. wehrlei sometime around the onset of
the Pleistocene. The species introgressed with a few P. wehrlei
populations shortly after (as presented by Kuchta et al., 2018), and
then diversified into two mtDNA clades by the Middle Pleistocene.
Other than pronounced climate fluctuations, we know of no other
Pleistocene events in this area that could have caused vicariance.
Therefore, the two clades were likely generated when climate
fluctuations shifted the species’ distribution, which caused
allopatric divergence and bottlenecking causing a founder event,
with subsequent rapid expansion of the bottlenecked population
into northern montane habitats throughout the species’ current
range. The two clades now meet on Shenandoah Mountain in a
tight contact zone with limited exchange of mitochondrial
haplotypes, possibly due to high-density blocking.

Conclusions

We used Plethodon punctatus to explore the idea that
Pleistocene climate fluctuations impacted phylogeographic
patterns of a montane salamander in the Central Appalachians.
Results from our phylogeographic analyses and hypothesis testing
using Approximate Bayesian computation indicate that the species
is comprised of two mitochondrial lineages that diverged when a
founder from the southern clade expanded into habitats in the
north. Species distribution models showed no suitable climate for P.
punctatus in Central Appalachia during the LGM and LIG,
indicating that climate might not be the only driver influencing
the species’ distribution. Additional research using genomic data
such as RADseq would help determine if the mitochondrial lineages
should be considered as two separate management units. Although
P. punctatus has a small range and is restricted to fragmented
mountain habitats, isolated populations do not appear to be
genetically divergent.
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