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Cryptic species present particular challenges to biodiversity conservation, as true

species diversity and distributional boundaries remain obscured. However, modern

molecular tools have afforded unparalleled opportunities to elucidate cryptic species,

define their distributions, and, ultimately, develop conservation interventions to extend

their evolutionary trajectories into the future. The Green Salamander (Aneides aeneus)

complex provides an evolutionary focal point and the Appalachian Highlands an

ecological context for the exploration of cryptic speciation in an imperiled taxon. A

recent study uncovered significant levels of genetic and genomic variation geographically

structured across the Appalachian Highlands, including up to four lineages, one of

which (A. caryaensis) was described therein. Here we extend the genetic and genomic

examination of the Castaneides species complex by intensive sampling of additional

populations along Cumberland Plateau and Appalachian Valley and Ridge of Alabama

and Tennessee, employing both mtDNA and RADseq species delimitation approaches

to delineate cryptic diversity and boundaries in this region. Analyses of two mitochondrial

loci (nd4 and cytb) identified two reciprocally monophyletic lineages, which are also

supported by population clustering and phylogenetic analyses of SNPs, that identified

two population clusters with no evidence of gene flow. Our genetic and genomic

results support the recognition of two additional cryptic lineages in the Castaneides

species complex. Ultimately, this information is critical in developing successful adaptive

management strategies for this important and endemic component of Appalachian

Highland biodiversity.
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INTRODUCTION

Significant challenges that continue to impede the conservation
and management of biodiversity include our lack of taxonomic
knowledge on true levels of species diversity (i.e., the Linnean
shortfall; Brown and Lomolino, 1998) and our lack of knowledge
regarding the related issue of species distributions (i.e., the
Wallacean shortfall; Whittaker et al., 2005). Understanding true
levels of diversity and distributions of species is of paramount
importance in identifying biodiversity hotspots, informing
preserve design, and guiding targeted conservation measures
for individual species (Myers et al., 2000; Bickford et al., 2007;
Niemiller et al., 2013; Espíndola et al., 2016). The discovery of
cryptic species complexes—multiple related taxa with little or
no morphological differentiation (Struck et al., 2018) that are
evolutionarily distinct—is an increasingly common finding from
the investigation of broadly distributed “morphospecies” across
varying geographic regions, habitats, and taxonomic groups
(Beheregaray and Caccone, 2007; Bickford et al., 2007; Adams
et al., 2014; Pérez-Ponce de León and Poulin, 2016;). Identifying
and recognizing cryptic species is particularly important for
morphospecies that are already threatened and experiencing
population declines (Niemiller et al., 2013; Delić et al., 2017).
Such species may be comprised of multiple lineages at even
greater extinction risk (Bickford et al., 2007; Niemiller et al.,
2013) and may obfuscate both current and future biodiversity
patterns (Fišer et al., 2018; Theodoridis et al., 2019).

The Southern Appalachians in the eastern United States

are a global hotspot of salamander biodiversity. In particular,

the lungless salamanders of the family Plethodontidae are

exceptionally diverse, with high levels of endemicity (Petranka,
1998; Milanovich et al., 2010; Rissler and Smith, 2010).
These high levels of salamander diversity and endemism
are related to the long geologic history, topography, varying
climatic zones, and rich assortment of ecosystems in this
region (Pickering et al., 2003; Marshall and Camp, 2006;
Kozak and Wiens, 2010). Despite elevated levels of species
diversity and evidence of rapid diversification, most taxa are
extremely morphologically conserved (Kozak et al., 2006a).
Consequently, plethodontid salamanders of the Southern
Appalachians have been identified as a textbook example of
a non-adaptive radiation (Kozak et al., 2006a; Rundell and
Price, 2009) driven by phylogenetic niche conservatism (Kozak
and Wiens, 2006, 2010). Cryptic plethodontid species are the
products of this non-adaptive radiation (reviewed in Camp
and Wooten, 2016), with several cryptic species complexes
identified (including both described and undescribed genetic
lineages) from the Southern Appalachians, particularly in
the genera Desmognathus (Tilley and Mahoney, 1996; Camp
et al., 2002; Anderson and Tilley, 2003; Jones et al., 2006;
Crespi et al., 2010), Eurycea (Kozak et al., 2006b; Pierson
et al., 2019), and Plethodon (Highton, 1989, 1995, 1997, 1999;
Highton and Peabody, 2000; Kozak et al., 2006a; Kuchta et al.,
2018).

The Green Salamander (Aneides aeneus) is a habitat specialist
of moist crevices in rock outcrops, woody cover, and arboreal
habitats in mature hardwood cove forests of the Appalachian

Highlands (Gordon, 1952; Cupp, 1991; Petranka, 1998). A.
aeneus has been assessed as Near Threatened on the IUCN Red
List due to evidence of declining populations in portions of its
range (Hammerson, 2004) and has been assessed as Vulnerable
(G3) by NatureServe (NatureServe, 2021). The salamander is
a species of conservation concern in every state throughout
its range. Recently, Patton et al. (2019) uncovered substantial
geographically structured genetic variation at two mitochondrial
loci (cytb and 12s), 12 microsatellite loci, and a nuclear RADseq
single-nucleotide polymorphism (SNP) dataset across the range
of A. aeneus but focused on populations in western North
Carolina. Population genetic, phylogenetic, species delimitation,
and morphological evidence supported the recognition of a
restricted lineage in theHickory Nut Gorge area of westernNorth
Carolina as a distinct species—A. caryaensis (Patton et al., 2019).
In addition, three other primarily non-overlapping lineages were
supported by genetic and genomic datasets, including at least two
lineages from the southern Cumberland Plateau, Cumberland
Plateau, Appalachian Plateau, and Appalachian Valley and Ridge
and a third lineage from the southern Blue Ridge Escarpment
(Figure 2A in Patton et al., 2019). The authors recommended
that these lineages be recognized and managed as evolutionary
significant units (ESUs; Moritz, 1994) until additional molecular
and morphological studies are conducted to ascertain if these
molecular-delimited lineages warrant recognition as full species.

Here, we extend the work of Patton et al. (2019) by
sampling additional populations along the escarpments of the
southern Cumberland Plateau and Appalachian Valley and
Ridge of Alabama and Tennessee where a northern and
southern lineage identified by Patton et al. (2019) contact.
We employed mtDNA and RADseq delimitation approaches to
delineate cryptic molecular diversity and boundaries of these two
lineages. Population structure and sequence-based delimitation
analyses, which included the mtDNA dataset of Patton et al.
(2019), strongly support the recognition of an additional two
undescribed species corresponding to the northern and southern
lineages, corroborating the results of Patton et al. (2019). Our
results strengthen the need for a comprehensive taxonomic
revision of the Castaneides species complex.

MATERIALS AND METHODS

Field Sampling
We collected tissue samples from 113 individuals among 32
sites across the Cumberland Plateau and Appalachian Valley
and Ridge of central and eastern Tennessee and northeastern
Alabama, USA (Table 1; Figure 1). Tissue samples were obtained
from captured salamanders and comprised of tail tips (<5mm)
that were immediately preserved in 95–100% ethanol, then
stored at −20◦C at The University of Alabama in Huntsville
until extraction.

Mitochondrial DNA Sequence Analyses
PCR and Sequencing of Mitochondrial Loci
DNA was extracted from ethanol-preserved tail tissues
using a Qiagen DNeasy Blood and Tissue Kit following
the manufacturer’s protocol (Qiagen Inc., Germantown,

Frontiers in Conservation Science | www.frontiersin.org 2 May 2022 | Volume 3 | Article 890859

https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/conservation-science#articles


Niemiller et al. Population Genomics in Aneides aeneus

TABLE 1 | Sites of Aneides aeneus sampled in Tennessee and northeastern Alabama for genetic and genomic analyses, including site information, number of individuals

(n) sampled from each population, and primary group assignment for mtDNA (nd4 and cytb) and nuclear SNP analyses based on fastStructure, DAPC, and IQ-TREE (N =

northern lineage; S = southern lineage).

Site No. State County Locality n mtDNA Lineage SNP Lineage

1 AL Jackson entrance of Bluff River Cave 2 S S

2 AL Jackson entrance of Limrock Blowing Cave 1 S S

3 AL Jackson entrance to Talley Ditch Cave 1 S

29 TN Anderson twilight zone of Blowing Springs Cave 1 N N

30 TN Campbell No Business Branch 5 N N

31 TN Campbell Chuck Swan State Forest, near Panther Cave no. 1 1 N N

20 TN Cannon Short Mountain 9 N N

26 TN Cumberland Ozone Falls SNA 14 N N

25 TN Fentress Off of Manson Rd near Sandy 1 N N

4 TN Franklin Bear Hollow Mountain WMA, Boundary Rd 8 S S

5 TN Franklin Bear Hollow Mountain WMA, Cedar Ridge 6 S S

6 TN Franklin Bear Hollow Mountain WMA, end of Bear Hollow Rd 5 S S

7 TN Franklin Bear Hollow Mountain WMA, Pumplog Hollow 15 S S

8 TN Franklin Bear Hollow Mountain WMA, Williams Cove 3 S S

9 TN Franklin Bear Hollow Mountain WMA, Wolf Cove 2 S S

10 TN Franklin Natural Bridge SNA 1 S S

11 TN Franklin University of the South Domain 3 S

14 TN Grundy Savage Gulf SNA—Greeter Falls area 2 S S

16 TN Grundy Savage Gulf SNA—Stone Door area 1 S S

15 TN Grundy Savage Gulf SNA, Collins West area 4 S S

13 TN Hamilton Signal Mountain—Rainbow Trail 4 S

12 TN Marion Franklin-Marion State Forest 4 S S

27 TN Roane Catoosa WMA 2 N N

28 TN Roane Catoosa WMA 3 N N

32 TN Sullivan Bays Mountain Park 1 N N

19 TN Van Buren Fall Creek Falls State Park—Wheeler Farm 1 N N

17 TN Warren Hubbard’s Cave SNA 3 S

18 TN Warren Rock Island State Park 1 N

21 TN White Bridgestone-Firestone WMA 1 N N

22 TN White Bridgestone-Firestone WMA 1 N N

23 TN White Bridgestone-Firestone WMA 6 N N

24 TN White Bridgestone-Firestone WMA 1 N N

Two individuals—one from Ozone Falls SNA and another from Catoosa WMA—grouped with the southern lineage in the DAPC analysis but with the northern lineage in the fastStructure

and IQ-TREE analyses.

Maryland). DNA extracts were quantified using an Invitrogen
Qubit 4 fluorometer followed by quality assessment via gel
electrophoresis. Polymerase chain reaction (PCR) was used to
amplify two mitochondrial loci: NADH dehydrogenase subunit
4 (nd4) and cytochrome B (cytb). Primers used to amplify nd4
and cytb are presented in Table 2. Each 25-µL PCR reaction
consisted of 12.5 µL of GoTaq Colorless MasterMix (Promega
Corporation, Madison, Wisconsin), 1.0 of 10µM forward
primer, 1.0 of 10µM reverse primer, 7.5 µL of molecular
grade water, and 3.0 µL of DNA template. A single fragment
of nd4 was amplified, while two different sized fragments
of cytb were amplified, as not all samples were successfully
amplified with a single primer set. Successful PCR amplification
was confirmed by gel electrophoresis and visualization using
an Axygen gel documentation system. PCR products were

cleaned using ExoSAP-IT (Thermo Fisher Scientific, Waltham,
Massachusetts) and sequenced in both directions using BigDye
chemistry at Eurofins MWG Operon (Louisville, Kentucky)
using PCR primers.

Phylogenetic Inference
Resulting sequences were edited in Chromas v2.6.6
(Technelysium, South Brisbane, Queensland, Australia).
Low quality bases at the ends of each sequence were
trimmed and ambiguous base calls verified manually
by examining electropherograms. Forward and reverse
sequences were assembled into contigs in GeneStudio
v.2.2 (Genestudio, Inc., Suwanee, Georgia). All resulting
contigs were aligned using MUSCLE (Edgar, 2004)
in the program MEGA v.7 (Kumar et al., 2008).
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FIGURE 1 | Map showing sample sites by major mitochondrial lineage based on the cytb dataset (A) and by major lineage for fastStructure and IQ-TREE analyses of

the nuclear SNP dataset (B). Site numerical labels correspond to those in Table 1; Supplementary Table S1. State labels are shown.
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TABLE 2 | Mitochondrial loci and associated PCR primers to infer phylogenetic relationships of Aneides aeneus in the current study.

Locus Name Primers References

nd4 NADH dehydrogenase subunit 4 nd4f—

CACCTATGACTACCAAAAGCTCATGTAGAAGC

Ephist—

TCRTTTTTTAGGGTCACRGCCTAG

Arevalo et al. (1994), Wiens et al. (2006)

cytb cytochrome b MVZ15—

GAACTAATGGCCCACACWWTACG

cytb2—

CCCCTCAGAATGATATTTGTCCTA

MVZ16R—

AAATAGGAARTATCAYTCTGGTTTRAT

Moritz et al. (1992)

Resulting contig length after trimming were 679 bp for nd4
and 364 bp for cytb.

Outgroups included in the mtDNA phylogenetic analysis
included the Climbing Salamander (Aneides lugubris), Clouded
Salamander (A. ferreus), Wandering Salamander (A. vagrans),
Black Salamander (A. flavipunctatus), and Sacramento Mountain
Salamander (A. hardii). Sequences for these species as well as
additional nd4 and cytb sequences of A. aeneus were obtained
from GenBank (Supplemental Table S1). Optimal models of
nucleotide substitution for each mitochondrial locus, including
first, second, and third codon positions for nd4 and cytb,
were determined in jModelTest2 (Darriba et al., 2012) using
corrected Akaike’s Information Criterion (AICc). Maximum
likelihood (ML) analyses were conducted using RAxML-HPC
v.8.2.10 (Stamatakis, 2014) under the GTR+ Gamma model and
rapid bootstrapping algorithm with 1,000 bootstraps. Partitions
determined by jModelTest2 were included in the analyses. We
acknowledge that the nd4 and cytb mitochondrial loci are
linked but chose to analyze the separately as each dataset
comprised sequences derived from different individuals and
sites. Bayesian analyses were performed using MrBayes v.3.2.7
(Ronquist et al., 2012) using the optimal model of nucleotide
substitution determined by jModelTest2. Posterior probabilities
were estimated using two independent runs, six Markov chains,
and temperature profiles at the default setting of 0.2 for 30million
generations, sampling every 1,000 generations. Random trees
were employed at the beginning of each Markov chain, and a
molecular clock was not enforced. Stationarity was determined
by examining the average standard deviation of split frequencies,
assuming stationarity was achieved if the average standard
deviation was below 0.01 in Tracer v1.6 (Rambaut et al., 2017).
The first 20% of generations of each run were discarded as
burn-in, and the remaining trees from the stationary distribution
were sampled to generate a 50% majority-rule consensus tree
in TreeAnnotator v2.3. RAxML and MrBayes were run on
the CIPRES Science Gateway (Miller et al., 2010). Trees were
visualized in FigTree v1.4 (Rambaut, 2014).

Mitochondrial Sequence-Based Species Delimitation

and Molecular Diversity
We employed two single-locus species delimitation approaches
on the mitochondrial nd4 and cytb datasets to define molecular
operational taxonomic units (MOTUs): Automatic Barcode Gap

Discovery (ABGD; Puillandre et al., 2012) andMulti-rate Poisson
Tree Processes (mPTP; Kapli et al., 2017). ABGD partitions
sequences into candidate species based on a statistically inferred
barcode gap defined as a significant disparity between pair-
wise genetic distances, presumably between intraspecific and
interspecific distances. This process is applied recursively to
newly obtained groupings of sequences to assess the potential of
internal division. This method was employed excluding outgroup
taxa via the ABGD web server (https://bioinfo.mnhn.fr/abi/
public/abgd/abgdweb.html) using the Kimura two-parameter
(Kimura, 1980) model with a standard X (relative gap width)
= 1.5. The initial development of the multispecies coalescent
PTP model assumed one exponential distribution for speciation
events and one for all coalescent events (Zhang et al., 2013). The
mPTP approach fits speciation events for candidate species to a
unique ex-ponential distribution (Kapli et al., 2017) rather than
assuming one exponential distribution for speciation events and
one for all coalescent events in PTP models (Zhang et al., 2013).
The mPTPmethod was employed using rooted ML trees for each
dataset for 10 million generations, with a burn-in discarding the
first 20% inmptp (Kapli et al., 2017).

We calculated molecular diversity statistics for delimited
lineages (northern and southern; see Results) and overall,
including number of haplotypes, number of segregating sites,
haplotype diversity, and nucleotide diversity, and tested for
departures from neutrality or constant population size using
Tajima’s D (Tajima, 1989) and R2 (Ramos-Onsins and Rozas,
2002) with the nd4 and cytb datasets in DNaSP v6 (Rozas et al.,
2017) in the package pegas v1.0.1 (Paradis, 2010) in R v4.1.0 (R
Core Team, 2021). Significant negative values of Tajima’s D and
small positive values of R2 indicate population growth.

RADseq Analyses
3RAD Library Preparation and Sequencing
We employed the 3RAD library procedure following Patton et al.
(2019). Individual extractions were normalized and prepared
using a 3RAD library procedure (Adapterama III; Bayona-
Vásquez et al., 2019). The three enzymes used during the
digestion step were BamHI, MspI, and ClaI. Each sample was
quadruple-indexed, limited-cycled in PCR, and cleaned using
speed beads (Rohland and Reich, 2012) following the 3RAD
procedure. Samples then were pooled together, size selected for
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500 bp on a Pippin Prep (Sage Science) and sequenced on an
Illumina HiSeq with a PE 150 kit (Illumina Inc.) generating ∼5
million reads per sample.

3RAD Data Filtering, Assembly, and Phylogenetic

Analysis
The 3RAD sequence data were demultiplexed, quality assessed,
clustered, consensus called, and assembled de novo using ipyrad
v0.7.28 (Eaton and Overcast, 2016), which generated candidate
SNP loci for each sample. Internal indexes were removed,
and reads were trimmed to 120 bases. We set the clustering
threshold to 85%, minimum depth for statistical base calling
to 6, minimum depth for majority-rule base calling to 3, and
minimum number of individuals per locus to 10. We allowed
up to two alleles per site in consensus sequences and 20 SNPs
per read per locus. Parameters for the ipyrad analysis are found
in Supplemental Data Sheet S1. The resulting SNP dataset was
filtered using the following criteria: minimum and maximum
number of alleles per site of 2, minimummean depth of coverage
of 5, minor allele frequency of 0.2 to remove singletons, present
in at least 50% of samples. Indels, singletons and putatively
linked SNPs were removed. To account for possible linkage, we
filtered to one random SNP per locus in ipyrad. This has been
implemented in many recent studies (Sherman et al., 2020; Sunde
et al., 2020; Maier et al., 2022) and also recommended as a best
practice in filtering with RADseq data (Cerca et al., 2021). Finally,
individuals with no data (n= 3) or high levels of missing data (n
= 3) were excluded from downstream analyses.

We inferred the unrooted, maximum-likelihood phylogeny
for the unlinked SNP dataset using automatic model finding in
ModelFinder with Ascertainment Bias Correction in IQ-TREE
(Nguyen et al., 2015; Kalyaanamoorthy et al., 2017). We obtained
branch supports with 1,000 ultrafast bootstrap replicates (Minh
et al., 2013; Hoang et al., 2018) implemented in the IQ-TREE
software. The best tree and bootstrap nodal support values were
visualized in FigTree v1.4 (Rambaut, 2014).

3RAD Data-Based Species Delimitation
We assessed population structure using the k-means clustering
algorithm in the program fastStructure (Raj et al., 2014). We
executed the structuring algorithm on the full, unlinked dataset
and with K (number of populations) set between 1 and 10
using the structure.py script. We used the default convergence
criterion (10e-6), simple priors, 100 cross-validation test sets,
and a random starting seed. We created a structure plot to
visualize the data for the value of K with maximized marginal
likelihood using the R package pophelper v. 2.3.1 (Francis, 2017).
We estimated Fst among the identified populations in the R
package hierfstat v. 0.5-7 (Goudet, 2005).

We also explored population structure using discriminant
analysis of principal components (DAPC). DAPC is a
multivariate approach that transforms individual genotypes
using principal components analysis (PCA) prior to conducting
a discriminant analysis that maximizes differentiation between
groups while also minimizing variation within groups (Jombart
et al., 2010). We used the dapc function in the adegenet v2.1
package in R (Jombart et al., 2018). For the DAPC analysis, we

applied an additional filtering step, discarding loci containing
more than 60% missing data using the missingno function in
the poppr v2.9.3 package. DAPC requires group assignments a
priori, we employed a K-means clustering algorithm using the
find.clusters function in the adegenet package to identify the
optimal number of clusters from K = 1 to K = 10 with 1,000
randomly starting centroids (n.start = 1,000) in each K-means
iteration. The various clustering solutions were compared using
Bayesian information criterion (BIC). To avoid over-fitting of
discriminant functions, we used α-score optimization to evaluate
the optimal number of principal components (PCs) to retain in
the DAPC.

RESULTS

Mitochondrial DNA Phylogenetic Analyses
We generated novel mtDNA sequence data for 106 individuals
(nd4: GenBank accession nos. OM111022–OM111127; cytb:
OM110924–OM111021). We also supplemented our novel
mtDNA sequence library for both nd4 and cytb with datasets
available on GenBank and supplemental data available from
Johnson (2002) (AF489614–AF489629) and Patton et al.
(2019) (OM678465–OM678536). The nd4 dataset included 42
haplotypes from 122 individuals among 39 sites in Alabama,
North Carolina, Tennessee, and West Virginia. The best
models of nucleotide substitution for first, second, and third
codon positions were Hasegawa-Kishino-Yano + Γ (HKY
+ G), Hasegawa-Kishino-Yano + invariant sites (HKY +

I), and Tamura-Nei + Γ (TrN + G), respectively. Both
ML and Bayesian inference identified two major reciprocally
monophyletic lineages in Tennessee and northern Alabama
(Supplemental Figure S1): a southern lineage comprised of
seven haplotypes from 60 individuals and 17 sites in northern
Alabama and south-central Tennessee and a northern lineage
comprised of 35 haplotypes from 61 individuals and 15 sites
in Tennessee, as well as six sites in West Virginia (Johnson,
2002). The southern lineage includes populations from the
southernHighland Rim and Cumberland Plateau of northeastern
Alabama and south-central Tennessee (Figure 1). The northern
lineage includes populations from the Appalachian Plateau of
West Virginia and the northern Cumberland Plateau, Eastern
Highland Rim, and Valley and Ridge of north-central Tennessee
(Figure 1). A contact zone between the northern and southern
lineages based on the nd4 dataset occurs along the Cumberland
Plateau and Walden Ridge along a line running from south-
central Warren and Van Buren counties eastward to central
Bledsoe and Rhea counties.

The cytb dataset included 63 haplotypes from 170 individuals
and 97 sites in Alabama, Georgia, Kentucky, Ohio, North
Carolina, Pennsylvania, South Carolina, Tennessee, Virginia,
and West Virginia. The best models of nucleotide substitution
for first, second, and third codon positions were Jukes-Cantor
+ Γ (JC + G), Jukes-Cantor (JC), and Hasegawa-Kishino-
Yano (HKY), respectively. Both ML and Bayesian inference
again identified two major reciprocally monophyletic lineages in
Tennessee and northern Alabama (Figure 2): a southern lineage
comprised of 16 haplotypes from 80 individuals and 43 sites,
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FIGURE 2 | Bayesian phylogram for the mitochondrial cytb dataset including data from Patton et al. (2019). Major lineages are highlighted. Nodes with posterior

probabilities >0.95 are indicated with an asterisk. Site labels and GenBank accession numbers correspond to those in Table 1; Supplementary Table S1.
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and a northern lineage comprised of 16 haplotypes from 73
individuals and 45 sites. Topologies of the cytbML and Bayesian
genealogies were very similar to those presented in Patton
et al. (2019) and the nd4 dataset. The southern lineage includes
populations from the southern Highland Rim, Cumberland
Plateau, and Valley and Ridge of northeastern Mississippi,
northern Alabama, northwestern Georgia, and south-central
Tennessee (Figure 1). The northern lineage includes populations
from the Appalachian Plateau and Valley and Ridge of Kentucky,
Ohio, Pennsylvania, Virginia, and West Virginia southward
through the northern Cumberland Plateau, Eastern Highland
Rim, and adjacent Valley and Ridge of north-central Tennessee
(Figure 1). A contact zone between the northern and southern
lineages based on the cytb dataset occurs on the Cumberland
Plateau along a line from northern Van Buren and Bledsoe
counties into central Rhea County.

Mitochondrial Sequence-Based Species
Delimitation and Genetic Variation
For the nd4 dataset, the ABGD approach recovered
three MOTUs with convergence of initial and recursive
partitions occurring at prior intraspecific divergence (P)
= 0.009 (Supplemental Figure S2). The three MOTUs
corresponded to the major lineages in the nd4 phylogeny
(Supplemental Figure S1): southern lineage, northern lineage,
and Blue Ridge (the single sequence from Henderson Co., North
Carolina included). Initial partitions stabilized at P = 0.002, and
both initial and recursive partitions remained stable through P
= 0.062. The mPTP approach identified four MOTUs: the same
three identified by the ABGD approach as well as the population
from No Business Branch in Campbell Co., Tennessee (site 30).

For the cytb dataset, the ABGD approach resulted in four
MOTUs with convergence of initial and recursive partitions
occurring at P = 0.007 (Supplemental Figure S2). The four
MOTUs corresponded to themajor lineages in the cytb phylogeny
(Figure 2) with a few key differences. The southern lineage and
A. caryaensis both were delimited as distinct MOTUs, which
is consistent with the cytb phylogeny; however, the northern
and Blue Ridge lineages were delimited as single MOTU and
sample Aa70TN from Marion Co., Tennessee (site 85) was
delimited as a distinct MOTU. Sample Aa59TN from Bledsoe
Co., Tennessee (site 75) grouped in the northern + Blue Ridge
lineage. Initial partitions stabilized at P = 0.003, and both initial
and recursive partitions remained stable through P = 0.011.
The mPTP approach delimited six MOTUs: the southern lineage
and A. caryaensis were delimited as distinct MOTUs and the
northern+ Blue Ridge lineages were delimited as a single MOTU
as in the ABGD analysis. Samples Aa70TN from Marion Co.,
Tennessee (site 85), Aa76TN from Franklin Co., Tennessee (site
89), and Aa59TN from Bledsoe Co., Tennessee (site 75) each
were delimited as distinct MOTUs. The cytb sequence for sample
Aa76TN includes a significant amount of missing data, likely
influencing its delimitation as a distinct MOTU.

Nearly all measures of genetic diversity were higher for the
northern lineage compared to the southern lineage for both
mitochondrial loci (Table 3). Tests for population size changes

TABLE 3 | Genetic diversity and test statistics for selective neutrality within major

lineage of Aneides populations for the mitochondrial nd4 and cytb loci.

Locus K S Hd π Tajima’s D R2

nd4

Northern (n = 61) 35 53 0.966 0.010 −1.425 0.056

Southern (n = 60) 7 12 0.570 0.003 −0.608 0.083

All (n = 121) 42 103 0.887 0.050 2.365* 0.159

cytb

Northern (n = 73) 28 33 0.918 0.012 −2.069* 0.034**

Southern (n = 80) 26 64 0.858 0.008 −2.731** 0.045*

All (n = 153) 54 90 0.943 0.043 −1.557 0.043

K, number of unique haplotypes; S, number of segregating sites; Hd, haplotype diversity;

π , nucleotide diversity. *P < 0.05, **P < 0.01.

based on summary statistics showed a trend toward population
expansion in both the northern and southern lineages (Table 3).
Mean pairwise distance (p-distance) between the southern and
northern lineages is 8.7 ± 0.9% for nd4 and 8.5 ± 1.2% for cytb.
Mean distances (±SE) within the southern lineage for nd4 and
cytb were 0.3 ± 0.1% and 1.5 ± 0.3%, respectively, while mean
distances (±SE) within the northern lineage for nd4 and cytb
were 1.0± 0.2%, and 1.7± 0.3%, respectively.

3RAD Phylogenetic Analyses and Genetic
Variation
A total of 451,117 SNPs were obtained following SNP calling in
ipyrad. After filtering, 33,423 unlinked SNPs were included in
the final SNP dataset for 83 individuals. We estimated overall
Fst at 0.56, indicative of strong population structuring for the
entire dataset. This was supported by fastStructure results, which
revealed the best fit of K = 2 clusters (Figure 3). Remarkably,
there is complete isolation between the two clusters, with all
individuals exhibiting probability of assignment nearly equal to
1. We also conducted independent fastStructure runs (K = 1–
7) within each cluster. In both cases, the best fit was K = 1,
indicating no additional substructure among populations within
lineages and substantial gene flow within each of the two clusters,
even among geographically distant sites.

The DAPC had 113 unlinked SNPs and estimated two clusters
(K = 2) based on BIC. The optimal number of PCs retained
for the DAPC estimated by the α-score optimization was one.
The clusters estimated by the DAPC were consistent with a
southern and northern group. Cluster 1 included all samples
from the southern sites (Jackson Co. in Alabama and Franklin,
Marion, and Grundy counties in Tennessee; sites 1–10, 12, 14–
16) except one sample from Ozone Falls SNA in Cumberland
County, Tennessee (site 26) and one sample from CatoosaWMA
in Roane County (site 28). Both individuals were included in the
northern group in other analyses (fastStructure and IQ-TREE).
Cluster 2 included the remaining samples from the northern sites
in Cannon, Van Buren, White, Cumberland, Roane, Fentress,
Anderson, Campbell, and Sullivan counties in Tennessee (sites
19–32; Figure 3).
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FIGURE 3 | Population assignments of both DAPC (A) and fastStructure (B) analyses for the nuclear SNP dataset supported two distinct genetic clusters (K = 2) with

little evidence of introgression. In (B), each bar represents a single individual. Population assignments of two individuals were discordant between DAPC and

fastStructure (as well as IQ-TREE; see Figure 4). Major lineages are highlighted.

Two well-supported, reciprocally monophyletic lineages were
identified based on the maximum-likelihood IQ-TREE analysis
(Figure 4): a southern clade including populations from Jackson
County, Alabama as well as populations in Franklin, Marion,
and Grundy counties in south-central Tennessee; and a northern
clade including populations from the Valley and Ridge, northern
Cumberland Plateau, and northern Eastern Highland Rim as
far south as Cannon and Van Buren counties in Tennessee
(Figure 1). The nuclear SNP phylogeny is similar to the
mitochondrial nd4 phylogeny (Supplemental Figure S1), and
there was no discordance in population assignment to major
lineage (southern or northern) for populations included in both
the mitochondrial nd4 and nuclear SNP phylogenetic analyses.

DISCUSSION

Cryptic Diversity in Castaneides
Previous studies of Aneides species in western North America
have discovered considerable cryptic genetic structure and
diversity (Reilly et al., 2013, 2015; Reilly and Wake, 2015).
Likewise, studies have uncovered potential cryptic diversity
within the Castaneides species complex. Sessions and Kezer
(1987) examined karyotypic variation in plethodontid

salamanders, including the genus Aneides. At least three
karyotypes occur in the Castaneides species complex, with two
karyotypes reported originally in sympatry at one site “near
Chattanooga, Tennessee.” However, the report of sympatry
was an error and explained in Patton et al. (2019). Three
specimens were collected from Buck Creek Cove in Franklin Co.,
Tennessee; one of these specimens was examined by Sessions
and the other two sent to and examined by Kezer. Kezer reported
that the two specimens examined had predominately bi-armed
chromosomes (aeneus II karyotype in Sessions and Kezer, 1987).
When Sessions double-checked his lab notes, he found that the
specimen he examined also had the aeneus II karyotype and
was not aeneus I (Sessions, personal communication to David
Wake in Patton et al., 2019). The aeneus II karyotype also was
found in northern Alabama (Sessions and Kezer, 1987). The
aeneus II karyotype may be diagnostic of the southern lineage
but additional karyological is needed to confirm this hypothesis.
The aeneus I karyotype was identified from specimens collected
in southern Pennsylvania, West Virginia, southwestern Virginia,
and southern Kentucky (Sessions and Kezer, 1987) and may be
diagnostic for the northern lineage. However, this karyotype also
was detected in southwestern North Carolina from Hickory Nut
Gorge in what is now recognized as A. caryaensis (Patton et al.,
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FIGURE 4 | Maximum-likelihood phylogram for the nuclear SNP dataset generated in IQ-TREE. Nodes with >95% support are labeled. Site and sequence labels

correspond to those in Table 1; Supplementary Table S1. Major lineages are highlighted.
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2019), which is likely the sister group to the northern lineage.
Morescalchi (1975) reported a potential third distinct karyotype
(aeneus III in Sessions and Kezer, 1987) from Tennessee.
Unfortunately, detailed locality information is lacking (reviewed
in Patton et al., 2019) but is suspected to have been collected from
“a probable site somewhere in Cumberland County, Tennessee”
by an unknown supplier (Sessions and Kezer, 1987). Based
on historical occurrences, if this collection indeed was from
Cumberland County, it most likely was collected from Ozone
Falls (site 26), which grouped within the northern lineage in
our analyses.

More recently, Patton et al. (2019) integrated population
genetic, genomic, and species delimitation approaches of
mitochondrial, nuclear microsatellite, and nuclear SNP loci
with morphological analyses and found strong support for
recognition of four lineages. In addition to A. caryaensis, which
was described concurrently in their study, the three delimited
lineages include: (i) a southern lineage from the southern
Cumberland Plateau of south-central Tennessee, northeastern
Mississippi, northern Alabama, and northwestern Georgia, (ii)
a northern lineage from the Cumberland Plateau, Cumberland
Mountains, Appalachian Plateau, and Appalachian Valley and
Ridge from north-central Tennessee northward into eastern
Kentucky, southwestern Virginia, West Virginia, southern Ohio,
and southwestern Pennsylvania; and (iii) a lineage from the
Blue Ridge Escarpment of western North Carolina, western
South Carolina, and northeastern Georgia (Figure 2A in Patton
et al., 2019). These lineages are allopatrically distributed, except
northern and southern lineages may overlap to some degree
on the Cumberland Plateau of Tennessee based on mtDNA
analyses. Geographic sampling across the potential distributions
of northern and southern lineages was limited (n = 4 in Virginia
and n = 2 in Alabama) for population genomic analyses,
but results were consistent with mtDNA species delimitations
(Patton et al., 2019). The authors refrained from describing these
three lineages but recommended they be recognized as ESUs
in light of these findings until additional morphological and
population genomic studies were conducted.

Results of our phylogenetic, population genomic, and species
delimitation approaches of mitochondrial and nuclear loci are
consistent with the lineages delimited by Patton et al. (2019).
Our mtDNA genetic and species delimitation analyses, which
included the cytb dataset of Patton et al. (2019), identified
the northern and southern lineages with strong support. These
lineages were also strongly supported in our nuclear genomic
analyses (i.e., fastStructure and IQ-TREE). The contact zone
between the northern and southern lineages based on the
nd4 dataset occurs along the Cumberland Plateau and Walden
Ridge along a line running from south-central Warren and
Van Buren counties eastward to central Bledsoe and Rhea
counties in Tennessee. The putative contact zone derived from
the cytb dataset, which included sequences from Patton et al.
(2019), is similar to that of the nd4 dataset. However, a
population from Morgan Co., Tennessee (site 68; Aa41TN in
Patton et al., 2019) grouped with the southern lineage. Two
additional sequences from Patton et al. (2019)—Aa79TN (site
92) and Aa77TN (site 90)—were discordant with lineage based

on geographic proximity. Aa79TN from Cannon Co., Tennessee
did not group with other samples we collected nearby at
Short Mountain (site 20) within the northern lineage, while
Aa77TN from Hamilton Co., Tennessee did not group with
samples collected nearby (site 13) that grouped within the
southern lineage. When the data from Patton et al. (2019)
are excluded, we found no evidence of discordance between
geography and lineage. Our nuclear genomic analyses also found
little evidence of discordance between geography and lineage.
Likewise, there was little discordance in population assignment
to lineage for populations included in both the mitochondrial
(excluding data from Patton et al., 2019) and nuclear SNP
analyses. The exception was two individuals—one from Ozone
Falls SNA in Cumberland County (site 26) and the other
from Catoosa WMA in Roane County (site 28)—that based
on geography, mtDNA, fastStructure, and IQ-TREE analyses
grouped within the northern lineage but grouped within the
southern lineage in the nuclear DAPC analysis. This discordance
may be an artifact of missing data, which was 98% for the
individual from Ozone Falls SNA and 62% for the individual
from Catoosa WMA.

Phylogeography
Patton et al. (2019) hypothesized that climatic and ecological
changes associated with the Appalachian Miocene uplift 20–
10 mya (Gallen et al., 2013; Liu, 2014) may have led to the
formation of at least two refugia after the Miocene optimum
15 mya: one in the Hickory Nut Gorge area and the other
on the southern Cumberland Plateau that later gave rise to
the northern, southern, and Blue Ridge lineages. Based on the
divergence time analysis of Patton et al. (2019), the southern
lineage split from the ancestor of the Blue Ridge and northern
lineages ∼9 mya, while the Blue Ridge and northern lineages
diverged about 5 mya at the onset of the Pliocene. Climatic
and ecological shifts during the Pliocene and Pleistocene likely
resulted in concurrent range shifts in the northern and southern
lineages whereby salamanders retreated to cooler, mesic forested
coves along escarpments during warmer, drier periods and
expanded during cooler, wetter periods. Demographic analyses
support the existence of two refugia since the late Miocene
and subsequent episodes of range expansion and contraction
leading to the present-day distributions of the northern and
southern in the Cumberland Plateau and Appalachian Valley
and Ridge.

No obvious barriers to dispersal exist along the escarpments
of the Cumberland Plateau and Walden Ridge in Tennessee
between the northern and southern lineages. Interestingly,
a contact zone in the southern Cumberland Plateau has
been documented in some other taxa. In the Mountain
Dusky Salamander (Desmognathus ochrophaeus) species
complex, the Cumberland Dusky Salamander (D. abditus)
occurs, albeit patchily distributed, throughout much of the
southern Cumberland Plateau in Tennessee, contacting the
Mountain Dusky Salamander (D. ochrophaeus) just south
of the Cumberland Mountains section of the Cumberland
Plateau in Morgan County (Anderson and Tilley, 2003; Drukker
et al., 2018), which is ∼50–60 km north of the contact zone
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between the northern and southern lineages in Aneides. Previous
studies have noted the similarities in distribution and habitat
between Aneides salamanders and the lampshade spiders of
the genus Hypochilus (Catley, 1994; Hedin, 2001; Patton et al.,
2019). Hypochilus thorelli ranges along the escarpments of
the Cumberland Plateau from northeastern Alabama and
northwestern Georgia northward through Tennessee into
southeastern Kentucky and southwestern Virginia (Hedin and
Wood, 2002; Keith and Hedin, 2012) where it can be found
alongside A. aeneus on exposed sandstone and carbonate
outcrops in mesic forests (Beatty pers. comm. in Fergusson,
1972). Hedin and Wood (2002) conducted a population genetic
study of H. thorelli based on the mitochondrial cytochrome
oxidase subunit I (COI) locus across 19 sites finding substantial
genetic structure and evidence for very limited female-based
dispersal, even among some sites within 5 km. Although spiders
were morphologically similar across sites, three mitochondrial
clades were identified: (i) a northern clade in the Cumberland
Mountains of Lee Co., Virginia and Campbell and Morgan cos.,
Tennessee; (ii) a central + Kentucky clade from the central
Cumberland Plateau in Tennessee from southern Cumberland,
Bledsoe, and Van Buren counties but also two sites in Pickett
County, Tennessee and Whitley Co., Kentucky; and (iii) a
southern clade from the Cumberland Plateau of northeastern
Alabama, northwestern Georgia, and southern Tennessee,
including Franklin, Grundy, Marion, Hamilton, and Rhea
counties. However, divergence times among H. thorelli clades
appear to be younger than those of the Castaneides species
complex estimated by Patton et al. (2019), with splits occurring
within the last two million years (Ciaccio, 2020). Interestingly,
the contact zone between the southern and central H. thorelli
clades (Hedin and Wood, 2002) is strikingly similar to the
contact zone between the northern and southern lineages in
Aneides, suggesting similar biogeographical factors, such as
historical cycles of climate change during the Pleistocene, have
shaped present-day genetic structure and distributions in these
co-occurring species.

Conservation Implications
In addition to describing A. caryaensis, Patton et al. (2019)
recommended the recognition of the Blue Ridge lineage as
an ESU to facilitate its conservation. However, the authors
noted that species delimitation methods grouped Blue Ridge
populations with the northern lineage, which also was consistent
with results of our mtDNA species delimitation. We did not
sample Blue Ridge populations in our nuclear SNP dataset and
recommend that such analyses be conducted before recognizing
Blue Ridge populations as a distinct ESU from the northern
lineage. Patton et al. (2019) also noted that mtDNA phylogenetic
and species delimitation approaches supported the distinction
of the southern lineage, but they refrained from recommending
its designation as an ESU until additional investigations were
conducted. Our mitochondrial and nuclear SNP analyses
unequivocally support the recognition of the southern lineage
as an ESU sensu Moritz (1994) genetically distinct from
the northern lineage. We found no evidence of admixture

between northern and southern lineages including for nuclear
loci, which recovered reciprocal monophyly for the southern
lineage. The recognition of the southern lineage as an ESU is
consistent with several other proposed definitions and criteria
including Avise (1994), Vogler and Desalle (1994), USFWS
(U.S. Fish Wildlife Service) NMFS (National Marine Fisheries
Service) (1996), Fraser and Bernatchez (2001), and Funk et al.
(2012). Moreover, we fully expect that the southern lineage
will meet other definitions of ESU (e.g., Dizon et al., 1992),
likely constituting an undescribed species pending additional
morphological study.

Both the southern and northern lineages in the Cumberland
Plateau face a plethora of threats that are currently or may in
the future impact populations (Niemiller et al., 2020), particularly
habitat loss and fragmentation from logging, construction of
open corridors (e.g., roads and power line rights-of-way), and
past and current mining operations. Other significant threats
include water impoundments, over-collection associated with the
pet trade, emergent amphibian diseases, and climate change.
Life history traits, such as slow maturity and reduced fecundity
(Waldron and Pauley, 2007), increase intrinsic vulnerability
to threats. Unfortunately, the ecology and life history of
populations of both the southern and northern lineages on
the Cumberland Plateau are poorly understood (Miller and
Reynolds, 2011; Niemiller et al., in press). In particular, very
limited historical data is available for most populations to infer
population trends. We do not know whether populations on
the southern Cumberland Plateau have experienced declines
similar to those reported for A. caryaensis and the Blue Ridge
Escarpment populations (Snyder, 1983, 1991; Corser, 2001;
Patton et al., 2019). Encouragingly, recent surveys in Tennessee
and northeastern Alabama confirmed the presence of species at
16 historical sites and discovered 34 new sites (Niemiller et al.,
2020, in press).

CONCLUSIONS

Genetic and genomic data have revealed additional cryptic
diversity in the Green Salamander as currently recognized,
suggesting that rather than a monotypic species, it is indeed
a species complex. Given the paucity of ecological and life
history data on this species complex in general, considerable
work is required to understand the species themselves and to
inform management interventions to extend their evolutionary
trajectories into the future. Specifically, additional surveys
and genetic work are needed to better delineate the contact
zone between the northern and southern lineages on the
Cumberland Plateau and determine whether the two lineages
are syntopic at any sites. Most occurrences of both lineages,
including sites sampled in this study, occur on public lands,
yet ∼92% of land in Tennessee, including the Cumberland
Plateau and Cumberland Mountains regions, is privately-owned
(Tennessee Wildlife Resources Tennessee Wildlife Resources
Agency., 2005); thus, future surveys on private lands should be
a priority.

Frontiers in Conservation Science | www.frontiersin.org 12 May 2022 | Volume 3 | Article 890859

https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/conservation-science#articles


Niemiller et al. Population Genomics in Aneides aeneus

DATA AVAILABILITY STATEMENT

Novel mitochondrial DNA sequences generated in this
study were accessioned into NCBI GenBank. Accession
numbers for all sequences used in this study are included
in Supplemental Table S1. Genomic data generated in
this study were deposited into NCBI BioSample Database:
BioProject ID PRJNA803825 with BioSample accessions
SAMN25688800-SAMN25688882.

ETHICS STATEMENT

Collection of tissue samples and handling of salamanders was
authorized under TennesseeWildlife Resources Agency scientific
collection permit (no. 1385) and Tennessee Department of
Environment and Conservation scientific collection permit (no.
2013-026). Vertebrate animal research protocols were approved
by the University of Alabama in Huntsville Institutional Animal
Care and Use Committee (protocol no. 2018.R001).

AUTHOR CONTRIBUTIONS

MN conceived the study. MN, KN, KD, DT, DI, and RH collected
tissue samples from Tennessee and Alabama. MN and KD
conducted DNA extractions and generated mtDNA sequences.
MN, KD, and JB conducted mtDNA analyses. JA prepared 3RAD
libraries. MN, MT, MD, JA, RC, and JB analyzed the 3RAD
dataset. MN, MT, MD, and JA prepared the first draft of the

manuscript. KN, DT, DI, and RH aided in interpreting the
results and worked on the manuscript. All authors revised the
manuscript and approved its final version.

FUNDING

This study was supported by the U.S. Fish & Wildlife Service
(grant no. F17AC00939 to MN and MD).

ACKNOWLEDGMENTS

We thank Chris Argo, Joshua Argo, Taelor Hill, Joe Lamb, Brian
T. Miller, Chris Ogle, Bill Sutton, Emily Hall, Mitch LeSage, Gary
LeCleir, Bailey Augustino, and Jennifer Nix for assistance with
fieldwork. We thank L. Jashen Bailey and Abigail Guillemette for
assistance in the laboratory. We thank Jeffrey Hass for providing
access and assisting with software installation on the Abe server
at the School of Integrative Biology at the University of Illinois
Urbana-Champaign and Ken Paige and UIUC Department of
Integrative Biology 290 students Ryan Hill, Gracie Jasper, Sydney
Koelper, Karlena Livengood, and Bridget Smith for assistance
with molecular data analyses.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcosc.
2022.890859/full#supplementary-material

REFERENCES

Adams, M., Raadik, T. A., Burridge, C. P., and Georges, A. (2014).

Global biodiversity assessment and hyper-cryptic species complexes: more

than one species of elephant in the room? Syst. Biol. 63, 518–533.

doi: 10.1093/sysbio/syu017

Anderson, J. A., and Tilley, S. G. (2003). Systematics of the

Desmognathus ochrophaeus complex in the Cumberland

Plateau of Tennessee. Herpetol. Monogr. 17, 75–110.

doi: 10.1655/0733-1347(2003)017(0075:SOTDOC)2.0.CO;2

Arevalo, E., Davis, S. K., and Sites, Jr., J. W. (1994). Mitochondrial DNA sequence

divergence and phylogenetic relationshiops among eight chromosome races of

the Sceloporus grammicus complex (Phrynosomatidae) in Central Mexico. Syst.

Biol. 43, 387–418. doi: 10.1093/sysbio/43.3.387

Avise, J. C. (1994). Molecular Markers, Natural History, and Evolution. London:

Chapman & Hall. doi: 10.1007/978-1-4615-2381-9

Bayona-Vásquez, N. J., Glenn, T. C., Kieran, T. J., Pierson, T. W., Hoffberg,

S. L., Scott, P. A., et al. (2019). Adapterama III: quadruple-indexed,

double/triple-enzyme RADseq libraries (2RAD/3RAD). PeerJ 7, e7724.

doi: 10.7717/peerj.7724

Beheregaray, L. B., and Caccone, A. (2007). Cryptic biodiversity in a changing

world. J. Biol. 6, 1–5. doi: 10.1186/jbiol60

Bickford, D., Lohman, D. J., Sodhi, N. S., Ng, P. K. L., Meier, R., Winker, K., et al.

(2007). Cryptic species as a window on diversity and conservation. Trends Ecol.

Evol. 22, 148–155. doi: 10.1016/j.tree.2006.11.004

Brown, J. H., and Lomolino, M. V. (1998). Biogeography. Sunderland, MA:

Sinauer Associates.

Camp, C. D., Tilley, S. G., Austin, R. M. Jr., and Marshall, J. L. (2002). A

new species of black-bellied salamander (genus Desmognathus) from the

Appalachian mountains of northern Georgia. Herpetologica 58, 471–484.

doi: 10.1655/0018-0831(2002)058(0471:ANSOBS)2.0.CO;2

Camp, C. D., and Wooten, J. A. (2016). Hidden in plain sight: cryptic diversity in

the Plethodontidae. Copeia 104, 111–117. doi: 10.1643/OT-14-150

Catley, K. M. (1994). Descriptions of new Hypochilus species from New Mexico

and California with a cladistic analysis of the Hypochilidae (Araneae). Am.

Mus. Nov. 3088, 1–27.

Cerca, J., Maurstad, M. F., Rochette, N. C., Rivera-Colon, A. G., Rayamajhi,

N., Catchen, J. M., et al. (2021). Removing the bad apples: a simple

bioinformatic method to improve loci-recovery in de novo RADseq data for

non-model organisms. Meth. Ecol. Evol. 12, 850–817. doi: 10.1111/2041-210X.

13562

Ciaccio, E. (2020). The paleoendemic spider genus Hypochilus (Araneae,

Hypochilidae) based on sequence capture of ultraconserved elements (Master’s

thesis). San Diego State University, San Diego, CA, United States.

Corser, J. D. (2001). Decline of a disjunct green salamander (Aneides aeneus)

population in the southern Appalachians. Biol. Conserv. 97, 119–126.

doi: 10.1016/S0006-3207(00)00106-3

Crespi, E. J., Browne, R. A., and Rissler, L. J. (2010). Taxonomic revision of

Desmognathus wrighti (Caudata: Plethodontidae). Herpetologica 66, 283–295.

doi: 10.1655/HERPETOLOGICA-D-09-00002.1

Cupp, P. V. (1991). Aspects of the life history and ecology of the green salamander,

Aneides aeneus, in Kentucky. J. Tenn. Acad. Sci. 66, 171–174.

Darriba, D., Taboada, G. L., Doallo, R., and Posada, D. (2012). jModelTest 2:

more models, new heuristics and parallel computing. Nat. Methods 9, 772.

doi: 10.1038/nmeth.2109
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