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A B S T R A C T

Gene flow between evolutionarily distinct lineages is increasingly recognized as a common occurrence. Such
processes distort our ability to diagnose and delimit species, as well as confound attempts to estimate phylo-
genetic relationships. A conspicuous example is Dusky Salamanders (Desmognathus), a common model-system for
ecology, evolution, and behavior. Only 22 species are described, 7 in the last 40 years. However, mitochondrial
datasets indicate the presence of up to 45 “candidate species” and multiple paraphyletic taxa presenting a
complex history of reticulation. Some authors have even suggested that the search for species boundaries in the
group may be in vain. Here, we analyze nuclear and mitochondrial data containing 161 individuals from at least
49 distinct evolutionary lineages that we treat as candidate species. Concatenated and species-tree methods do
not estimate fully resolved relationships among these taxa. Comparing topologies and applying methods for
estimating phylogenetic networks, we find strong support for numerous instances of hybridization throughout
the history of the group. We suggest that these processes may be more common than previously thought across
the phylogeography-phylogenetics continuum, and that while the search for species boundaries in Desmognathus
may not be in vain, it will be complicated by factors such as crypsis, parallelism, and gene-flow.

1. Introduction

The phylogeography-phylogenetics continuum encompasses a
number of related processes that complicate efforts to reconstruct
evolutionary histories and species limits (Edwards et al., 2016). Nuclear
and mitochondrial trees may differ strongly, and gene genealogies may
be discordant from one another (Leaché, 2009; Toews and Brelsford,
2012; Bonnet et al., 2017), with horizontal gene-transfer, incomplete
lineage sorting, and paralogy affecting these patterns in myriad ways
(Holder et al., 2001; Edwards, 2009). The confluence of these processes
may drive conflicting signals across gene trees, species trees, networks,
and morphological species boundaries. Hybridization is increasingly
recognized as a common process even among distantly related lineages,
with confounding effects on phylogenetic inference and difficulties for
detecting reticulation (see reviews in Burbrink and Gehara, 2018; Near,
2019).

This scenario is observed in Dusky Salamanders (Desmognathus), for
which multiple data sources have provided confusing and contradictory
results over time (see, for instance, Karlin and Guttman, 1981; Titus and
Larson, 1996; Rissler and Taylor, 2003; Jackson, 2005; Kozak et al.,
2005; Tilley et al., 2013; Jones and Weisrock, 2018). Dusky sala-
manders are among the most conspicuous and abundant vertebrates in
riparian ecosystems of the eastern United States (Conant et al., 2016).
Early molecular studies indicated that patterns of genetic diversity
within known populations were more complex than previously ima-
gined (Tilley et al., 1978; Tilley and Mahoney, 1996; Mead et al., 2001;
Bonett, 2002; Camp et al., 2002).

A broadly sampled mitochondrial phylogeny confirmed this suspi-
cion across the genus (Kozak et al., 2005; KEA05 hereafter), revealing
that lineage diversity was at least twice as high as previously believed.
Furthermore, many species were not monophyletic, while others had
haplotypes that did not match their morphological designations, and
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subsequent studies have generally corroborated these findings (Jones
et al., 2006; Beamer and Lamb, 2008; Tilley et al., 2008; Jones and
Weisrock, 2018). The degree of complex genetic interaction between
populations of putatively distinct taxa is great enough to have led some
authors to suggest that the search for species limits may be in “vain”
(Tilley et al., 2013).

Recently, Beamer (2015) and Beamer and Lamb (2020; “BL20”
hereafter) took a systematic approach to describing this population-
level genetic diversity using mitochondrial data. They used an “eco-
drainage” approach, sampling individuals from all recognized, extant
species known to occur within each sampling region, comprising the
intersection of each Level IV Ecoregion (terrestrial ecological regions of
the United States; Omernik and Griffith, 2014) and independent river
drainage for a total of 179 localities across the range of Desmognathus.
From 536 specimens of 21 nominal species, they described a total of 45
geographically cohesive mitochondrial subclades, representing a first-
pass assessment of lineage diversity. Their results offer a promising
perspective on species delimitation, define the spatial extent of candi-
date species, highlight the major areas of taxonomic incongruence, and
suggest that the most problematic cases of recent genetic admixture are
limited in geographic extent.

In contrast to previous studies relying heavily on a few mitochon-
drial markers, a phylogenomic approach can achieve several broad
outcomes that address the limitations of traditional Sanger-based da-
tasets (Hare, 2001; Toews and Brelsford, 2012). First, we can assess the
genomic distinctiveness of mitochondrial clades to identify candidate
species from the phylogeographic divisions (e.g., Pyron et al., 2016).
Second, we can identify instances of admixture between lineages de-
fined by nuclear and mitochondrial data, which we expect to be pre-
valent in taxa with a known and complex history of reticulation (Mallet
et al., 2016). Third, we can evaluate relationships among candidate
species using species trees and networks, for which discordance with
mitochondrial trees may illuminate instances of horizontal gene-
transfer or incomplete lineage sorting (Leaché, 2010; Ruane et al.,
2014; Burbrink and Gehara, 2018).

Here, we use a densely sampled phylogenomic dataset of long,
conserved anchored hybrid enrichment (AHE) loci (Lemmon et al.,
2012) to assess the monophyly of candidate species, their phylogenetic
relationships in a species-tree context, and genomic admixture using
phylogenetic networks. We find remarkable congruence between mi-
tochondrial and nuclear data in diagnosing at least 49 cryptic candidate
species hidden within the 22–24 currently recognized, extant taxa. In
contrast, topologies inferred from mitochondrial, species-tree, and
network analyses all differ substantially in estimating relationships
among candidate species. Most incongruence can be explained by rapid
radiation and incomplete lineage sorting, recent exchange of mi-
tochondrial haplotypes, or ancient hybridization. Future species-deli-
mitation analyses in an integrative taxonomic framework combining
both morphological and molecular data will allow us to assess the
taxonomic validity of these candidate species.

2. Materials and methods

2.1. Lineage diagnosis and taxon sampling

It is still premature to employ a fully operationalized species con-
cept to diagnose and delimit species in Desmognathus; this will require
additional data such as morphology and behavior, as well as reconciling
200 years of varying criteria used to describe the existing species (see
discussion in BL20). However, diagnostic criteria are still needed to
recognize distinct lineages as candidate species from the various data-
sets. We rely on genealogical exclusivity under the Phylogenetic Species
Concept (see Baum and Donoghue, 1995), using the existing delimited
candidate species from previous studies (e.g., KEA05; BL20) as a
baseline estimate.

Using the named lineages from KEA05 and BL20 as a starting point,

we diagnose candidate species as the least inclusive genealogically
exclusive, ecogeographically distinct lineage of previously described
morphospecies. When all sampled populations of a morphospecies are
monophyletic and do not form ecogeographic subclades, that species is
congruent as currently recognized. When a morphospecies is not
monophyletic, the various topologically distinct subclades are re-
cognized and named as in KEA05. When some or all populations of a
morphospecies do form a monophyletic group, but also form genealo-
gically exclusive, ecogeographically lineages, they are recognized and
named as in BL20.

Additional details for all data, analyses, and results are given in the
Supplementary Information (SI). Our mitochondrial dataset may thus
reveal additional new lineages (e.g., marmoratus H; see below), and our
nuclear data may either corroborate existing mitochondrial lineages,
yield new lineages that are not evidenced in the mitochondrial data
(e.g., fuscus E), or combine multiple mitochondrial lineages into more
inclusive candidate species (e.g., conanti B/D). We do not employ any
criterion of genetic distinctiveness within genealogically exclusive
lineages. Thus, some congruent morphospecies (e.g., valentinei) never-
theless contain deep divergences that may merit recognition as candi-
date species in the future (see BL20).

We sampled 1–10 individuals from the 43 candidate species inferred
by BL20 from mitochondrial data. We attempted to span the geographic
and morphological range of the lineages, as BL20 noted that some
haplotypes occurred in morphologically and geographically distinct
populations. To these 43 clades we added samples from nine additional
mitochondrial candidate species that we identified in preliminary mi-
tochondrial analyses since the publication of BL20. This sampling yields
a total of 52 preliminary genealogically exclusive lineages supported by
mitochondrial data (labeled as such in Fig. 1) in our analysis to be
tested with respect to a phylogenomic dataset. In all analyses, we in-
cluded a single individual of Phaeognathus hubrichti as the outgroup. We
include a total of 160 Desmognathus and one Phaeognathus. The current
sampling gives a baseline estimate of mitochondrial diversity at the
ecodrainage level within Desmognathus (see KEA05 and BL20), although
additional candidate species may remain to be discovered (see below).

2.2. Mitochondrial analysis

For the mitochondrial gene-tree analysis, we used a subset of the
data analyzed by BL20, comprising a fragment of the genes encoding
NADH dehydrogenase subunit 2 (ND2); the tRNAs for Tryptophan,
Alanine, and Asparagine; the origin of light-strand replication; the
tRNAs for Cysteine and Tyrosine; and a fragment of Cytochrome
Oxidase subunit 1 (COI). We supplemented this with additional Sanger
sequencing of the COI region, and with mitochondrial assemblies gen-
erated in Geneious 11.0.4 (Biomatters Ltd.) by mapping bycatch-reads
from the anchored loci (see below) to a reference mitochondrial
genome (AY728227; fuscus B) under the default settings. The sequences
were aligned using MAFFT (Katoh and Standley, 2013) in Geneious
under the default parameters. Protein-coding regions were translated
and checked by eye to ensure proper reading-frame and absence of stop
codons. The final alignment length was 1990 bp and is 79% complete
(available at Dryad repository doi.org/https://doi.org//10.5061/
dryad.34tmpg4g1; see Genbank accessions for COI in Appendix A).

Following BL20, we analyzed the matrix using Maximum Likelihood
(ML), partitioned by gene and codon position, with a single partition for
the non-coding regions. We used RAxML 8.2.9 (Stamatakis, 2006),
which employs a GTR+Γ (GTRGAMMA) model for all partitions. We
created 1000 non-parametric bootstrap replicates, from which 200 in-
dependent ML searches were started every 5th replicate. For the best-
scoring tree, the proportions of the 1000 replicates including each
branch were plotted as node support.
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Fig. 1. Results from concatenated ML analysis of 1995 bp of mitochondrial DNA for 160 specimens (outgroup Phaeognathus not shown), representing 52 mi-
tochondrial clades sensu Beamer and Lamb (2020), modified as noted (see Materials and Methods). Trees were estimated with 1000 non-parametric bootstrap
replicates and 200 random ML searches. Black circles indicate nodes supported at BS > 70%.
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2.3. Anchored hybrid enrichment

Data were collected following Lemmon et al. (2012) at the Center
for Anchored Phylogenomics at Florida State University (www.
anchoredphylogeny.com). Each genomic sample was sonicated to a
fragment size of ~150–350 bp using a Covaris E220 Focused-ultra-
sonicator with Covaris microTUBES. Library preparation and indexing
were performed on a Beckman-Coulter Biomek FXp liquid-handling
robot following a protocol modified from Meyer and Kircher (2010),
but with a size-selection step after blunt-end repair using SPRIselect
beads (Beckman-Coulter Inc.; 0.9x ratio of bead to sample volume).
After pooling 12–16 indexed samples at equal quantities, enrichments
were performed on each multi-sample pool using an Agilent Custom
SureSelect kit (Agilent Technologies), developed for amphibians by
Hime et al. (2020). To develop this resource, Hime et al. (2020) tar-
geted ~366 anchor loci (averaging 1090 bp each) derived from the
vertebrate AHE set of Lemmon et al. (2012) and mined genomic re-
sources of five salamander species (Desmognathus fuscus, Ambystoma
mexicanum, Notophthalmus viridescens, Cryptobranchus alleganiensis, and
Ensatina eschscholtzii) in addition to seven frog and one caecilian species
(see Hime et al., 2020). After enrichment, the 10 enrichment pools were
combined in equal quantities for sequencing on three PE150 Illumina
HiSeq2000 lanes. Sequencing was performed in the Translational Sci-
ence Laboratory in the College of Medicine at Florida State University.

To generate alignments, raw reads passing the Illumina CASAVA
(v1.8) high chastity filter were demultiplexed based on 8 bp indices.
Overlapping read pairs were subsequently merged using the methods of
Rokyta et al. (2012). Downstream read processing followed the
methods of Prum et al. (2015) and Hamilton et al. (2016), but with
Desmognathus fuscus, Cryptobranchus alleganiensis, and Ambystoma mex-
icanum as references during the quasi-de novo assembly. Orthology was
assessed using a neighbor-joining clustering approach that utilizes a
common-k-mer distance matrix (see Hamilton et al., 2016 for details).
Sets of orthologous sequences were then aligned using MAFFT v7.023b
(Katoh and Standley, 2013), and trimmed/masked to remove proble-
matic regions. Alleles were not phased; heterozygosity was instead
treated with ambiguity codes within individuals. The final dataset
consisted of 381 loci, for a total of 554,321 bp, and was 89.2% complete
for 161 individuals.

2.4. Concatenated and gene-tree analysis

Similar to the mitochondrial analysis, we first analyzed the nuclear
matrix using Maximum Likelihood (ML), partitioned by locus. We used
RAxMLv8.2.9 (Stamatakis, 2006), which employs a separate GTRGA-
MMA model for each partition. We created 1000 non-parametric
bootstrap replicates, from which 200 independent ML searches were
started every 5th replicate. For the best-scoring tree, the 1000 optimi-
zations were plotted as node support. Secondary to this concatenated
analysis, we analyzed each of the 381 genes separately, for the purpose
of downstream species-tree analysis. We used the same ML analysis
parameters described above, though with only 100 bootstrap replicates
per gene. We expect low resolution for most individual gene-trees (Kuo
and Avise, 2005), but these can be combined for a rich source of in-
formation regarding gene-tree discordance to infer a well-resolved
species tree (Edwards, 2009). Incorporating gene-tree error has been
shown to contribute significantly to the resolution of the Tree of Life,
though some nodes may remain unresolved (Pyron et al., 2014).

2.5. Species-tree analyses

Multiple species-tree methods exist based on the multi-species
coalescent (Liu et al., 2009), many of which operate on summaries of
gene-tree estimates and show strong performance across a range of
empirical conditions (Mirarab et al., 2016). Of these, ASTRID is faster
and at least as accurate as competitors such as NJst and ASTRAL under

most empirical conditions, particularly with larger datasets (hundreds
of taxa and genes) and low missing data (Vachaspati and Warnow,
2015). Thus, we preferred ASTRID for our estimate of the multi-locus
species tree. We first estimated the species tree using ASTRID 1.4,
which produces a matrix of gene-tree distances, and uses neighbor-
joining to produce the species tree.

After estimating a topology using ASTRID, we followed the re-
commendations of the program developers to use ASTRAL-II 5.0.1
(Mirarab et al., 2014) to estimate branch lengths in coalescent units on
the ASTRID topology. To estimate support, we used the recommended
coalescent-based measure that assesses the local posterior probability
for each branch based on the quartet of surrounding branches (Sayyari
and Mirarab, 2016). The same algorithm is then also used to estimate
branch lengths in coalescent units. We treat this as our best estimate of
the species tree. As an additional assessment incorporating gene-tree
uncertainty, we used the 381 sets of 112 bootstrap replicates (as 16
computing nodes each performed 7 replicates per gene) as the input set
for ASTRID 1.4 and ASTRAL-II 5.0.1. We then estimated 112 ASTRID
species trees (one from each set of bootstrap replicates) and took the
strict consensus. For branch-length and support values, we used the
coalescent-based support measure from the 381 ML gene-trees, mapped
on this consensus topology of the multi-locus bootstrap replicates.

2.6. Network analyses

A bifurcating tree is increasingly recognized as a poor descriptor of
many parts of the diagrammatic history of life, where horizontal con-
nections are present among multiple branches in reconstructed phylo-
genies (see review in Burbrink and Gehara, 2018; MacGuigan and Near,
2019). Such processes may have severe impacts on phylogenetic esti-
mation (Solís-Lemus et al., 2016). To reflect these connections, nu-
merous methods exist for estimating phylogenetic networks (Huson and
Bryant, 2005; Than et al., 2008; Pickrell and Pritchard, 2012), though
most are limited by computational intensity to a few taxa and re-
ticulations. We investigated the presence and impact of these processes
using two distinct approaches.

First, we used the program TreeMix 1.13 (Pickrell and Pritchard,
2012) to estimate a topology while modeling admixture as migration
events between branches. This is a relatively simple algorithm that uses
SNP data converted to bi-allelic frequency distributions within popu-
lations (see SI for details) and estimates population splits (and thus a
species tree) for those data. Subsequently, migrations are added to the
population graph, increasing the goodness-of-fit of the model to the
observed frequency data under a Gaussian approximation of drift. For
the sliding window of linkage disequilibrium, we tested k = 500 and
1000 as recommended by the authors. As reticulations drastically in-
crease graph complexity, we limited all network analyses to a max-
imum of sqrt(n), giving a maximum of 7 for the 49-species analysis.

Second, a recently developed method (SNaQ; Solís-Lemus and Ané,
2016) implemented in the Julia package PhyloNetworks (Solís-Lemus
et al., 2017) scales up to at least 24 taxa and 5 reticulation events in a
tractable amount of computational time (i.e., days to weeks). The
method uses a maximum pseudolikelihood estimator applied to the
quartet concordance factors (CF) of 4-taxon trees under the coalescent
model, incorporating incomplete lineage sorting and extended to in-
clude reticulation events. The observed CF from the estimated gene
trees is then used to estimate a semi-directed species network with
estimated reticulation events and γ- values indicating the proportion of
ancestral contribution to the hybrid genome.

We used PhyloNetworks to read in the 381 RAxML gene-trees and to
estimate observed concordance factors, with all individuals per clade
mapped as alleles to species. Given the computational intractability of
the full dataset, we broke the tree into three sections for analysis as
recommended by the developers of the algorithm (C. Ané, pers. comm.).
We note that this strategy may potentially obscure reticulation events
between lineages not included in all three analyses; these may be

R.A. Pyron, et al. Molecular Phylogenetics and Evolution 146 (2020) 106751

4

http://www.anchoredphylogeny.com
http://www.anchoredphylogeny.com


revealed in future studies using more computationally advanced
methods. We used the ASTRAL topology trimmed to include the focal
clades of interest as the starting topology, and tested values for h
(number of reticulations) from 0 to 5, assessing maximum support using
a slope heuristic for the increase in likelihood plotted against h (Solís-
Lemus and Ané, 2016). We ran 10 independent runs per h-value to
ensure convergence on a global optimum.

2.7. Reanalysis of Jones and Weisrock (2018)

Jones and Weisrock (2018; “JW18” hereafter) presented a phylo-
genomic dataset of quadramaculatus and marmoratus from throughout
their range. They revealed non-monophyly of the group (see Jackson,
2005), as lineages from east of the French Broad River were more
closely related to carolinensis, the only other species included. More
astonishingly, they reported that morphological quadramaculatus and
marmoratus did not form monophyletic groups within their two main
clades but were instead interdigitated. Thus, the Nantahala (western)
and Pisgah (eastern) clades were said to be two geographically and
ecologically distinct, cryptic species, each exhibiting polymorphism for
the blackbelly or shovelnose phenotype.

This result is at odds with the mitochondrial datasets of KEA05,
Jones et al. (2006), and BL20, and the nuclear and mitochondrial da-
taset of Jackson (2005), all of whom sampled the same areas. All of
those studies showed that morphological marmoratus and quad-
ramaculatus share mitochondrial haplotypes east of the French Broad
River, mirrored by the nuclear dataset of JW18 in the Pisgah clade.
However, all three studies also showed that morphological marmoratus
from western North Carolina and northern Georgia (west of the French
Broad River, in the range of JW18’s Nantahala clade) formed two
genealogically exclusive, monophyletic lineages on either side of the
Eastern Continental Divide, and that these lineages did not share mi-
tochondrial haplotypes with sympatric morphological quadramaculatus.

Furthermore, all previous studies showed that the western North
Carolina lineage of morphological marmoratus (called marmoratus C in
KEA05 and BL20) was more closely related to morphological marmor-
atus and quadramaculatus from east of the French Broad River (i.e.,
marmoratus C is part of the Pisgah clade) than it is to morphological
marmoratus from northern Georgia (marmoratus B in KEA05 and BL20;
part of the Nantahala clade). Thus, mitochondrial data show that the
Pisgah and Nantahala clades are not geographically exclusive, in con-
trast to the nuclear data presented by JW18, and also contain no evi-
dence of hybridization between the two species west of the French
Broad River, as shown by JW18. Therefore, we re-analyzed JW18’s data
to determine the root cause of this discordance.

Full details are given in the SI; in short, we mapped their raw
ddRAD reads to the AHE loci used here, to locate overlap where AHE
loci also contained restriction sites. We identified 36 AHE loci that
contained restriction sites (with ~140 bp flanking regions), for a total
overlap ranging from 70 to 827 bp of ddRAD loci per AHE locus. We
trimmed and concatenated these data for a total of 219 terminals (161
AHE + 58 ddRAD), and up to 6653 bp of sequence data per terminal.
We analyzed this partitioned, concatenated dataset using ML in IQ-
TREE (Nguyen et al., 2015) due to the lower computational burden
compared to the RAxML analyses of the full dataset. We then compared
this topology with our main analyses to determine the amount of
congruence between our results and those of JW18, and the likely
sources of any discordance.

3. Results

3.1. Phylogenetic inference

The mitochondrial (Fig. 1), concatenated nuclear (Fig. 2), and
species-tree nuclear (Fig. 3) analyses all estimated strongly supported
topologies with the major candidate species evident. As expected, the

mitochondrial analysis yielded strong congruence with previous ana-
lyses using similar datasets (e.g. KEA05; BL20). In contrast, the multi-
locus nuclear dataset shows robust discordance with the long-estab-
lished mitochondrial patterns (Fig. 4). While portions of the trees are
congruent or similar with respect to some major groupings, there are
significant topological disagreements regarding the placement of spe-
cies such as abditus, carolinensis, fuscus, marmoratus, ocoee, and quad-
ramaculatus. In particular, the folkertsi, marmoratus, and quad-
ramaculatus lineages do not form a monophyletic group in any nuclear
analyses, as in JW18. However, despite topological discordance re-
garding the placement of various clades, the mitochondrial and nuclear
datasets are in fact highly concordant with respect to the identity and
cohesiveness of numerous candidate species.

3.2. Candidate species

Most mitochondrial subclades from BL20 received 100% bootstrap
support in analyses of the nuclear datasets and in agreement with our
reduced mitochondrial dataset (Figs. 1–4). Some individual clades in-
terdigitated and were combined into larger candidate species, while a
few new nuclear clades were revealed by the anchored data, for a total
of 49 candidate species from our original sampling of 52 mitochondrial
subclades.

We find that 14 currently recognized species are either equivalent to
a candidate species or comprise a monophyletic group thereof. These
are abditus, aeneus, apalachicolae (sensu Beamer and Lamb, 2008),
brimleyorum, folkertsi, imitator, monticola, ochrophaeus (sensu Tilley and
Mahoney, 1996), organi, planiceps, santeetlah, valentinei, welteri, and
wrighti. Thus, 14 of the 22–24 currently recognized species appear to be
robust and validly defined at present. This is not to say that these
species do not contain phylogeographic divisions that could also merit
recognition as full, distinct species. In particular, aeneus and valentinei
have a large amount of intraspecific genetic diversity (Figs. 1–4), and
monticola comprises three distinct candidate species A, B, and C
(Figs. 1–4; see BL20). Finally, some of these species (folkertsi, ochro-
phaeus, and santeetlah) are nested within quadramaculatus/marmoratus
(part; see Jones and Weisrock, 2018), orestes, and conanti (part), re-
spectively.

There are also 16 instances in which mitochondrial subclades of
currently recognized species do not form a monophyletic group, and
thus represent independent candidate species. These are auriculatus A,
auriculatus B, conanti β, conanti C, conanti E (weakly paraphyletic in the
mitochondrial dataset, but strongly supported in the nuclear analyses),
conanti γ, fuscus A, fuscus B, fuscus D, marmoratus B, ocoee A, ocoee B,
ocoee D, ocoee E, quadramaculatus A1 and A2, and quadramaculatus F.
We note that the β and γ lineages of Tilley et al. (2013) from the Blue
Ridge represent two distinct candidate species, in contrast to Tilley
et al. (2013), who regarded these as introgressed populations re-
presenting “failed” species. They instead have unique mitochondrial
haplotypes and distinct nuclear genomes and appear to represent lo-
cally endemic species that are simply morphologically congruent with
conanti in the broad sense.

Additionally, there are five major instances in which a single nu-
clear lineage comprises two or more mitochondrial lineages that are
interdigitated (not genealogically exclusive) in the nuclear analyses.
These are conanti B/D, marmoratus E/H, ocoee F/G/H (as noted above),
orestes A/C, and quadramaculatus D/E. We consider each of these to
represent candidate species, agglomerating the divergent mitochondrial
haplotypes into more inclusive lineages.

Finally, there are 5 major instances of nuclear lineages sharing
haplotypes among mitochondrial subclades, involving 10 total mito-
nuclear candidate species. These are: fuscus C (contains all fuscus/car-
olinensis), fuscus E (contains some haplotypes from auriculatus C), con-
anti F (contains some haplotypes from conanti A), and marmoratus/
quadramaculatus C and G, each of which are distinct, independent
candidate species in the nuclear analyses. Thus, shared haplotypes
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Fig. 2. Results from concatenated ML analysis of 554,321 bp from 381 loci for 160 specimens (outgroup Phaeognathus not shown), representing 49 nuclear clades as
described above (see Materials and Methods). Trees were estimated with 1000 non-parametric bootstrap replicates and 200 random ML searches. Black circles
indicate nodes supported at BS > 70%.
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Fig. 3. Results from species-tree analysis of 381 gene trees from 160 specimens (outgroup Phaeognathus not shown), representing 49 nuclear clades as described
above (see Materials and Methods). The topology was estimated using the ASTRID algorithm (Vachaspati and Warnow, 2015), while branch lengths and local
posterior probabilities (Mirarab et al., 2014) were estimated using the ASTRAL algorithm (Sayyari and Mirarab, 2016). Black circles indicate local posterior
probabilities> 95%.
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Fig. 4. Clade-level comparison of the three main phylogenies, showing the topologies relating the mitonuclear candidate species from the a) Mitochondrial (Fig. 1),
b) Nuclear-ML (Fig. 2), c) Nuclear Species-Tree (Fig. 3) analyses.
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presumably indicative of recent introgression are observed between
both closely related as well as relatively distant lineages, some of which
are not currently in close geographic proximity.

3.3. Topological discordance

Strongly supported differences between the mitochondrial and nu-
clear data (Figs. 1–4) are related to three major patterns. The first are
apparent instances of recent admixture resulting in similar mitochon-
drial haplotypes shared between nuclear-based lineages. The second are
weakly supported disagreements about the relationships among
lineages within well-defined species groups as defined below, which we
do not address in-depth here. The third are major topological dis-
cordances related to the placement and monophyly of the blackbelly
(quadramaculatus) and shovelnose (marmoratus) lineages, as well as the
placement of carolinensis, abditus, and ocoee A, B, and D. Placement of
these lineages varies sharply between the mitochondrial and nuclear
trees in a way that defies simple explanations of rapid radiation and
incomplete lineage sorting, and is likely due to deep-time reticulation.

As in KEA05 and BL20, all folkertsi, marmoratus, and quad-
ramaculatus lineages (the blackbelly and shovelnoses) form a mono-
phyletic group in the mitochondrial analyses, though the latter two
species are paraphyletic (Fig. 1). In all nuclear analyses (concatenated,
species-tree, and network; Figs. 2, 3), two separate clades are re-
covered: one containing folkertsi, marmoratus B, quadramaculatus F, and
quadramaculatus A1 and A2 (the Nantahala clade of JW18); and the
other comprising quadramaculatus D/E, marmoratus E/H, quad-
ramaculatus C, marmoratus C, quadramaculatus G, and marmoratus G (the
Pisgah clade). These two clades do not form a monophyletic group
(Fig. 4). We suggest that this must be explained by a deep-time re-
ticulation, though no support is found for this hypothesis in our net-
work analyses (see below).

Curiously, relationships within each of the two groups are almost
identical between the mitochondrial and nuclear datasets. Thus, some
populations of the marmoratus and quadramaculatus C, D, and E lineages
share related mitochondrial haplotypes in sympatry, as in KEA05,
Jackson (2005), Jones et al. (2006), BL20, and our mitochondrial da-
taset (Fig. 1), but this is not reflected by genealogical interdigitation in
our nuclear dataset, in contrast to JW18.

Second, in the mitochondrial dataset, carolinensis forms a clade with
fuscus/carolinensis, which is more closely related to the monticola and
conanti lineages than to the fuscus lineages (Fig. 1). In the concatenated
nuclear dataset, fuscus C is distinct from carolinensis, which is the sister
taxon to a lineage containing all Desmognathus except organi, wrighti,
folkertsi, marmoratus, quadramaculatus, imitator, and aeneus (Fig. 2). In
the species-tree analysis, carolinensis is more closely related to the fuscus
lineages than it is to the conanti or monticola lineages (Fig. 3).

Third, abditus is the sister taxon to a group containing all conanti,
fuscus, and monticola (and other) lineages in the mitochondrial analysis
(Fig. 1). In the nuclear analyses (Figs. 2, 3), it forms a clade with aur-
iculatus, fuscus, planiceps, and welteri. However, this relationship is
weakly supported.

Fourth, ocoee A, B, and D form a clade in the mitochondrial analysis
that is strongly supported as the sister taxon to all Desmognathus except
organi, wrighti, folkertsi, marmoratus, quadramaculatus, imitator, and ae-
neus (Fig. 1). In the nuclear analyses (Figs. 2, 3), ocoee D is distinct from
ocoee A+B, and each of those clades is more closely related to monticola
and conanti lineages than they are to fuscus. This is a far more deeply
nested position than in the mitochondrial analysis (Figs. 1–4). We find
that this is due to a deep-time reticulation (see below).

3.4. Network analyses

The Treemix analysis with k = 1000 and m = 3 provided the best
goodness-of-fit with the fewest parameters (Fig. 5), and accounts for
several of the major genealogical discordances noted above. The

topology estimated for the population graph is highly similar to the
ASTRAL tree, with three migration events that explain (at least par-
tially) the mito-nuclear discordance regarding the placement of car-
olinensis, fuscus C, and ocoee A, B, and D (Fig. 4). Essentially the same
results were estimated in the k = 500/m = 2–4 analyses (see SI text for
further details), but the k = 1000 analysis implies a larger window for
linkage disequilibrium, as recommended by the developers (Pickrell
and Pritchard, 2012), and better accounts for residual variation.

The analyses supported a scenario where an ancestral lineage (re-
presented by the internal red arrow) hybridized with ocoee A, which
occupies the same nested position with the conanti lineages as in the
other nuclear datasets. That ancestral lineage then either went extinct
or was completely absorbed by ocoee A. The second and third migration
events are from the carolinensis lineage (again occupying roughly the
same position as in the species tree, as the sister taxon to the fuscus
lineages and relatives) to conanti F, and from conanti F to fuscus C. While
the involvement of conanti F in the fuscus/carolinensis hybridization is
not immediately evident from our mitochondrial sampling, conanti F is
a newly discovered nuclear clade here and shares mitochondrial hap-
lotypes with conanti A, having thus been involved in at least some hy-
bridization events or rapid radiations. This population has been trou-
blesome for species assignment (e.g., Pope, 1924), with some workers
recognizing it as carolinensis and others assigning it to fuscus. This in-
termediate morphology may be due to past introgression between fuscus
C, carolinensis, and conanti F.

The SNaQ analyses proved intractable for the full dataset, so we
analyzed three major sets of lineages separately. The estimated to-
pology of each subclade is extremely similar to the ASTRID topology,
and each analysis supported a single reticulation. In the first (Fig. 6a),
fuscus and relatives, the lineage comprising auriculatus A + fuscus C is
the sister taxon to the clade comprising fuscus D and auriculatus B+C,
but is estimated to have 32% ancestry from carolinensis, resolving one of
the major instances of obvious mitochondrial introgression in this
group (see BL20). The absence of carolinensis mitochondria in aur-
iculatus A is puzzling if this result is correct, but auriculatus A has un-
dergone drastic declines since the 1970’s (Graham et al., 2010), and
thus our samples may not reflect its full historical genetic makeup.

In the clade comprising conanti and relatives (Fig. 6b), the lineage
comprising conanti C+BD is the sister taxon to conanti γ, but derives
21% of its ancestry from ocoee FGH, again partially explaining one of
the major instances of discordance and leaky species boundaries in
Desmognathus (see Tilley et al., 2013). Finally, among the root lineages
(Fig. 6c), the lineage comprising imitator + aeneus derives 26% of its
ancestry from the lineage subtending fuscus and relatives. This resolves
the topological discordance and weak support for the placement of
these species among the various mitochondrial and nuclear analyses
(Figs. 1–4).

3.5. Reanalysis of JW18

Our combined reanalysis of JW18’s ddRAD data with our AHE loci
shows strong overall congruence (see SI Fig. S2), suggesting that por-
tions of the ddRAD data contain similar phylogenetic signal to the AHE
loci, and that JW18’s topological results are mirrored by our own as
noted above. Very similar results from a combined nuclear and mi-
tochondrial dataset were also reported by Jackson (2005). In particular,
the combined ddRAD + AHE dataset is congruent in recovering non-
monophyly of the various marmoratus and quadramaculatus lineages;
their Nantahala clade represents marmoratus B, folkertsi, and quad-
ramaculatus A and F, while their Pisgah clade represents the marmoratus
and quadramaculatus C, D, E, G, and H lineages. Additionally, one of
their Nantahala “quadramaculatus” specimens is actually a folkertsi that
was mislabeled (site 25; J. Wooten, pers. comm.); this species was not
addressed by JW18.

In contrast to their results, the distribution of the Pisgah-associated
marmoratus C mitochondrial lineage recovered by Jackson (2005),
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KEA05, Jones et al. (2006), BL20, and here is corroborated by this re-
analysis, and extends deep into the geographic range of the Nantahala
lineage (Fig. S3), but these populations were apparently not sampled by
JW18. Instead, our 9 samples of morphological marmoratus from this
region (North Carolina west of the Asheville Basin) are all marmoratus
C, characterized by unique mitochondrial and nuclear genomic con-
stitutions distinct from co-distributed quadramaculatus A (SI Figs. 2–3).

In contrast, neither Jackson (2005), KEA05, Jones et al. (2006),
BL20, nor the current study sampled any morphological marmoratus
with quadramaculatus A mitochondrial or nuclear genomes, the pattern
reported by JW18. Their putative samples of western NC marmoratus all
cluster with quadramaculatus A in the reanalysis (Fig. S2). For their
results to be valid, we would have to posit that JW18 sampled popu-
lations of morphological marmoratus C from west of the French Broad
River with quadramaculatus A genomes that no other researchers in-
cluding Jackson (2005), KEA05, Jones et al. (2006), BL20, or the pre-
sent authors sampled, and that JW18 simultaneously failed to sample
marmoratus C at any of these same sites where they are known to occur.
Instead, we suggest that JW18 did not actually sample any

morphological marmoratus in the range of the Nantahala clade, but
instead misidentified immature or aberrant quadramaculatus A at those
sites. This is bolstered by the fact that two of their putative carolinensis
are actually misidentified monticola B (see SI Fig. S2). Unfortunately,
JW18 report not taking any voucher specimens or photographs, making
it impossible to confirm or deny this explanation.

4. Discussion

Overall, we find a high degree of concordance between the mi-
tochondrial and nuclear datasets and recover at least 49 candidate
species in Desmognathus (Fig. 4). Previous work (Anderson and Tilley,
2003; Tilley et al., 2008; Kratovil, 2017) suggests that there may be
more. The topologies estimated from the concatenated mitochondrial
data, concatenated nuclear data, and species-tree analysis of the nuclear
data all differ strongly, revealing the historical signatures of admixture,
incomplete lineage sorting, and rapid radiation, suggesting further
avenues for targeted research (e.g. fuscus, conanti, and relatives). All of
these processes seemingly trace to the permeable nature of species

Fig. 5. TreeMix analysis with k = 1000 and m = 3,
along with residual plot (inset), showing general
concordance with the species-tree topology, but
with support for migrations between an ancestral
lineage and ocoee A, and between carolinensis, con-
anti F, and fuscus C; patterns that are observed (at
least in part) in the discordance between the mi-
tochondrial and nuclear datasets (Figs. 1–4). The
migration event from an internal branch to ocoee A
represents a putative ancestral species diverging
from that topological position and persisting long
enough to hybridize with ocoee A. Subsequently, it
either went extinct or was completely subsumed by
extant populations of ocoee A.
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boundaries (Harrison and Larson, 2014) and result in a variety of pat-
terns across the phylogeography-phylogenetics continuum (Edwards
et al., 2016) from the influence of both deep-time reticulation and re-
cent introgression (Martin et al., 2013; Burbrink and Gehara, 2018).

4.1. Candidate species

Promisingly, at least 14 species are coherent and well defined as
currently recognized (see Fig. 5). In contrast, a number of species in-
cluding auriculatus, conanti, fuscus, marmoratus, ocoee, and quad-
ramaculatus represent complicated and as-yet unresolved species com-
plexes, each containing multiple topologically disparate species-level

lineages. Nevertheless, our results show promise regarding the potential
for resolving species limits across the genus in future analyses, as nearly
all candidate species defined here represent geographically and ge-
netically divergent populations that are reciprocally monophyletic on
molecular phylogenetic trees. There is also a moderate degree of con-
cordance in terms of estimated topological relationships between these
clades within and among analyses of both nuclear and mitochondrial
datasets (Fig. 4).

However, as noted by numerous previous authors (e.g., Tilley et al.,
2013; Jones and Weisrock, 2018), these relationships are obscured in
many parts of the tree by mitonuclear discordance and deep-time re-
ticulation. Many of these instances are resolved by our network ana-
lyses, providing at least partial explanations for genealogical dis-
cordance regarding the placement of aeneus, carolinensis, conanti C, B/
D, F, and A, fuscus C, imitator, and ocoee A, B, and D. In contrast, none of
the network analyses provided satisfactory resolutions for the mito-
nuclear discordances observed in marmoratus and quadramaculatus (see
Jackson, 2005; JW18). Nor do they explain other observed instances of
mitochondrial genome-capture in clades such as fuscus E, of which the
populations sampled here have mitochondrial haplotypes from aur-
iculatus C, a lineage that occurs over 200 km away (see BL20).

We suspect that this is due to a combination of issues, such as
limited sampling, computational inadequacy, and overwhelming (or
curiously absent) signal. To the former point, our tree of only 50 species
is estimated to contain at least 6 reticulations, straining our ability to
compute and interpret them simultaneously and coherently (Figs. 4–6;
see Holder et al., 2001). To the latter, mitochondrial genome capture
may occur with little or no nuclear introgression (Good et al., 2015),
and selection pressure on hybrids is poorly understood (Vijay et al.,
2016). We anticipate that future datasets focusing on particular
lineages while sampling more individuals will be able to parse out
patterns in a more tractable manner. Regardless, the results presented
here offer a first-pass assessment of the broad-scale history of re-
ticulation in this group.

4.2. Species limits

Tilley et al. (2013) offered one of the first population-level datasets
for Desmognathus sampling multiple species across a wide geographic
area, and we corroborate their findings of extreme morphological
crypsis and complex genealogical histories that defy easy classification.
In particular, they noted the extensive gene flow between distantly
related species such as carolinensis and conanti, not just close relatives,
which we here illustrate is a common range- and genus-wide feature of
Desmognathus species. Our data offer a promising insight: that these
patterns can be unified under a framework wherein the diversity of
Desmognathus is divided into ~49 candidate species that are geo-
graphically and genetically coherent once recognizable instances of
admixture are taken into account. Thus, the search for species limits is
complicated, but may not be in “vain” (Tilley et al., 2013). Rather,
treating “species” such as fuscus, conanti, and ocoee as valid taxa a priori
yields intractably complex interpretations when the results of phylo-
geographic analyses are viewed through that lens (as discussed by
Tilley et al., 2013), but this is alleviated under the scheme of KEA05
and BL20, and corroborated here.

Rather than “failed” species, we suggest that most of the candidate
species assessed here are instead “good” species, albeit ones that often
exchange genes with other lineages in sympatry on the margins of their
ranges. Such patterns of speciation with gene flow are increasingly
recognized as common features of phylogeographic divergence (Nosil,
2008) and are already well-known in amphibians (Bogart et al., 2007;
Niemiller et al., 2008). Increasing the geographic sampling of the po-
pulations identified here, as well as additional phylogenomic processing
such as allele phasing (Andermann et al., 2018) will allow us to address
the magnitude, direction, and prevalence of admixture among related
or geographically proximate clades. Incorporating morphological,

Fig. 6. SNaQ analyses of three subclades: fuscus and relatives (a), conanti and
relatives (b), and basal-most lineages (c). Reticulations among lineages here
reveal ancestral hybridization events not captured by the TreeMix analyses
(Fig. 5), further resolving some observed mitonuclear discordance in extant
species (Figs. 1–4).
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behavioral, ecological, and other data will permit species delimitation
in an integrative taxonomic framework (Dayrat, 2005; Padial et al.,
2010). Together, these integrative data will provide robust estimates of
species-level taxonomy, genetic diversity, historical and recent gene-
flow, and relationships among lineages, whether best represented as a
bifurcating tree or a reticulating network.

4.3. Cryptic diversity and JW18

The detailed study of JW18 provided the first well-documented
evidence based on phylogenomic sampling that the various lineages of
quadramaculatus and marmoratus did not form a monophyletic group as
they did in previous mitochondrial analyses (e.g., Kozak et al., 2005).
We corroborate their results here and show through the combined re-
analysis of our AHE loci and their ddRAD reads that this same topo-
logical signal extends across both datasets.

In contrast, we present strong evidence that at least some of their
specimens of carolinensis and marmoratus were misidentified in the field
(see Results and SI), casting doubt on their conclusions regarding the
spatial extent of the Pisgah clade, which we show extends well into the
geographic range of the Nantahala clade. This geographic pattern is
also supported by the combined nuclear and mitochondrial dataset of
Jackson (2005) and the mitochondrial results of Jones et al. (2006). We
also dispute their conclusions regarding the non-monophyly of the
various lineages of morphological quadramaculatus and marmoratus, all
of which form monophyletic groups by phenotype in our analyses.

However, given the clearly rampant gene-flow between many of
these lineages as evidenced by shared mitochondrial haplotypes in the
Pisgah clade, we concur with JW18 that patterns of diversification in
the group have been extremely complex, and that many populations
might represent hybrids. We regret that the root causes of this dis-
cordance cannot be addressed directly, as JW18 did not retain voucher
specimens or photographs of these highly cryptic species. This under-
scores the importance of maintaining robust natural-history collections,
particularly for organisms as difficult to identify in the field as
Desmognathus salamanders. This is especially important given the strong
role that such collections will play in untangling the genomic roots of
phenotypic evolution in the group (see Lamichhaney et al., 2019).

5. Conclusions

Taxonomic diversity, species limits, and phylogenetic relationships
in Desmognathus are complex and unclear, as revealed by recent mi-
tochondrial and allozyme datasets. Here, we address these issues using
mitochondrial and phylogenomic datasets sampling nearly all known
lineages of Desmognathus, often including multiple populations. We
show the presence of at least 49 candidate species masquerading under
the current 22-species taxonomy, many of which will likely prove to be
valid, cryptic species in future analyses. However, discerning relation-
ships among these species is confounded by their complex history of
admixture across space and time. Both recent mitochondrial in-
trogression and deep-time reticulation have occurred frequently, be-
tween populations that may be distant or proximate, spatially or phy-
logenetically. The increasingly fine-scale resolution of population and
phylogenomic sampling will allow these historical processes to be un-
raveled in future analyses.
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