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Abstract

Numerous mechanisms drive ecological speciation, including isolation by adaptation, barrier, distance, environment, hierar-
chy, and resistance. These promote genetic and phenotypic differentiation of local populations, formation of phylogeographic
lineages, and ultimately, completed speciation via reinforcement. In contrast, it is possible that similar mechanisms might
lead to lineage cohesion through stabilizing rather than diversifying ecomorphological selection and the long-term persistence
of population structure within species. Processes that drive the formation and maintenance of geographic genetic diversity
while facilitating high rates of migration and limiting phenotypic divergence may thereby result in population structure that is
not accompanied by divergence towards reproductive isolation. We suggest that this framework can be applied more broadly
to address the classic dilemma of “structure versus speciation” when evaluating phylogeographic diversity, unifying popula-
tion genetics, species delimitation, and the underlying study of speciation. We demonstrate one such instance in the Seepage
Salamander (Desmognathus aeneus) from the southeastern United States. Recent studies estimated up to 6.3% mitochondrial
divergence and 4 phylogenomic lineages with broad admixture across geographic hybrid zones, which could potentially represent
distinct species. However, while limited dispersal promotes substantial isolation by distance, extreme microhabitat specificity
appears to yield stabilizing selection on ecologically mediated phenotypes. As a result, climatic cycles promote recurrent contact
between lineages that are not adaptively differentiated and therefore experience repeated bouts of high migration and intro-
gression through time. This leads to a unified, single species with deeply divergent phylogeographic lineages that nonetheless
do not appear to represent incipient species.
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Abstract: Numerous mechanisms drive ecological speciation, including isolation by adaptation, barrier, dis-
tance, environment, hierarchy, and resistance. These promote genetic and phenotypic differentiation of local
populations, formation of phylogeographic lineages, and ultimately, completed speciation via reinforcement.
In contrast, it is possible that similar mechanisms might lead to lineage cohesion through stabilizing rather
than diversifying ecomorphological selection and the long-term persistence of population structure within
species. Processes that drive the formation and maintenance of geographic genetic diversity while facilitat-
ing high rates of migration and limiting phenotypic divergence may thereby result in population structure
that is not accompanied by divergence towards reproductive isolation. We suggest that this framework can
be applied more broadly to address the classic dilemma of “structure versus speciation” when evaluating
phylogeographic diversity, unifying population genetics, species delimitation, and the underlying study of
speciation. We demonstrate one such instance in the Seepage Salamander (Desmognathus aeneus ) from
the southeastern United States. Recent studies estimated up to 6.3% mitochondrial divergence and 4 phy-
logenomic lineages with broad admixture across geographic hybrid zones, which could potentially represent
distinct species. However, while limited dispersal promotes substantial isolation by distance, extreme micro-
habitat specificity appears to yield stabilizing selection on ecologically mediated phenotypes. As a result,
climatic cycles promote recurrent contact between lineages that are not adaptively differentiated and there-
fore experience repeated bouts of high migration and introgression through time. This leads to a unified,
single species with deeply divergent phylogeographic lineages that nonetheless do not appear to represent
incipient species.

Keywords: Phylogeographic structure, ecological speciation, ecomorphological adaptation, gene flow, mi-
gration rates, Pleistocene climatic fluctuations

Introduction

The presence of substantial population structure within many if not most taxa is well-documented empirically
(Slatkin 1987; Palumbi et al. 1997), and delimiting species in such instances has become a focal topic in
systematics (Hey and Pinho 2012; Sukumaran and Knowles 2017). A variety of processes can generate
geographic genetic structure such as local environmental adaptation and isolation by distance (Duminil et
al. 2007; Leffler et al. 2012), accumulating deep divergence between populations over time and resulting
in multiple phylogeographic lineages within cohesive species (Rissler et al. 2006; Soltis et al. 2006). If
these divergences persist and are not resorbed (Rosenblum et al. 2012), the eventual outcome is generally
speciation (Dynesius and Jansson 2014), wherein populations diverge sufficiently to acquire independent
evolutionary trajectories characterized by reproductive isolation and low rates of hybridization (Singhal and
Moritz 2013). Completed speciation is often characterized by adaptive ecological, genetic, and phenotypic
differentiation that reinforce species boundaries via reproductive isolation and selection against hybrids over
time (Coyne and Orr 2004).

In contrast, substantial population structure can originate within species that is nonetheless held in check by
high rates of gene flow (Bohonak 1999) and is consequently not indicative of incipient, incomplete, or ongoing
speciation (see Huang and Knowles 2016), but is instead a long-term, stable, or persistent endpoint on its own
(Yang et al. 2019). Furthermore, the degree and rate of population divergence may or may not be correlated
to rate of completed speciation, depending on geography and connectivity (Kisel et al. 2010; Harvey et al.
2017; Singhal et al. 2018b, 2022; Burbrink et al. 2023). Secondary contact can even result in lineage fusion
(Maier et al. 2019) and speciation reversal (Kearns et al. 2022), with subsequent gain of structure (Frei
et al. 2022). Consequently, population structure may represent the outcome of various processes yielding
geographic genetic diversity within species that nonetheless do not reflect speciation trajectories (Cutter and
Gray 2016; Sukumaran and Knowles 2017).

Genetic structure in species may therefore consist of divergence that is neutral (e.g., isolation by barrier,
distance, or hierarchy; Baptestini et al. 2013) or adaptive (e.g., ecological selection resulting in isolation
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by adaptation or environment; Nosil et al. 2008; Wang and Bradburd 2014). Such isolation (Zbinden
et al. 2022; Moreno-Contreras et al. 2023) can consequently produce regional divergence that is bound
together by migration over time and space (Garnier et al. 2004; Sexton et al. 2014). This may represent
incomplete speciation (Nosil et al. 2009) or ephemeral differentiation that is ultimately resorbed (Rosenblum
et al. 2012). Protracted scenarios of speciation-like outcomes can also occur wherein evolutionarily distinct
lineages nevertheless exhibit gene flow in primary or secondary contact (Smadja and Butlin 2011; Pardo-
Diaz et al. 2012; Burbrink et al. 2021). Complex landscapes may therefore produce substantial local
differentiation (Brauer et al. 2018; Nali et al. 2020), interacting with climatic cycles to produce recurring
episodes of divergence (Fitzpatrick et al. 2009) and secondary contact with ongoing gene flow (Schield et al.
2019; O’Connell et al. 2021).

Consequently, deep intraspecific divergence of genetic lineages can be generated by a variety of geographic
and ecological processes that are either i) part of a generalized trajectory of divergence towards speciation, or
ii) population structure that is nonetheless unified by gene flow (Avise 2000; Coyne and Orr 2004). Therefore,
demographic model selection and tests of isolation-by-distance (Jackson et al. 2017) can be instrumental for
differentiating structure versus speciation (Sukumaran and Knowles 2017). When the former is produced by
landscape-scale processes that are held in check by ongoing migration (Seeholzer and Brumfield 2018), this is
detectable by a variety of methods (Carstens et al. 2022). In contrast, speciation is demonstrated by reduced
migration (below thresholds of isolation by distance or environment) between ecologically, geographically,
and phenotypically divergent lineages (Burbrink et al. 2021).

Finally, integrated analyses of phenotype that test for the correlated ecomorphological signature of phylo-
geographic lineage divergence are also crucial for testing speciation (Zamudio et al. 2016), even in putatively
cryptic taxa (Singhal et al. 2018a). Consequently, multi-modal analyses are needed to discern an accurate
picture in many cases (Bertl et al. 2018); the data and methods needed to test structure versus speciation will
often be the same as those needed to identify the mode, mechanism, and process of ecological, geographic,
genetic, and phenotypic divergence (Pyron et al. 2023). The fundamental test is therefore whether the
processes driving the accumulation of geographic genetic structure (e.g., IBD/IBE) are implicated in diver-
sifying ecomorphological selection promoting divergence between the incipient phylogeographic lineages, or
whether other mechanisms simultaneously foster high levels of migration between these populations sufficient
to promote lineage cohesion and maintain species identity (Kisel et al. 2010; Seeholzer and Brumfield 2018;
Freedman et al. 2023; Prates et al. 2023).

Here, we evaluate “structure” versus “speciation” in the Seepage Salamander (Desmognathus aeneus ) us-
ing tests of isolation-by-distance, automated demographic-model selection, species distribution modeling,
genotype-environment and -phenotype association, and morphometric divergence. Seepage Salamanders
are miniaturized (~3–5cm total length), terrestrial, direct-developing lungless salamanders (Plethodontidae)
from the southeastern United States, primarily from the Blue Ridge of Georgia and North Carolina (Harrison
1992). Given their size, their home range and dispersal abilities are miniscule, and they are therefore highly
susceptible to landscape-level genetic fragmentation over ecological timescales. They also exhibit strong eco-
logical specificity for seepage habitats associated with the headwaters of high-gradient creeks and streams.
Interestingly, they are also found in analogues of this microhabitat at low elevations in dispersed, isolated
pockets across the Piedmont, Southeastern Plains, Ridge and Valley, and Southwestern Appalachians in
central Alabama and western Georgia, some of which were not discovered until the 2010’s (Graham et al.
2012).

Recent range- and genome-wide results indicate up to 6.3% mitochondrial divergence between four deeply
divergent but spatially adjacent phylogenomic lineages with extensive admixture (Beamer and Lamb 2020;
Pyron et al. 2020, 2022). Given their broad but fragmented geographic range, we suggest that Seepage
Salamanders occupied a continuous distribution across the southeastern U.S. during cooler glacial periods.
Similarly, we hypothesize that their microhabitat specificity results in stabilizing ecological selection and
species cohesion despite landscape genetic variation. Finally, we expect morphometric similarity to reflect
this ecological uniformity. We find that the evolutionary history of the group is characterized by deep lineage
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divergence that is counterbalanced by episodes of increased migration and a lack of phenotypic differentiation;
“structure” rather than “speciation.” It is difficult to pinpoint the exact nature of geographic genetic diversity
(e.g., IBD/IBE) given the complex ecological nature of their microhabitat adaptations, apparently involving
hydrological, edaphic, floristic, and climatic interactions. Nevertheless, the frequency of estimated migra-
tion and observed admixture in individuals suggests that reinforcement is not operating to select against
hybridization between the genetically differentiated populations. Formal tests of the dichotomy between
structure and speciation should be employed when this distinction is consequential in phylogeography.

Materials and Methods

Genetic Data

We sampled 56 individuals from 31 localities (Appendix S1; Fig. 1) from the known range of the species,
including the recently discovered populations in the Piedmont and Coastal Plain of Georgia (Graham et al.
2012). This includes isolated localities in central and western Alabama, including near the type locality of
Desmognathus chermocki Bishop and Valentine, 1950, a junior synonym of D. aeneus Brown and Bishop,
1947 after Chermock (1952). We generated SNP data using genotype-by-sequencing (GBS; Elshire et al.
2011) with the ApeKI enzyme at the University of Wisconsin-Madison Biotechnology Center. We sequenced
libraries on a NovaSeq6000 (Illumina Inc.), with coverage ranging from 2.3–14.6 (mean 10.2) million reads per
sample. We optimized assemblies in ipyrad v.0.9.87 (Eaton and Overcast 2020) using the criteria proposed
by Ilut et al. (2014) and McCartney-Melstad et al. (2019). These yielded an optimal threshold of 97%
similarity for clustering on an initial sequencing run of 33 individuals (Fig. S1), which we retained for the
full analysis of 56. We enforced a threshold of >60% presence per locus, equal to a minimum of 34/56
individual coverage across samples. The raw assembly yielded 13,091 SNPs with 26,593 alleles from 2,132
loci. After filtering for missing data (>33%) and singleton alleles (Linck and Battey 2019), we retained 2,281
SNPs with 4,661 alleles. A group of seven samples had <50% coverage and were therefore dropped for the
conStruct, IBD, and RDA analyses (see below), which are sensitive to missing data. Part of these analyses
were carried out on the GW HPC Pegasuscluster (MacLachlan et al. 2020).

Genetic Clustering

We estimated genetic clusters using discriminant analysis of principal components (DAPC; Jombart et al.
2010) and sparse non-negative matrix factorization (sNMF; Frichot et al. 2014) on the SNP matrix. For
DAPC in the R package ‘adegenet’ (Jombart 2008), we chose the optimal number of clusters by minimum
Bayesian Information Criterion (BIC) and optimal assignment using DAPC cross-validation (Fig. S2–4). For
sNMF in ‘LEA’ (Frichot and François 2015), we chose the regularization factor α and the number of clusters
K using minimum median cross-entropy from 100 replicates (Fig. S5–6). For a preliminary test of IBD, we
performed a spatially-aware analysis of population clustering and admixture using the ‘conStruct’ package
(Bradburd et al. 2018), which accounts for geographic genetic variation using spatial layers to represent
clusters that account for allelic covariance attributed to continuous (e.g., IBD) versus discrete (e.g., barriers)
sources (Bradburd and Ralph 2019). We tested 1–4 layers with 4 chains of 250k generations. We took a
layer to be significant when it accounted for more than 20% of the allelic covariance matrix (Fig. S7).

Linear Morphometrics

We modified our recent approaches (Pyron and Beamer 2023) based on Bingham et al. (2018)’s strategy
for multivariate assessment of salamanders. We recorded 17 measurements at 0.01mm precision for 89 spec-
imens from the 31 sites: SVL (snout-vent length), TL (tail length), AG (axilla-groin length), CW (chest
width), FL (femur length), HL (humerus length), SG (snout-gular length), TW (tail width at rear of vent),
TO (length of third toe), FI (length of third finger), HW (head width), ED (eye diameter), IN (internarial
distance), ES (eye-snout distance), ON (orbito-narial distance), IO (inter-orbital distance), and IC (inter-
canthal distance). We implemented the general recommendations and statistical approaches of (Onn and
Grismer 2021; Chan and Grismer 2022) for linear morphometrics, allometric size-correction, and quantita-
tive analyses. We employed the “common within-group pooling” strategy, wherein distinct populations or
localities within a species (e.g., geographic lineages) have separate slopes but a shared intercept representing
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overall body-size for the whole species. We tested both pooled-group and multi-species approaches; they
were qualitatively identical, and we therefore present the more conservative pooled-group analyses. After
allometric size-correction, we performed Linear-Discriminant Analysis (LDA to examine phenotypic differ-
entiation of populations. We identified variables with the heaviest loading across the discriminant axes as a
preliminary indicator of the morphological trait with the greatest importance in differentiating populations.

Species Distribution Modeling

As a preliminary estimate of habitat suitability given present-day climatic conditions, we estimated species
distribution models using the ‘maxent’ algorithm in the ‘dismo’ package (Hijmans et al. 2017). We included
the 31 GBS localities from our dataset and the 59 AHE localities from Pyron et al. (2022c). As an initial set
of predictors, we included 37 variables: WorldClim (Fick and Hijmans 2017), ENVIREM (Title and Bemmels
2018), and Level IV ecoregions (Omernik and Griffith 2014). These were sampled at 30s resolution and re-
projected to North America Albers Equal Area Conic (ESRI:102008). We used the ‘corSelect’ function in
the ‘fuzzySim’ package (Barbosa 2015) to remove multicollinear predictors based on variance inflation factor
(VIF). The retained set 6 BIOCLIM and 3 ENVIREM variables and the Level IV Ecoregions; the full list is
given in the SI. We optimized a maxent model using the 90 localities and 1,000 background pseudo-absence
points from a 250km radius. We then projected this model as a three-level binary prediction under the
equate entropy of thresholded and original distributions, maximum training sensitivity plus specificity, and
equal training sensitivity and specificity to evaluate varying degrees of potential occupancy across the range
(Liu et al. 2015).

Isolation By Distance

As an initial test of IBD, we implemented various classical statistics based on Fst values (Slatkin 1993;
Rousset 1997; Hutchison and Templeton 1999; Diniz-Filho et al. 2013). We calculated pairwise Fst using the
approach of Weir and Cockerham (1984) for individuals, populations, and lineages. For individuals, we used a
Mantel test with 999 permutations to evaluate significance of the overall relationship between geographic and
genetic distance. For populations, we examined between- and within-lineage slopes to estimate the relative
prominence of local versus regional structure. Finally, we calculated overall fixation between lineages as a
basic estimator for potentially species-level divergence (Roux et al. 2016). For individual and population-
based analyses, we used linearizedFst =Fst /1-Fst.

As an additional test of both IBD and isolation by environment (IBE), we used generalized dissimilarity
modeling (GDM) in the R package ‘gdm’ (Ferrier et al. 2007; Mokany et al. 2022). We used the pairwiseFst

matrix by site as our measure of genetic dissimilarity, and the 9 continuous ecological variables, elevation, and
geographic distance (lat/long; see SI for list) as the environmental predictors. We fit a GDM to these data
and assessed variable inclusion using estimated coefficients greater than zero, and variable importance and
significance using 1,000 permutations. We also evaluated model significance and percent deviance explained.

Demographic Modeling

We optimized a three-population demographic model based on the site-frequency spectrum (SFS) using
the genetic algorithm ‘GADMA’ (Noskova et al. 2020, 2023) based on the ‘moments’ engine (Jouganous
et al. 2017). We first down projected the VCF file from ipyrad to a three-dimensional SFS of [27,9,21]
from (28,8,20) diploid individuals from the NTA, COH, and CHR lineages (see Results) using ‘easySFS’
(https://github.com/isaacovercast/easySFS; Gutenkunst et al. 2009). Down projection was based on the
allelic sample size that maximized the number of segregating sites per lineage. Mutation rate (per site,
per generation) is not generally known in amphibians, so we used the mean rate for fishes of 5.97e-09;
these values are relatively similar across vertebrates (e.g., mean for mammals of 7.97e-09; Bergeron et al.
2023). The generation time for Desmognathus aeneus is ˜3 years (Bruce 2022). Specifying mutation rate
and sequence length allow inference of θ, and generation time allows re-scaling to thousands of years. We
allowed asymmetric migration, unlinked SNPs with no outgroup, and an initial and final structure with one
time-period per divergence (i.e., 1,1,1). We used 120 repeated optimizations in GADMA to arrive at the
final models (Fig. S8).
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Adaptive Potential

Finally, we performed a preliminary screen for the potential signature of multi-locus adaptation and IBE using
redundancy analysis (RDA; Forester et al. 2018; Capblancq and Forester 2021). We evaluated Genotype-
Environment Associations (GEA) and Genotype-Phenotype Association (GPA) to identify sets of candidate
loci that might be adaptively differentiated in response to both sets of predictors. We then estimated whether
these sets of loci overlap to determine any signal of concerted selection or adaptation linking ecomorphological
divergence (Zhang et al. 2019; Carvalho et al. 2021; Valette et al. 2023). While the lack of an annotated
genome and identification of the GBS loci limits subsequent inference, the genome-wide nature of the markers
should capture at least some variation related to adaptive ecological and phenotypic differentiation, if present.
We used the 9 climatic variables from the GDM analysis for the 49 samples with low missing data, and 14
phenotypic measurements for 40 of those samples that matched between the two datasets. We dropped IN,
TL, and ES from the trait data, as they had ˜0 loadings in the LDA between populations (Fig. 2).

Results

Distribution

The estimated distribution from the Maxent model based on 90 presence localities encompassing nearly
all known, extant populations essentially matches the range of the species, generally with high predicted
suitability (Fig. 1). Small regions of high suitability in northwest Georgia and the Cumberland Plateau of
south-central Tennessee and northeastern Alabama may represent favorable extralimital habitat but should
be intensively surveyed for the possibility of historically distributed populations that may have escaped
previous notice. Of the 10 variables included in the model, only PET of the Wettest Quarter had a substantial
contribution to regularized gain (63%); followed by PET of the Warmest Quarter (10%); and Level IV
Ecoregions, BIO4 – Mean Diurnal Range, and BIO18 – Precipitation of the Warmest Quarter (7%). All
remaining variables contributed less than 5%, suggesting low overall importance.

Structure, Demographics, and Phenotype

Results from DAPC and sNMF are highly concordant in estimating three major lineages (Fig. 3). These
correspond primarily to populations in the Piedmont (‘CHR’), Cohutta Mountains (‘COH’) in north-central
Georgia, and Nantahala mountains in southwestern North Carolina and adjacent north-east Georgia (‘NTA’).
In contrast, conStruct estimates two distinct lineages (CHR and NTA+COH) when accounting for spatial
distance, with the second layer accounting for ˜80% of allelic covariance (Fig. S7). Estimates accounting
for admixture in sNMF and conStruct suggest widespread introgression at the contact zones between these
lineages (montane/Piedmont in the latter), with substantial genomic ancestry (>10%) from each lineage
inferred for multiple individuals from multiple populations across most of the species’ range.

The GADMA estimates converged on a model with relatively small ancestral population sizes (˜240k) origi-
nating in the mid-Pleistocene (˜1.2Ma), with recent exponential increases (˜3–19x) during the latest glacial
cycles ˜630Ka–present (Fig. 3). Migration was very high between the two ancestral lineages (estimated at
the upper bound of 2Nm = 20) and decreased towards the present; remaining >1 for NTA<–>COH (1.24 and
1.85), CHR–>NTA (1.40), and CHR–>COH (1.70). Populations are not phenotypically differentiated based
on the 17 linear morphometric measurements taken here (Fig. 2). Specimens from all 3 lineages overlap
in linear-discriminant space, where the heaviest-loading size-corrected variable of trunk length (AG; axilla-
groin) does not differ significantly between them. Overall, these results are congruent with the hypothesis of
a single deeply structured species, wherein the constituent phylogeographic lineages are not phenotypically
differentiated and maintain migration sufficient to overcome drift, local adaptation, and divergent ecological
selection.

Distance and Environment

A basic Mantel test of geographic and genetic distance was strongly significant (r = 0.56, P < 0.001)
based on 999 permutations. Pooled across sites, pairwise Fstfor NTA, COH, and CHR equal 0.16, 0.18,
and 0.19, which even under simplistic models (Wright 1931; Slatkin 1993) suggests 1.04–1.35 migrants per
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generation between the three major lineages (see Mills and Allendorf 1996). Examination of linearized
Fstagainst geographic distance reveals an apparently strong linear relationship <50km, which levels off to ˜0
after 100km (Fig. 4). This is driven by strong within-lineage IBD for the geographically restricted, montane
Cohutta and Nantahala lineages and little to no between-lineage relationship or within the Piedmont lineage.
These results were corroborated by the GDM, which dropped elevation, BIO9, and BIO13 based on a ˜0 sum
of coefficients, and only estimated geographic distance as significant (P= 0.04) with a similar exponential
plateau after ˜50–100km (Fig. 3–4). These findings mirror the overall low impact of most climatic variables in
the SDM and suggest a relatively minimal role for IBE in geographic genetic diversification for any measured
predictors. The overall model was significant atP< 0.0001 and explained 52% deviance, an ordinary amount
within the expected range of several past studies (see Mokany et al. 2022).

Multi-Locus Adaptation

The RDA using 7 environmental variables identified 77 SNPs significantly correlated with 4 of them (Fig. 5):
months > 10 degrees C (37 loci), BIO4 – Temperature Seasonality (26), PET of the warmest quarter (12),
and BIO18 – Precipitation of the Warmest Quarter (2). The phenotypic analysis estimated 30 significant
associations with 9 variables: ON and FL (6 each); TW and TO (4); and SVL, IC, HL, ED, and CW (2).
These primarily reflect body size, head shape, and limb length. Of the significant loci, 18 are shared between
the environmental and phenotypic predictors, with 12 related to months > 10 degrees C and limb length or
head shape. Of those remaining, 2 SNPs are related to PET of the Wettest Quarter and tail width, and 4 are
related to Temperature Seasonality and head shape. Consequently, we conclude that there is a limited but
non-zero degree of adaptive genetic differentiation with respect to ecomorphology along axes of temperature,
precipitation, and phenotypic robustness. Given the lack of a suitable reference genome, we cannot pinpoint
the physical location of these sites.

Discussion

Phylogeographic Divergence

Our recent phylogenomic dataset sampled 59 individuals and populations and estimated four geographic
lineages (Pyron et al. 2022), but with fewer samples outside of the Blue Ridge mountains and including only
233 loci. Previous mitochondrial datasets indicated substantial population divergence in the species (Beamer
and Lamb 2020; Pyron et al. 2020), with uncorrected ‘p’ distances in the COI barcode locus of 1.4–6.3%.
Here, we recover three lineages rather than four, corresponding to two major mountain ranges (Cohutta and
Nantahala) and the expansive Piedmont and associated populations. Accounting for IBD when estimating
population structure in conStruct suggests only two major clusters (Piedmont versus montane). Overall,
lineages of Seepage Salamander are deeply divergent (˜1.2Ma, ˜4.7% mitochondrially), but exhibit extensive
admixture both at their contact zones and deep into the core geographic range of each set of populations.
The between-lineage Fst values border on “meaningful” significance (usually considered ˜0.15) for population
differentiation (Hartl and Clark 2007), but generally fall outside or on the low end of the “grey zone” of
genomic divergence (Fst >0.2,Da >0.01) indicative of speciation across a wide variety of animals (Roux et
al. 2016). Recent migration rates inferred from Fst and estimated by GADMA are >1 migrant/generation
between all three lineages, suggesting relatively high and constant rates of gene flow through time.

The overall relationship between geographic and genetic distance between individuals, populations, and
lineages matches the classic expectation of a “Case IV” scenario resulting from a lack of regional equilibrium
(Hutchison and Templeton 1999). This pattern is typically driven by differing scale-dependent effects of gene
flow and drift influencing population structure (Twyford et al. 2020), where migration has greater impacts
over shorter distances and drift predominates past a threshold determined in part by habitat connectivity
and migration range (van Strien et al. 2015). The lack of between-lineage IBD likely reflects the long-term
impact of mountains and refugia in structuring local populations, explaining the presence of very close yet
very different populations in the Blue Ridge. This also rejects IBA, as the strength of between-population
IBD is less than within-population, indicating no acceleration of genetic divergence due to local adaptation
in the Blue Ridge and Piedmont (Freedman et al. 2023). Correspondingly, the relatively recent expansion
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of the Piedmont lineages during the late Pleistocene explains the weakness of IBD within the most widely
distributed lineage, as “Case I” dynamics (i.e., “pure” IBD) require relatively long timescales to become
apparent. This again underscores the dynamic nature of these processes, and the attendant capacity of
related patterns to shift over time.

The RDA results confirm the hypothesis that there is some apparent degree of ecological adaptation related
to temperature and precipitation differences between montane and Piedmont populations (Miranda et al.
2023), but they are not abundant in the genome. Furthermore, there is a non-zero but limited degree of
correlated adaptive divergence along ecological gradients and related phenotypic axes. Robustness in terms
of size, limb length, and head shape (length and width) is likely related to both desiccation tolerance in
warmer environments (Baken et al. 2020) and differing relative pressures of terrestriality (Ledbetter and
Bonett 2019). That these variables show some degree of correlated adaptive differentiation between montane
and Piedmont environments is not surprising, but it does not result in overall phenotypic divergence between
lineages or apparently act to limit hybridization and gene flow. We consider our limited number of predictors
in both analyses to offer a tradeoff between potential false positives and false negatives (Forester et al.
2018). Our sampling is not detailed enough to perform cluster-specific analyses (Carvalho et al. 2021), but
a better-annotated molecular dataset could facilitate this in the future to detect microgeographic variation
and adaptation.

The SDMs along with other natural-history observations (Harrison 1992; Graham et al. 2012) reinforce the
strong influence of Level IV Ecoregions on the distribution of this species, particularly outside of the Blue
Ridge Mountains. Similar results were seen in the approximately co-distributed congener Desmognathus
cheaha (Pyron et al. 2023). We interpret this to indicate floristic or other associations (edaphic, hydrolog-
ical, etc.) with seepage environments not captured by climatic variation and liable to change dramatically
over ecological timescales (A. Lee-Yaw et al. 2022). Our fieldwork underscores the extreme microhabitat
specificity involved in locating this species, but we have not yet pinpointed the exact determinants of what
constitutes suitable habitat. For this reason, it is difficult to test hypotheses about historical distributions
with paleoclimatic modeling given the lack of a mechanistic model and historical data layers that incorpo-
rate the relevant factors, which are still mostly unknown. Similarly, we did not consider modern estimated
effective migration surfaces (Petkova et al. 2016) to be particularly relevant for investigating these historical
processes, which shift rapidly through space and time.

Consequently, we hypothesize that structure in this species arises primarily from stabilizing rather than
diversifying ecomorphological selection. This results from a high degree of ecological specificity to a highly
specific microhabitat consisting of headwater seepages, moist leaf litter, and various moss species. These
salamanders are almost never observed outside of this exact ecosystem, typically within the range of a few
meters around spring heads or ravine streams. Yet, increases in suitable habitat during periods of cooling and
expansion out of refugia appear to drive rapid geographic occupancy across a large expanse of the Piedmont
and associated ecoregions, which is quickly fragmented during interglacial periods. This adaptive stasis and
limited dispersal both drives IBD in geographically proximate areas but contributes to lineage cohesion across
climatic cycles when these locally adapted lineages are brought into contact out of climatically proximate
refugia during glacial cycles. Similar processes appear to be operating in other salamander systems in Mexico
(Velo-Antón et al. 2013), suggesting analogous montane processes linking tropical and temperate dynamics in
landscape genetics and lineage formation. This is essentially an extension of Janzen’s hypothesis (Janzen 1967;
Muñoz and Bodensteiner 2019; Wishingrad and Thomson 2023), wherein behavior, ecology, and phenotype
interact to drive local adaptation, constrain ecomorphological divergence, and promote lineage cohesion.
Interestingly in this case, these processes ultimately appear to foster phylogeographic diversification while
constraining speciation trajectories.

Structure Versus Speciation

Speciation and structure may occasionally present superficially similar patterns but can theoretically be
distinguished by mechanistic hypothesis testing of the underlying processes. Furthermore, the empirical
“gray zone” of speciation is oftentimes fairly binary and sharply demarcated (Roux et al. 2016; Dufresnes et
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al. 2021). When relevant axes such as genomic divergence, ecological adaptation, migration, and phenotypic
differentiation are accounted for, an integrative evaluation of speciation hypotheses can discern between the
two (Freedman et al. 2023; Prates et al. 2023; Pyron et al. 2023). When divergent ecomorphological selection
is driving ecological speciation, we would expect correlated genomic signatures of genetic and phenotypic
divergence along environmental axes and reduced rates of migration (e.g., Orsini et al. 2013). In contrast,
limited phenotypic diversity and high rates of migration can allow for the long-term persistence of deeply
divergent phylogeographic lineages and geographic genetic diversity within genomically cohesive single species
over long periods of time (e.g., Postma and van Noordwijk 2005; Kremer et al. 2012; Fitzpatrick et al. 2015).

Correspondingly, we emphasize that the type of deep population structure we describe here is not necessarily
simply a point along the speciation continuum (Stankowski and Ravinet 2021) but a distinct pattern resulting
from similar processes. The forces we hypothesize to be driving genetic divergence (microhabitat specificity)
also limit ecomorphological diversification and promote recurrent secondary contact during glacial cycles as
populations expand and contract in and out of physical proximity. We suggest that such mechanisms can
generate substantial amounts of stable or enduring phylogeographic diversity that is not intrinsically on a
path to speciation (Huang 2020), rather than simply an intermediate or incipient phase along the speciation
continuum (Dufresnes et al. 2019). Consequently, this suggests a model in which the underlying processes
that generate geographic genetic diversity are similar, but the outcomes of stable or persistent population
structure versus ecological speciation differ (Nosil et al. 2009). In the latter, a gray zone of incipient or
incomplete speciation along the continuum of ecomorphological divergence may also sometimes be observed
(Huang and Knowles 2016).

Ecological speciation may occur via many routes, but any mechanism that promotes high rates of continued
migration may act against those processes and maintain population structure without speciation. This is
important, given that even extremely low rates of migration (i.e., <<1/generation) can lead to the substantial
signal of introgression across the genome (Jiao et al. 2020; Jiao and Yang 2021). While it may not necessarily
be easy to distinguish complex spatial and temporal patterns of structure versus speciation (DeRaad et al.
2022; Prates et al. 2023), we provide a framework here for attempting to do so in future studies. Combining
analyses of migration, spatial demographics, and adaptive ecomorphological divergence allows us to test for
structure versus speciation, conduct species delimitation, and identify potential underlying mechanism and
process of speciation itself (Maier et al. 2019; Smith and Carstens 2020; Burbrink et al. 2021; O’Connell et
al. 2021; Freedman et al. 2023; Pyron et al. 2023).

Conclusions

Mechanisms including isolation by adaptation, barrier, environment, hierarchy, and resistance can lead to
local genetic diversity and the accumulation of deeply divergent phylogeographic lineages within species. If
divergent ecological selection acts to enhance population divergence along any number of axes such as phe-
notype, microhabitat, or behavior to reduce migration and increase reproductive isolation, then speciation
is the natural and expected outcome. In contrast, multiple processes may counter this, enhancing rates of
migration and gene flow and limiting ecomorphological diversification despite the accumulation of geogra-
phic genetic lineages. This may lead to long-term prevalence of population structure within species that
is not necessarily tied to incipient, incomplete, or ongoing speciation, but is instead a stable or persistent
endpoint held in check by migration. We demonstrate one such example here in Seepage Salamanders, Des-
mognathus aeneus.Geographic lineages dating back to the mid-Pleistocene are nonetheless unified by high
levels of migration through time, while stabilizing ecomorphological selection arising from extreme microha-
bitat specificity apparently limits potential ecological speciation. This conclusion is reinforced by the limited
but non-zero genomic signature of correlated genetic and phenotypic divergence along axes of temperature
and precipitation between montane and lowland regions. The framework presented here clarifies many of
the theoretical expectations and offers potential empirical tests for the previously ambiguous definition of
structure versus speciation in the quantification of phylogeographic lineage diversity.
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Figure Legends

Fig. 1. Photograph of adult Desmognathus aeneus from northern Georgia (courtesy Todd W. Pierson,
KSU) and map of 90 sample localities with SDM results of low, medium, and high habitat suitability based
on 10 BIOCLIM, ENVIREM, and ecoregion variables (see SI text).

Fig. 2. Linear morphometric analysis of size-corrected phenotypic traits using LDA based on 89 individuals
from 31 populations, analysis of which do not generally separate the three geographic genetic lineages.
Axilla-Groin Length (AG) was the most substantial variable distinguishing lineages but was not significantly
different between them.

Fig. 3. The best-fit three-population demographic model from GADMA estimated using the ‘moments’
engine, showing topology, divergence times, population sizes, and migration rates (a), and estimates of
individual ancestry coefficients from sNMF (b, d) along with a PCA of the SNP matrix and the relationship
between geographic and genetic distance from the GDM (c).

Fig, 4. Analysis of IBD based on all individuals, between lineages, and within lineages, showing linear (all)
and LOESS (a) relationship between geographic distance (km) and linearizedFst .

Figure 5. Results from RDA showing genotype-environment and genotype-phenotype association by sites
(a, b) and SNPs (c, d). The 18 SNPs shared in both are outlined in red.
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b) Between lineages
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a) Genotype−Environment
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b) Genotype−Phenotype
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d) Environment − SNPs
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e) Phenotype − SNPs
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