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Abstract
Species that exhibit geographically defined phenotypic variation traditionally have been divided
into subspecies. Subspecies based on phenotypic features may not comprise monophyletic groups
due to selection, gene flow, and/or convergent evolution. In many taxonomic groups the number
of species once designated as widespread is dwindling rapidly, and many workers reject the
concept of subspecies altogether. We tested whether currently recognized subspecies in the plain-
bellied watersnake Nerodia erythrogaster are concordant with relationships based on
mitochondrial markers, and whether it represents a single widespread species. The range of this
taxon spans multiple potential biogeographic barriers (especially the Mississippi and Apalachicola
Rivers) that correspond with lineage breaks in many species, including other snakes. We
sequenced three mitochondrialgenes (NADH-II, Cyt-b, Cox-I) from 156 geo-referenced specimens
and developed ecological niche models using Maxent and spatially-explicit climate data to
examine historical and ecological factors affecting variation in N. erythrogaster across its range.
Overall, we found little support for the recognized subspecies as either independent evolutionary
lineages or geographically circumscribed units and conclude that although some genetic and niche
differentiation has occurred, most populations assigned to N. erythrogaster appear to represent a
single, widespread species. However, additional sampling and application of nuclear markers are
necessary to clarify the status of the easternmost populations.
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Introduction
A major focus of evolutionary biology is how selective pressures and barriers to dispersal
may lead to divergence and speciation. Incongruence between evolutionary relationships and
morphological, life history, and other features can occur when these traits are under
selection and reflect local adaptation rather than historical relationships (e.g., Bonett and
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Chippindale, 2004; Titus and Larson, 1996; Watts et al., 2004; Wiens and Penkrot, 2002;
Wiens et al., 2003). Nonetheless, well-supported incongruence between phenotypic and
genetic data may not be as common as often thought (e.g., Hillis and Wiens, 2000).

Wilson and Brown (1953) defined subspecies as “genetically distinct, geographically
separate populations belonging to the same species and therefore interbreeding freely at the
zones of contact.” Historically, taxonomists described subspecies according to
geographically consistent morphological variation, assuming that the history of the species
is accurately represented by such traits (Burbrink, 2001), a practice that Wilson and Brown
(1953) cautioned against. Not surprisingly, discrepancies among morphologically defined
subspecies and molecular-based assessments of relationships have been documented
extensively (Burbrink et al., 2000; Doukakis et al., 1999; Haig et al., 2006; Walker et al.,
1998).

Conversely, several geographically and morphologically distinct “subspecies” have been
shown to be different species (Coykendall, 1977; Maijer, 1996; Pyron and Burbrink, 2009b;
Raxworthy et al., 2007), and for decades many workers have argued against use of the
subspecies as a valid taxonomic category or evolutionary unit (Frost and Hillis, 1990; Frost
et al., 1992; Zink, 2004). Discussion of the conceptual basis and practical application of the
subspecific designation is beyond the scope of this paper (see Smith et al., 1997 for further
discussions). Here we present a comprehensive molecular analysis of the plain-bellied
watersnake (Nerodia erythrogaster) and test whether it represents a widespread,
geographically variable species or a complex of distinct evolutionary species lineages
previously relegated to the status of subspecies.

Multiple subspecies of Nerodia erythrogaster (Forster, 1771) have been described using few
morphological characters. This taxon ranges from the eastern United States (Fig. 1) into
Mexico in the northeastern states of Coahuila, Nuevo Leon, Tamulipas, Durango, and
Zacatecas; the type locality for the nominate subspecies Nerodia [formerly Natrix] e.
erythrogaster is “near Parker’s Ferry, Edisto River Swamp, Charleston County, South
Carolina-approximately 16 miles west of the city of Charleston” (see Conant, 1949).
Currently, six subspecies are recognized (Fig. 1; see Gibbons and Dorcas, 2004 for
taxonomic history) and are distinguished by a combination of geographic range, coloration
and pattern, and to a very limited extent scale counts. Four of these (N. e. erythrogaster,
flavigaster, neglecta, and transversa) occur in the contiguous United States, while N. e. alta
and bogerti are restricted to Mexico. While the taxonomy of the species was debated for
many years, Conant’s (1949) synopsis remains the currently accepted view. Conant
subscribed to the concept of subspecies as fluid and interbreeding subunits of species that
display substantial geographic consistency with respect to phenotypic variation. He
recognized and described two of the subspecies as parapatrically distributed entities based
primarily on coloration and pattern, but found little clear-cut differentiation and attributed
much of the geographically overlapping morphological variation to intergradation. Although
the life history and ecology of N. erythrogaster haas been well studied (see Gibbons and
Dorcas [2004] and references therein), few molecular data are available to assess its
evolutionary history.

Several putative subspecies of snakes with similar distributions have been analyzed in a
phylogenetic/phylogeographic context. Some of these, including the North American
ratsnake, Elaphe obsoleta (Burbrink et al., 2000), the cornsnake, E. guttata (Burbrink,
2002), the black racer, Coluber constrictor (Burbrink et al., 2008), and the common
kingsnake, Lampropeltis getula (Pyron and Burbrink, 2009a), were shown to contain
monophyletic groups divided by the Mississippi and/or Apalachicola River. Others, such as
cottonmouths, Agkistrodon piscivorus, copperheads, A. contortrix (Guiher and Burbrink,
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2008), and ringneck snakes, Diadophis punctatus (Fontanella et al., 2008), showed no
differentiation across these potential barriers. If distinct evolutionary lineages are identified
or suspected to occur, it is also of interest to determine the extent of ecological
differentiation among them. Ecological differentiation encompasses biotic (e.g., diet, intra-
and interspecific interactions, etc.) and abiotic (e.g., temperature, precipitation, substrate,
etc.) factors. Quantifying the extent of ecological divergence with respect to biotic factors in
particular is difficult. However, measuring the extent of divergence in the ecological niche
using georeferenced natural history collection (NHC) data and spatially-explicit climate data
has become a widespread and useful way to assess divergence in response to abiotic factors.
Niche differentiation has been demonstrated for many closely related taxa (e.g., Parra et al.,
2004; Wiens et al., 2006) and may act as a reinforcement mechanism in zones of potential
contact between lineages (Rissler and Apodaca, 2007). In addition, some authors (Graham et
al., 2004; Raxworthy et al., 2007; Wiens et al., 2006) have argued that ecological
differentiation can play an integral role in identification of distinct evolutionary lineages,
and may even be an inherent feature of species themselves.

Here we 1) provide a comprehensive analysis of mitochondrial genetic variation in N.
erythrogaster throughout its range and test for the existence of distinct evolutionary
lineages; 2) assess validity of the currently recognized subspecies; 3) determine whether
geographic genetic variation corresponds to that seen in other species or species groups with
respect to potential biogeographic barriers (especially theMississippi and Apalachicola
Rivers); and 4) test for ecological niche differentiation among lineages and/or recognized
subspecies.

Methods
Specimens

Tissues were collected from scale clips (photographed and released specimens) or liver
samples (euthanized specimens). All tissue samples, photographs, and specimens were
deposited into either the University of Alabama Herpetology Collection or the University of
Texas Amphibian and Reptile Diversity Research Center. Samples were also obtained
through tissue loans from various museums and from private collections (see
Acknowledgments). Outgroups taxa were Nerodia sipedon, N. taxispilota, N. cyclopion, N.
rhombifer, Farancia abacura, and Thamnophis sirtalis whose sequences were downloaded
from Genbank or obtained in this study. A total of 156 ingroup specimens (Appendix I)
from 100 localities were used in this study (Fig. 1). All specimens were assigned to currently
recognized subspecies based on collection locality (Gibbons and Dorcas, 2004) that was
either geocoded or otherwise rigorously documented.

Sequencing
DNA was extracted using standard protocols (Qiagen Inc., Valencia, CA). Digestion times
ranged from three hours for liver samples to 24 hours for scale clips. We obtained partial
sequences of the mitochondrial cytochrome b (Cyt-b), nicotinamide adenine dinucleotide
subunit II (NADH-II), and cytochrome oxidase I (Cox-I) genes and the nuclear proto-
oncogene C-mos.

Cyt-b PCR conditions consisted of an initial denaturation at 94 C for 3 minutes followed by
35 cycles of 94 C for 15 seconds, 46 C for 30 seconds, and 72 C for 90 seconds and a final
extension at 72 C for 7 minutes (forward primer: 5’ CCA GTA GGA CTA AAC ATT TCA
ACC TCA ACC TGA TGA 3’; reverse primer: 5’ TGG TGT TTC TAC TGG TTT TGT
GGC TGA GGC TGA TCA 3’). PCR protocols for NADH-II, Cox-I and C-mos were the
same as for Cyt-b except the annealing temperature was 55.5 C for NADH-II (forward
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primer: 5’ CGC AAC AAA ATA CTA CCT CAC CC 3’; reverse primer: 5’ GAT TTT ATT
GGT GTG AGT GTG GTG TG 3’), 52.0 C for Cox-I (forward primer:5’ TCA GCC ATA
CTA CCT GTG TTC A 3’; reverse primer: 5’ TAG ACT TCT GGG TGG CCA AAG AAT
CA 3’), and 53.2 C for C-mos (forward primer: 5’ CAT GGA CTG GGA TCA CTT ATG
3’; reverse primer: 5’ CCT TGG GTG TGA TTT TCT CAC CT 3’).

PCR samples were purified by gel extraction (Qiagen) or ExoSapIt (United States
Biochemical) and either sent to Macrogen (Korea) for sequencing or sequenced on an
Applied Biosystems 3130xl sequencer. All PCR products were sequenced for both strands.
Forward and reverse sequences were compared in Sequencher 4.6 (Gene Codes
Corporation) and the consensus sequences were aligned using ClustalW (Chenna et al.,
2003; Larkin et al., 2007) in Macvector 9.0. Alignments were unambiguous with no gaps.

Phylogenetic Analyses
C-mos showed less than 0.5% pairwise divergence for 20 range-wide specimens and
therefore was excluded from further phylogeographic analyses (although we are assessing its
validity for follow-up studies of gene flow). Aligned sequences totaled 837 bases for Cyt-b,
665 bases for NADH-II, and 627 bases for Cox-I. Phylogenetic analyses were conducted
using individual genes and all three genes combined. To determine the appropriate model of
evolution under the Akaike Information Criterion (AIC) for each gene, an NJ starting tree
was used in Modeltest 3.7 (Posada and Crandall, 1998). PAUP* 4.0 beta (Swofford, 1999)
was used to run maximum likelihood (ML) analyses and TNT (Goloboff et al., 2008) was
used in the maximum parsimony (MP) analyses. Both MP and ML analyses were run with
random-taxon-addition sequences and TBR swapping with 10 repetitions. Modeltest 3.7 was
rerun using the best ML tree as the starting tree to optimize the model of evolution. These
parameters were used in a subsequent ML analysis and the new best tree score was
compared to the previous best tree score. This process was repeated until the best tree
likelihoods in sequential iterations were equal. Bootstrap support was conducted with 1000
pseudoreplicates for MP and ML analyses (conducted in Garli 0.942 [Zwickl, 2006]).

The best ML tree for each gene was used to determine the appropriate model of evolution
for Bayesian analyses in MrModelTest 2 (Nylander, 2004). These parameters were input
into MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) for
20,000,000 generations with four chains, two repetitions, four swaps per generation,
sampling every 1,000 generations, and partitioned by codon position. Analyses were
extended if the standard deviation of split frequencies was >0.05 and were allowed to stop
early if the standard deviation of split frequencies was < 0.001. Convergence criteria were
further checked in AWTY (Nylander et al., 2008). The first 2.5 to 5.0 million generations
were discarded as burnin.

Total evidence (TE) analyses were run using MP and ML by concatenating the three genes
and using the same methods as above. For the Bayesian TE analysis, genes were
concatenated and analyzed partitioned by gene and codon position. A priori hypotheses (see
below) were tested by running TE analyses in MrBayes 3.1.2 with topological constraints
under the same conditions as above and compared using Bayes factors.

Statistical tests
To test whether subspecies (assigned based on specimen locality) are monophyletic, we
constrained each subspecies as monophyletic in separate Bayesian analyses. Since two of the
populations sampled are in close proximity to the N. e. erythrogaster / N. e. flavigaster
boundary (Fig. 1; populations 2 and 4), we conducted four separate analyses where the two
populations were assigned in all possible taxonomic combinations. Specifically, hypothesis
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one (e1) excluded both populations from the N. e. erythrogaster lineage, hypothesis two (e2)
included both populations, hypothesis three (e3) excluded population 4 and included
population 2, and hypothesis four (e4) excluded population 2 and included population 4. We
also constrained N. e. neglecta and N. e transversa as monophyletic and tested the
phylogeographic hypotheses by constraining populations east and west of the Mississippi
and Apalachicola (same as hypothesis e1 above) rivers as monophyletic. The eight a priori
hypotheses of monophyly were compared to the best TE tree using Bayes factors. We
followed the methods of Kass and Raftery (1995) which have been implemented in multiple
phylogenetic analyses (Brandley et al., 2005; Nylander et al., 2004; Palero et al., 2009). We
considered H0 to be that the a priori hypotheses explain the data as well as the best tree
while H1 assumed that constrained searches provide a poorer fit for the data. Bayes factors
were calculated as twice the difference of -ln likelihood harmonic means between competing
hypotheses using the harmonic mean output in MrBayes. We interpreted Bayes factor values
<0 as evidence against H1, while positive values provide either little or no support for H1
(0-2), positive support for H1 (2-6), strong support for H1 (6-10), or very strong support for
H1 (>10).

We also performed a principal coordinates analysis (PCoA) in GenAlEx v.6.1 using the
Apalachicola River (similar to hypothesis e1 above) and Mississippi River as glneage
boundaries, based on biogeographic breaks reported in snakes as well as several non-
squamates (Soltis et al., 2006; Swenson and Howard, 2005). We specified codominant data
and the PCoA was calculated under the standardized covariance settings. We then used
discriminant analysis to quantify genetic divergence between subspecies by examining the
correct assignment proportion during cross validation with the PCoA factors and comparing
this to the Overall Chance Proportion (OCP). The OCP was computed as

, where N is the total sample size, j identifies each group, J is the total
number of groups, qj is prior probability of membership into group j, and nj is the sample
size of group j (Huberty and Olejnik, 2006). We calculated the prior probability of
membership in each as the overall group proportion. As a descriptive measure of
classification accuracy, we followed the suggestion of Hair et al. (1998) that classification
accuracy should be at least 25% greater than by chance and refer to this as the Minimal
Classification Accuracy (MCA).

GenAlEx was used to test for isolation by distance (IBD) and DnaSP 3.52 was used to
examine nucleotide diversity and to detect signatures of population expansion with Tajima’s
D.

Ecological Niche Modeling Methods
Ecological niche models for well supported major mt lineages and the recognizedsubspecies
were created using Maxent version 3.2.19 (Phillips et al., 2006) implementing 19 climatic
layers downloaded from the WorldClim database (http://www.worldclim.org/) at 30 sec
resolution. We used default settings (e.g., duplicate records removed; regularization
multiplier=1; convergence threshold=0.00001; maximum iterations=500) and a 25% training
percentage. The models were for the continental United States. To test whether major
lineages or subspecies were associated with unique environmental niche space, we extracted
the spatially-explicit climate data at each point locality (Appendix I) using DIVA version
5.2.0.2. Principal components analysis (PCA) on the covariance matrix was used to reduce
the number of climatic variables and PCA axis scores (the ones needed to account for >90%
of the variability) were then entered as the dependent variable in a multivariate analysis of
variance (MANOVA) with major lineage or subspecies as the fixed factor. Normality and
variance assumptions were checked by examining residuals. We then used discriminant
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analyses to quantify ecological divergence between major lineages and subspecies by
examining the correct assignment proportion during cross validation with the PCoA factors
and comparing this to the overall chance proportion (as described above). To assess whether
genetic distance was positively correlated with environmental distance while controlling for
geographic distance, we used partial Mantel tests in R-package 4.0 (Casgrain and Legendre,
2001). Significant results suggest that phylogenetic breaks are correlated with (or potentially
caused by) environmental gradients. Genetic distances were calculated in Paup* 4.0 beta
using the model of evolution determined by Modeltest 3.7 (Posada and Crandall, 1998) for
the combined dataset and tree reported in Fig. 2. Ecological distances were based on
Euclidean distances of the PCA factor scores.

Species Concept
We use the Evolutionary Species Concept (Wiley, 1978, 1981) as our theoretical concept.
Due to the use solely of mt characters, our operational concept defines species based on the
concordance principles for species recognition (Avise and Ball, 1990); in this case,
reciprocally monophyletic, geographically isolated lineages that exist in distinct ecological
niche space.

Results
Analyses of individual genes yielded similar phylogenetic hypotheses, so only results of the
total evidence analysis are reported. Two thousand one hundred and twenty nine base-pairs
of combined data yielded 43 unique haplotypes and 177 variable sites, of which 98 were
parsimony informative for the ingroup. The model of evolution (for likelihood searches) for
all genes together was TIM + I + G: Base frequencies of A = .3244, C = .3172, G = .1103, T
= .2480; substitution rate parameters A-C = 1.0000, A-G = 16.5537, A-T = 1.3404, C-G =
1.3404, C-T = 9.2494, G-T = 1.0000; proportion of invariable sites = 0.5866; gamma
distribution shape parameter = 1.2360. The model chosen for each gene in the Bayesian
analysis was GTR + I + G. MP analysis yielded 80 equally parsimonious trees with 946
steps. The best tree for ML had a −ln likelihood score of 7,986.55.

Bayesian and ML phylogenetic analyses yielded similar topologies, so only the Bayesian
tree is shown (Fig. 2). There was little resolution in the MP consensus tree, even when a
50% majority rule was calculated. Support for most nodes was minimal, but five “major”
mitochondrial (mt) lineages were significantly (>0.95 posterior probability and/or >0.70
bootstrap proportion) supported (Fig. 2). Only one of (Eastern mt clade) was substantially
concordant with taxonomy based on geography (N. e. erythrogaster; Fig. 3). This mt clade
also occurs primarily east of the Apalachicola River (all populations east of the Apalachicola
belonged to this mt clade although “Eastern” haplotypes were identified up to almost 300
km west of the river as well). To determine if a monophyletic N. e. erythrogaster subspecies
is much less likely than the unconstrained phylogeny, we computed the Bayes factors for
each hypothesis described in the methods. All comparisons between a priori hypotheses and
the recovered “best” tree resulted in Bayes factors greater than 45 (Table 1), signifying very
strong evidence against any of the a priori hypotheses.

There was significant isolation by distance across the species (r=0.3389, P = 0.05). We
found signatures of population expansion when all specimens were analyzed together
(Tajima’s D = -1.81763, P < 0.05), but none of the individual major mt lineages showed the
same pattern (all P’s > 0.10). The principal coordinates analysis (PCoA), where individuals
were grouped by subspecies using mt characters, recovered three separate groups (Fig. 4).
Two of these are amalgamations of at least three recognized subspecies, but the third
consists of only three haplotypes. When PCoA factors were used in the discriminant analysis
with subspecies as the grouping factor, the analysis correctly assigned specimens to their

Makowsky et al. Page 6

Mol Phylogenet Evol. Author manuscript; available in PMC 2012 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



putative subspecies 53.2% of the time (which is above the MCA of 41.2%), but the variation
in accuracy of assignment across subspecies was large. For N. e. erythrogaster, 17/17
(100%) of specimens from within the defined range of the subspecies were assigned to the
correct subspecies, whereas only 5/21 (26.3%) of N. e. neglecta, 23/72 (31.9%) of N. e.
flavigaster, and 38/46 (86.9%) of N. e. transversa were correctly assigned.

Ecological niche models (ENMs) of the five major mt lineages and subspecies showed a
high degree of over-prediction for the ENM outside of the known range of each (not shown).
The PCA also showed little separation among the tested groups; i.e., the major mt lineages
and subspecies each demonstrated substantial overlap in their multivariate distributions (Fig.
5). The first component loaded heavily on precipitation variables (driest quarter, wettest
quarter, seasonality) as well as annual temperature range; the second component loaded
heavily on annual mean temperature, mean temperature of the coldest quarter, and
temperature seasonality (Fig. 5). However, the environmental conditions varied significantly
across the mt lineages (Wilks’ Lambda=0.20989, d.f.=16,452, P<0.05), and the discriminant
analysis correctly assigned specimens to their group 66.0% of the time (MCA=48.7%).
Environmental conditions also varied significantly across subspecies (Wilks’
Lambda=0.11622, d.f.=12,391, P<0.05) and discriminant analysis correctly assigned
specimens to groups 78.2% of the time (MCA is 41.2%). The partial Mantel test showed no
significant relationship between genetic and environmental divergence (r=0.0467, P=0.162),
suggesting that genetic divergence was not driven by sharp transitions across environmental
gradients. Due to the low level of ecological differentiation as evidence by the overlap of mt
lineages high level of sympatry, we present only the bioclimatic model results for the
Eastern and “non-Eastern” mt lineages (Fig. 6).

Discussion
Subspecies traditionally have been classified based on meristic and mensural morphological
characters (Wilson and Brown, 1953), together with geographic distribution. While such
variation across a species is certainly of interest (e.g., it may reflect local adaptation,
phenotypic plasticity, genotype by environment interactions, etc), it can be misleading with
respect to evolutionary relationships (e.g., Mulcahy, 2008; Pyron and Burbrink, 2009b). We
reconstructed the evolutionary history of Nerodia erythrogaster using mtDNA, tested
whether genetic variation is concordant with the current taxonomy and/or potential
biogeographic barriers, and determined whether ecological niche differentiation exists
across the geographic range. Our results indicate that N. erythrogaster comprises five major
mt lineages, all of which are partially to almost completely sympatric with at least one other
lineage. All a priori hypotheses, both taxonomic and biogeographic, were strongly
disfavored when compared to the molecular-based tree. Putative subspecies were not only
polyphyletic, but they also showed little genetic divergence from one another. Finally, we
found that the major mt lineages identified showed minimal ecological differentiation.

To recover the phylogenetic/phylogeographic history of the species, we used partial
sequences from three mitochondrial genes. Given that these genes are linked, it would have
been desirable to include nuclear genes (Zink and Barrowclough, 2008); however, C-mos
showed extremely low levels of variation. However, we are investigating use of other
nuclear data (e.g., AFLPs and microsatellites) for tests of hypotheses regarding gene flow.
Because analyses of individual mt genes yielded very similar trees, we combined the mt
genes in a total evidence analysis. We identified five mt lineages, each with significant
support (Fig. 2) and overlapping ranges (Fig. 3). Only one major lineage, the “Eastern,” was
largely concordant with any of the a priori biogeographic or taxonomic hypotheses, but
Bayes factors strongly supported the unconstrained phylogenetic tree compared to the a
priori hypotheses. Bayes factors provide a useful alternative to the classic null hypothesis
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test (Shimodaira-Hasegawa[S-H], Swofford-Olsen-Waddell-Hillis [SOWH], etc) where
instead of testing a null, support for differing, meaningful hypotheses is calculated directly
(Kass and Raftery, 1995). This allowed us to compare five a priori hypotheses directly to
the tree recovered. The PCoA of the total evidence mt dataset with taxonomic grouping
identified three separate groups (Fig. 4), two of which are made up of at least three of the
four subspecies. It is important to note that in our phylogenetically-based tests of the validity
of the subspecies, the constraints were based on previous delimitation of the ranges of the
subspecies. Thus, it is possible that geographically overlapping haplotype groups could
reflect zones of contact between distinct organismal lineages, inherently causing rejection of
the hypothesis that independent lineages exist. This seems very unlikely for most of the
recognized subspecies given the extensive geographic overlap among haplotype groups,
even in microsympatry (Fig. 3). However, we detected only “Eastern” haplotypes from the
entire region east of the Apalachicola River. This situation warrants further investigation
(especially increased sampling across Mississippi, Alabama, and Georgia) and it would be
preliminary to assume continuous gene flow between the (geographically) eastern and
central/western populations.

Discriminant analyses performed adequately at predicting subspecies during cross validation
overall, signifying a limited amount of genetic partitioning among subspecies. Furthermore,
the highest levels of accuracy in assignment correspond to populations at the western and
eastern ends of the range, consistent with separation of haplotypes (perhaps due to climatic
history; see below), followed by re-establishment of gene flow and consequent overlap in
geographically intermediate regions. Marshall et al. (2009), who focused on microsatellite
variation in N. e. neglecta, found moderate differentiation among the regions sampled and
surmised that the differentiation among populations is due to the quality of terrestrial
dispersal corridors. However, no assessments of broad-scale genetic structure have been
conducted using nuclear genes, although we have initiated such work.

We tested for ecological differentiation among major mt lineages using environmental
information. Although there were statistically significant differences among groups defined
both mitochondrially and based on subspecies designation, due to the large degree of over-
prediction, there was no clear indication that any of the groups were in unique
environmental niche space (Fig. 5). We also tested for ecological differentiation of
specimens assigned to subspecies based on locality. Due to the lack of congruence between
mt lineages and taxonomy (subspecies) based on geography (which is supposed to be based
on phenotype, see below for discussion), if such differences were recovered, this could
provide support for the phenotypic differences being attributable to environmental factors.
We followed the boundaries defined by Gibbons and Dorcas (2004) while assigning all
representative specimens from Alabama to N. e. flavigaster (all other assignments were
unambiguous based on recognized geographic ranges of the subspecies). The results were
very similar to those of the analysis where groups were defined by major mt lineages as
opposed to subspecies; statistically significant differentiation with a large amount of over-
prediction (i.e. areas of high-probability prediction outside of the naturally occurring range)
of all lineages (Fig. 5). Because the taxon occurs across such a large range encompassing
diverse ecological conditions, there are many ecological variables that could be important
for which we or could not include (e.g., diet, water pH, salinity, soil composition, etc), and
therefore ecological differentiation remains possible. However, neither the major mt
lineages nor the subspecies (Fig. 5) appear to be uniquely associated with variation in the
environmental factors considered in this study, whereas such associations are common in
other reptiles and amphibians (Graham et al., 2004; Raxworthy et al., 2007; Wiens et al.,
2006)
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The apparent lack of geographically separated lineages across such a wide-ranging species is
surprising, even given the caveats regarding status of the easternmost populations. Studies of
many diverse taxa in North America have revealed strongly supported geographically
distinct lineages (Griffin and Barrett, 2004; Heilveil and Berlocher, 2006; Joly and Bruneau,
2004; Roe et al., 2001). This is not always the case, though. Examples of wide ranging
North American species with low genetic differentiation include the diamondback
watersnake Nerodia rhombifer (Matthew Brandley, pers. com.), the eastern narrow-mouthed
toad Gastrophryne carolinensis (Makowsky et al., 2009), Blanchard’s cricket frog Acris
blanchardi (Gamble et al., 2008), the snapping turtle Chelydra serpentina (Walker et al.,
1998), and many boreal mammals (Arbogast and Kenagy, 2001). Nerodia is a relatively
young genus, with most fossils placed in the Pleistocene and Pliocene, and the oldest fossil
approximately 13 million years old (see Gibbons and Dorcas, 2004; and references within).
Phylogenetic studies of North American natricines suggest rapid diversification and
speciation following the origin of the group; thus, the age of N. erythrogaster presumably is
close to the age of the genus (Alfaro and Arnold, 2001; Lawson, 1987), although rigorous
analyses of divergence times have not been conducted. Climate shifts since the speciation of
N. erythrogaster, especially the most recent glacial maximum, likely have caused alternating
periods of isolation and admixture (Fontanella et al., 2008), possibly leading to the overlap
in mt lineages and ecological over-prediction we observed.

While many criteria for species delimitation exist, we looked for reciprocal monophyly as
well as ecological differentiation of geographically isolated lineages to satisfy the
concordance principles for species recognition (Avise and Ball, 1990). Wiens and Penkrot
(2002) designed a “decision key” with respect to identification of species in morphologically
variable groups for which molecular-based estimates of relationships are available. Bond
and Stockman (Bond and Stockman, 2008; see also references within) proposed a related
method that emphasizes adaptive divergence among molecular-based lineages as a test of
species status, essentially applying the cohesion species criterion of Templeton (1989;
2001). Although we did identify well-supported mt lineages, most were widespread or at
least overlapped geographically with others. While this could reflect incomplete lineage
sorting, other evidence from morphology and niche modeling also suggests that there are no
clear-cut breaks with respect to coloration/pattern, habitat use, or environmental tolerance.

Based on the above, we find little support for splitting N. erythrogaster into multiple species
under almost any species concept, although further investigation of the distinctiveness of the
Eastern mt lineage (which includes the type locality) is warranted. In addition, based on
Wilson and Brown’s (1953) definition, none of the subspecies is valid as either a conceptual
or practical entity unless we accept the possibility of multiple very broad zones of
intergradations (see below). This conclusion might be interpreted as refutation of the basis
for federal protection of the northern populations of the currently recognized subspecies N e.
erythrogaster. However, protection of these populations is based on geographic isolation
and vulnerability, and not necessarily genetic distinctiveness (Pruitt and Szymanski, 1997).

The Eastern mt lineage has the strongest phylogenetic support, and this may provide the
basis for further research on speciation mechanisms. For example, what are the properties of
the zone in which specimens with both red and yellow ventral coloration occur? We found a
mixture of red, yellow, orange, and specimens exhibiting red anterior with yellow posterior
ventral coloration for over 300 km west of the edge of the proposed contact zone between N.
e. erythrogaster and N. e. flavigaster. This corresponds with Conant’s (1949) observations;
he interpreted this as evidence for intergradation between N. e. erythrogaster and N. e.
flavigaster. Based on the overlap of haplotypes observed geographically (Fig. 3), such
intergradations must exist across a substantial proportion of the taxons range. We also found
individuals with orange venters in South Carolina, although most members of the Eastern mt
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lineage located east of the Apalachicola River, for which we could determine coloration,
displayed the (putatively) characteristic red pigmentation. Unfortunately, many tissues were
from preserved specimens (in which pigmentation was faded), and we were unable to
rigorously quantify ventral coloration. However, based on the many live individuals for
which we could assess coloration by eye, there is no obvious relationship between red vs.
yellow venter and mt haplotype in the zone from roughly the Apalachicola River to the
Alabama/Mississippi border. Otherwise, we found no evidence of partially sympatric mt
lineages exhibiting distinct color patterns. The quantification of gene flow across such areas
would allow insight into the evolution of a starkly contrasting trait that is as yet unexplained.
Further studies that incorporate precise color pigment measurement, nuclear markers and
explicitly test whether color traits are environmentally controlled should help clarify
whether the Eastern mt lineage represents a distinct species as well as elucidate why ventral
coloration is so variable in the putative intergradation zone.

We investigated the evolutionary history of N. erythrogaster by using mtDNA to test
whether genetic structure is concordant with the current subspecies taxonomy and/or
potential biogeographic barriers. In addition, we used environmental niche modeling to
assess whether there exists ecological differentiation among geographically defined
subspecies and/or mt lineages. Using this combination of molecular and environmental
evidence, we conclude that most of the recognized subspecies are part of a freely
interbreeding, widespread species, with the possible exception of a split between the Eastern
group and all others.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Map depicting species range, subspecies breaks, and collecting localities. Due to the spatial
scale of the map, not all localities are discernable, although detailed information is available
in Appendix I.
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Figure 2.
Bayesian phylogram produced using a total evidence approach with Cyt-b, NADH-II, and
COX-I. Numbers above nodes correspond to the posterior probability / maximum likelihood
bootstrap proportion (BP) / parsimony BP. Outgroups have been collapsed and their branch
length shortened.
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Figure 3.
Map depicting species range, subspecies breaks, and major lineage for each sample. See Fig.
2 for symbol definitions.
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Figure 4.
PCoA results with geographically defined subspecies as the grouping factor.
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Figure 5.
Scatterplot of first two principal components from the bioclimatic data with grouping based
on a) major lineage and b) taxonomy.
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Figure 6.
Ecological niche models for the a) Eastern lineage and b) non-eastern lineage using 19
WorldClim data layers. Locality points are detailed with major lineage identification
symbols, defined in Fig. 2.
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Table 1

Hypotheses of monophyly, their corresponding likelihood scores, and the Bayes factor associated with each a
priori hypothesis compared to the best tree.

Hypothesis -ln likelihood harmonic mean Bayes factor Support against a priori hypothesis

e1 (Apalachicola River) -8084.9 199.6 Very strong

e2 -8096.9 223.6 Very strong

e3 -8022.5 74.8 Very strong

e4 -8033.6 97.0 Very strong

neglecta -8007.8 45.4 Very strong

transversa -8179.7 389.2 Very strong

flavigaster -8166.9 363.6 Very strong

Mississippi River -8094.87 219.54 Very strong

Best tree -7985.1 - -
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Table 2

Discriminant function analysis results using mitochondrial sequence characters with geographically defined
subspecies as the grouping factor. Overall, 83 (53.2 %) specimens were grouped correctly.

True Subspecies

Put into subspecies erythrogaster flavigaster neglecta transversa

erythrogaster 17 11 0 0

flavigaster 0 23 2 1

neglecta 0 3 5 7

transversa 0 35 12 40

Total # 17 72 21 46

# correct 17 23 5 38

Proportion 1.00 0.319 0.263 0.869
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Table 4

Discriminant function analysis results using environmental data with geographically defined subspecies as the
grouping factor. Overall, 122 (78.2 %) specimens were grouped correctly.

True Subspecies

Put into subspecies erythrogaster flavigaster neglecta transversa

erythrogaster 14 10 0 3

flavigaster 3 47 0 0

neglecta 0 14 21 3

transversa 0 1 0 40

Total # 17 72 21 46

# correct 14 47 21 40

Proportion 0.824 0.653 1.00 0.869
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