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Abstract

Speciation is often categorized based on geographic modes (allopatric, parapatric or

sympatric). Although it is widely accepted that species can arise in allopatry and then

later become sympatrically or parapatrically distributed, patterns in the opposite direc-

tion are also theoretically possible (e.g. sympatric lineages or ecotypes becoming

parapatric), but such patterns have not been shown at a macrogeographic scale. Here,

we analyse genetic, climatic, ecological and morphological data and show that two

typically sympatric colour morphs of the salamander Plethodon cinereus (redback and

leadback) appear to have become parapatrically distributed on Long Island, New York,

with pure-redback populations in the west and pure-leadback populations in the east

(and polymorphic populations in between and on the mainland). In addition, the

pure-leadback populations in eastern Long Island are genetically, ecologically and

morphologically divergent from both mainland and other Long Island populations,

suggesting the possibility of incipient speciation. This parapatric separation seems to

be related to the different ecological preferences of the two morphs, preferences which

are present on the mainland and across Long Island. These results potentially support

the idea that spatial segregation of sympatric ecotypes may sometimes play an impor-

tant part in parapatric speciation.
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Introduction

Allopatric speciation is widely considered the most

common geographic mode (Coyne & Orr 2004; Bolnick &

Fitzpatrick 2007). Thus, allopatric and parapatric sister

species are often assumed to have originated through

allopatric or parapatric speciation, as are species that are

partially sympatric (Coyne & Orr 2004). The possibility

that some currently allopatric or parapatric sister species

originated through initial divergence of lineages or eco-

types in sympatry has been suggested (e.g. Coyne 2007;

Nosil 2008) and important theoretical studies support

this view (e.g. Doebeli & Dieckmann 2000, 2003), but

with few empirical examples (e.g. Seehausen et al. 2008;

Ingram 2011). Spatial segregation of sympatric ecotypes

along an environmental gradient is a key component of

these models and examples. However, the empirical

examples involve different habitats at a relatively fine

spatial scale (Seehausen et al. 2008; Ingram 2011), and not

the macrogeographic scale over which species ranges are

usually considered. In some cases, small-scale patterns of

spatially segregated ecotypes could be explained by drift

or other stochastic factors, whereas large-scale, tempo-

rally stable patterns may be more difficult to explain.

Here, we address the possibility that sympatric ecotypes

within a species can become parapatrically distributed

and divergent at a relatively large spatial scale, through a

multifaceted analysis of the eastern red-backed salamander
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(Plethodon cinereus) on Long Island, New York (hereafter:

‘LI’).

Plethodon cinereus ranges from southern Canada to

northern North Carolina and typically occurs in two dis-

crete colour morphs: the redback morph and the lead-

back morph (Petranka 1998). The redback morph

(hereafter: ‘red’) has a broad orange to red dorsal stripe

and dark grey flanks, whereas the leadback morph

(hereafter: ‘lead’) is uniformly dark grey on the dorsum

and flanks (Petranka 1998). A third, entirely red morph

occurs sporadically in some populations (e.g. Tilley et al.

1982). Highton (1975) suggested that the colour morphs

are polygenic, with no intermediates, and showed that

genetic dominance of morphs varies by population, but

there has been no further work on their genetic basis.

The function of the red stripe is not entirely clear, but it

has been implicated in frequency-dependent selection

by predators (Fitzpatrick et al. 2009).

These two morphs are usually found in polymorphic

populations with frequencies of approximately 70% red

and 30% lead, but with red morphs found in much

higher proportions (90–100%) at higher elevations and

the northernmost parts of the species range (e.g. Lotter

& Scott 1977; Petranka 1998; Gibbs & Karraker 2006;

No€el & Lapointe 2010). On LI, however, these two col-

our morphs are largely parapatric (Fig. 1A), with 100%

red populations in predominantly deciduous western

forests, and 100% lead populations in the eastern pine

barrens (Williams et al. 1968). There are also polymor-

phic populations along the northern shore and in

central LI, separating the pure-lead and pure-red popu-

lations to the east and west, respectively (Williams et al.

1968).

The red/lead colour polymorphism also occurs in

other species of Plethodon. Plethodon contains four well-

supported species groups (e.g. Wiens et al. 2006; Kozak

Morph Frequency
Proportion red
Proportion lead

Costal Grooves
Mode = 18
Mode = 19

CTT Frequency
Proportion without CTT
Proportion with CTT

(A)

(B)

(C)

Fig. 1 Maps of LI localities with their (A)

morph frequency, (B) modal costal groove

number and (C) frequency of CTT muta-

tion in ATPase6. In (A), white is the pro-

portion of red morphs and black the lead

morphs. In (B), white represents a modal

costal groove count of 18 and black a

count of 19. In (C), white is the proportion

of individuals that lack the CTT mutation,

while black is the proportion having this

mutation. For (A, B), only localities with

N ≥ 4 are shown. For (C), all localities

have N = 2. For additional localities with

morph frequency and costal groove data,

see Figs 1 and 2 in Williams et al. (1968).
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et al. 2009; Fisher-Reid & Wiens 2011), and eight other

species in three of these groups also have sympatric

red/lead colour morphs (e.g. P. vehiculum; Petranka

1998). These three groups also contain several appar-

ently monomorphic species (e.g. red: P. idahoensis, lead:

P. richmondi; Petranka 1998). These interspecific patterns

raise the possibility that fixation of colour morphs or

transitions between them might be related to speciation

(see below and Discussion).

On the mainland, these morphs differ in ways that

may be relevant to speciation. Lead individuals are rela-

tively drought and heat tolerant, whereas red individu-

als are drought intolerant and cold tolerant (e.g.

Williams et al. 1968; Lotter & Scott 1977; Moreno 1989;

Gibbs & Karraker 2006; Anthony et al. 2008; but see Pet-

ruzzi et al. 2006). In polymorphic populations from

Ohio, diet differences between colour morphs and mod-

erate assortative mating by colour morph have also

been documented (Anthony et al. 2008). Thus, the

colour morphs might be relevant to speciation not

because of the colours themselves, but rather because

different morphs are associated with different environ-

mental tolerances that could lead to occurrence in

divergent habitats and subsequently to speciation. How-

ever, the cause of the association between colour and

climate is currently unknown.

In this study, we test the hypothesis that the cur-

rently parapatric colour morphs of P. cinereus on LI

evolved from sympatric morphs that have become

spatially segregated along an environmental gradient.

We also test if these parapatric populations show eco-

logical, genetic and morphological differences sugges-

tive of incipient speciation. From these hypotheses, we

make six predictions. First, given a population-level

phylogeny, we predict that LI P. cinereus populations

will form a monophyletic group that is derived from

mainland populations where morphs occur in sympa-

try (i.e. a single population with sympatric morphs

invaded LI). Second, we predict that LI populations

will cluster as genetically separate from the mainland

and that pure-red and pure-lead populations on LI

will also form distinct genetic clusters. Third, we

expect to find a large-scale environmental gradient that

correlates with changes in morph frequency among

populations across the island. Fourth, given the eco-

physiological differences previously found between

sympatric morphs on the mainland (see above), we

expect geographic patterns in microclimate occurrence

to parallel those for macroclimate. Fifth, we expect that

predominantly red and lead populations on LI will

diverge in other morphological traits besides colour

(e.g. costal groove number; Williams et al. 1968). Sixth,

we expect reduced gene flow between populations

with divergent morph frequencies, and that, after

accounting for geographic distance, gene flow patterns

will be related to an environmental gradient.

Materials and methods

Study system and sampling

We collected specimens (for morphological data) and

tissue samples (for genetic data) from populations of

P. cinereus across LI (N = 61 localities) and adjacent

mainland areas (N = 21 localities; for all localities and

sample sizes see Table S1, Supporting information).

These localities were also used for GIS-based climatic

data. A subset of LI, Connecticut and New Jersey locali-

ties were used for microclimate measurements. This

strategy yielded a matched data set of localities for

which we had morphological, genetic, microclimatic

and macroclimatic data.

Genetic data

We analysed patterns of genetic differentiation in

P. cinereus using both mitochondrial (mtDNA) and

microsatellite DNA data. For a complete list of individ-

uals, localities and genetic data collected, see Table S2

(Supporting information).

One mitochondrial gene, ATPase6, was amplified

using standard PCR and sequencing protocols (see

Table S3 and Text S1, Supporting information for

primers, PCR conditions and methods). Variation in

ATPase6 was low, and so only 187 individuals from 72

localities (53 LI, 19 mainland) were sequenced. Each

locality was represented by 1–6 individuals (mode = 2).

Twelve of these P. cinereus individuals (seven LI,

five mainland) and five additional outgroups were

sequenced for cytochrome b (cytb) to assist in rooting

the mtDNA tree (see below; Table S2, Supporting

information).

Seven microsatellite loci were developed with the clon-

ing protocol outlined in Glenn & Schable (2005), using a

subset of LI P. cinereus (Table S2, Supporting informa-

tion). We targeted loci variable among LI populations

(but not necessarily differing between red and lead pop-

ulations). Microsatellites identified by Connors & Cabe

(2003) for P. cinereus showed little variation on LI and

were not used. Data were obtained for 233 individuals of

P. cinereus from 46 localities (31 LI, 15 mainland). Each

locality was represented by 2–7 individuals (mean = 5).

See Table S2 (Supporting information) for sampling

details, and Table S3 (Supporting information) for micro-

satellite primers, repeat motifs and PCR conditions. All

loci were checked for null alleles, deviation from Hardy–

Weinberg equilibrium, and linkage disequilibrium (see

Text S1; Data S1, Supporting information).

© 2013 John Wiley & Sons Ltd
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Macroclimate data

Macroclimate data (Data S2, Supporting information)

were obtained for each georeferenced sampling locality

using ArcGIS 9.3. Nineteen variables from the World-

Clim database were extracted (Hijmans et al. 2005)

for 75 localities (58 LI, 17 mainland). These variables

summarize temperature and precipitation data from

weather stations from 1950 to 2000, spatially interpolated

to localities between weather stations, at a resolution of

approximately 1 km2.

Morph frequency data

Morph frequencies (i.e. % red individuals; Table S1,

Supporting information) were estimated for each local-

ity using the same specimens described above. Our esti-

mates are generally concordant with those of Williams

et al. (1968). Those authors had larger sample sizes and

sampled LI more broadly before much recent urbaniza-

tion (e.g. they have pure-red localities from southwest-

ern LI). The concordance between our two studies

suggests that morph frequencies are largely stable over

decadal time scales (but Gibbs & Karraker 2006 show

evidence of small, climate-related frequency shifts). We

only used localities with morph frequencies based on at

least four individuals (range: 4–25; mean: 11).

Microclimate data

Fine-scale environmental data (microclimate data here-

after) included soil moisture (%), soil pH, ground

temperature (°C), air temperature (°C) and air humidity

(% relative humidity). Data were collected weekly from

randomly selected localities, between March and

November during 2009–2011 (Data S3, Supporting infor-

mation). Each visit began between 13:00–15:00 hours

and lasted 1–2 hours. Five, nonoverlapping 20-m tran-

sects were conducted sequentially in forested areas with

a high density of cover objects (e.g. logs, rocks). Cover

objects within 2 m of the transect tape were searched

for salamanders. When a salamander was found, its

colour morph and microclimate data were recorded.

See Text S1 (Supporting information) for details on field

sampling methods (e.g. locality selection, sampling

frequency).

Morphometric data

Morphometric data were collected from 414 preserved

specimens from LI and the mainland (Data S4, Support-

ing information). Measured individuals had a total

length (snout-vent-length + tail length) ≥60 mm, to exclude

juveniles (adult total length approximately 65–125 mm;

Petranka 1998). Nine measurements were recorded for

each specimen (see Text S1, Supporting information).

Mitochondrial data analyses

A likelihood analysis of the combined mtDNA data

(ATPase6, cytb) was conducted using RAxML ver. 7.2.6

(Stamatakis 2006). Methodological details are described

in Text S2 (Supporting information). The mtDNA analy-

sis contained several outgroup species from the cinereus

group, and Ensatina eschscholtzii to root relationships

among P. cinereus populations and help identify a root

for the microsatellite tree (given the difficulty of ampli-

fying microsatellites across species). In the mtDNA tree

(Fig. S1, Supporting information), a clade of predomi-

nantly southeastern populations is sister to all other

P. cinereus populations. Therefore, the microsatellite tree

was rooted with Virginia populations, a decision further

supported by the fact that the putative sister species to

P. cinereus, P. shenandoah (Kozak et al. 2009; Fisher-Reid

& Wiens 2011; this study) is also endemic to Virginia

(Petranka 1998). However, rooting should have little

impact on our conclusions, as long as the root is not

within LI.

Microsatellite data analyses

First, to address monophyly of LI P. cinereus, a Fitch–

Margoliash tree was constructed using Cavalli-Sforza &

Edwards (1967) chord distances (DC) in Phylip ver. 3.69

(Felsenstein 2004). Populations (i.e. localities) were the

terminal units, with data from two to seven individuals

per locality (mean = 5). Takezaki & Nei (1996) showed

that DC was the best of seven distances when dealing

with highly variable markers like microsatellites. Clade

support was evaluated using 1000 bootstrap replicates.

Two Virginia localities of P. cinereus were used as

outgroups (see above).

In order to visualize the geographic origin of popula-

tions (LI vs. mainland) and the general morph frequency

category of populations (polymorphic, monomorphic

red, monomorphic lead), we reconstructed geographic

origin and morph category as two separate characters on

the microsatellite tree using maximum-likelihood in

Mesquite ver. 2.73 (Maddison & Maddison 2011). We used

the Mk two-rate model for geographic origin and Mk one-

rate model for morph frequency category (the latter is the

most straightforward model for three-state characters). We

acknowledge that character reconstruction methods are

designed for species and not populations (and not for geo-

graphic origins), but these analyses were used to visualize

the general patterns implied by the microsatellite data.

Additionally, to reduce biases from placing popula-

tions in discrete categories (i.e. polymorphic, fixed), we

© 2013 John Wiley & Sons Ltd
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also conducted reconstructions treating locality morph

frequencies as a continuous trait (see Text S2, Supporting

information).

We conducted a Bayesian individual-based clustering

analysis of the microsatellite data using STRUCTURE

ver. 2.3.3 (Pritchard et al. 2000; Falush et al. 2003). This

provided an additional test of the genetic distinctness

of the mainland and LI populations, and red and lead

populations on LI. We used location priors, correlated

allele frequencies and a ‘no admixture’ model of ances-

try for the following reasons. First, our data are com-

posed of relatively few individuals per locality

(mode = 5) and markers (seven microsatellite loci), and

the use of location priors can assist STRUCTURE in

clustering without biasing analyses towards detecting

spurious structure (Hubisz et al. 2009; Pritchard et al.

2010). Second, we expect LI cinereus populations to

share some alleles due to common ancestry (in which

case correlated allele frequencies should be used; Falush

et al. 2003), given their very large population sizes

(Petranka 1998) and an mtDNA tree with little geo-

graphic substructuring (Fig. S1A, Supporting informa-

tion). Finally, the ‘no admixture’ model was selected

given that most P. cinereus on LI currently occur in

human-caused forest fragments, and are thus currently

isolated from each other (i.e. not likely to be experienc-

ing current genetic admixture; e.g. Jordan et al. 2009).

The number of distinct populations (K) supported

was estimated with STRUCTURE by comparing likeli-

hood scores using values of K from 1 to 15. Each K was

run for five replicates using a burn-in of 100 000 steps,

followed by 2 9 106 steps. Results were analysed using

Structure Harvester web version 0.6.92 (Earl & von-

Holdt 2011), which extracts the mean and standard

deviation of log likelihood [Ln P(K)] for each K, as well

as the DK metric of Evanno et al. (2005; the rate of

change of the likelihood function). Both mean Ln P(K)

and DK were used to determine the best K (Evanno

et al. 2005; Pritchard et al. 2010).

Macroclimatic data analyses

In order to test for a macroclimatic gradient on LI, we

performed a principal component analysis (PCA) on the

correlation matrix of the 19 climatic variables (Table S4,

Supporting information) using JMP ver. 9.0.2. PC 1 and

2, which together account for 64.69% of the variation in

climate, were plotted to visualize major climatic differ-

ences between localities. PC 1–3 each accounted for

more variation than expected by chance (broken stick;

Jackson 1993). These PC scores and select raw variables

(BIO1, annual mean temperature; BIO12, annual precip-

itation) were tested for correlation with locality morph

frequencies using Spearman’s rank correlation in R,

given the non-normality of the variables (Shapiro–Wilk

test).

Microclimatic data analyses

We tested for differences in microclimate between four

types of localities: (i) LI pure-red, (ii) LI pure-lead, (iii)

LI polymorphic and (iv) mainland. Field data for 26

localities (22 LI, four mainland) and 493 salamanders

(344 red, 149 lead) were pooled first by locality (all sala-

manders at a given locality across time), and then by

the four groups listed above. While not ideal (given

temporal variation), sampling was too limited across all

time scales at a given locality to remove temporal

effects (Data S3, Supporting information). Means of

microclimate variables were estimated for each group.

Importantly, these data represent microclimate for indi-

vidual salamanders. Therefore, microclimate data can

reflect individual preferences, because salamanders

actively select their microhabitat (Petranka 1998). Each

microclimatic variable was included in the following

statistical analyses, conducted in R: (i) LI pure-red vs.

LI pure-lead (Wilcoxon rank sum two-sample test); (ii)

LI pure-red vs. LI polymorphic vs. LI pure-lead (Krus-

kal–Wallis test); and (iii) LI pure-red vs. LI polymorphic

vs. LI pure-lead vs. mainland (Kruskal–Wallis test).

Again, given the non-normality of the data (Shapiro–

Wilk test), we used Spearman’s rank correlation to esti-

mate the relationship between-locality morph frequency

and the locality mean for each microclimate variable.

Morphological data analyses

We tested for differences between populations and

colour morphs by performing two PCAs on the correla-

tion matrix of the morphological data. The first PCA

included costal groove number plus eight morphologi-

cal variables (Text S1, Supporting information), whereas

the second excluded costal groove number. Costal

grooves are external indentations in the thoracic wall

that generally reflect vertebral number (Petranka 1998).

Costal groove number is problematic, as it exhibits a

limited range of values among these populations and is

therefore not truly continuous. In both PCAs, PC1 was

the only PC to account for more variation than expected

by chance (broken stick; Jackson 1993). However, as is

typical for morphology, PC1 appears to primarily reflect

size (i.e. loadings positive and similar in magnitude).

Thus, we included PC2, as a measure of shape. Mean

PC scores were estimated for each locality, and we

tested for a relationship between morphology (PC1 and

PC2, with and without costal grooves), and colour

morph frequency with Spearman’s rank correlation

(given non-normality; Shapiro–Wilk test).

© 2013 John Wiley & Sons Ltd
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Spatial analyses

We compared pairwise FST values in order to test

whether or not LI populations were more genetically

divergent (i.e. had higher FST values) than mainland pop-

ulations over similar geographic distances. Initially, we

looked at a subset of mainland localities and the centres

of each group of LI localities (LI pure-red, LI pure-lead,

LI polymorphic). The LI groups were compared to seven

nearby mainland localities and arranged roughly in a

west–east line (i.e. in Connecticut, New York and New

Jersey; six are pictured in Fig. 1A). We estimated pair-

wise FST (Weir & Cockerham 1984) values using the

microsatellite data and GENEPOP on the Web (Raymond

& Rousset 1995; Rousset 2008). For this analysis, we esti-

mated the geographic midpoint location of LI pure-red,

LI polymorphic and LI pure-lead locality groups by aver-

aging the latitude and longitude for each group (Fig. S2,

Supporting information). These midpoints were used to

estimate the geographic distance in km. Next, we esti-

mated pairwise FST values and geographic distance

between all single localities and used these values as a

distance measure in a partial Mantel test with a group

membership matrix (LI pure-red, LI pure-lead, LI poly-

morphic, mainland). This analysis tests the hypothesis

that differences in group membership predict differences

in pairwise FST when accounting for geographic distance

(i.e. individuals from different localities in the same

group have lower FST than those in different groups; see

below). This analysis was also repeated with LI groups

only.

Finally, we conducted a series of single and partial

Mantel tests (Mantel 1967; Smouse et al. 1986; Legendre

& Legendre 1998) to examine if our predictor variables

(macroclimate, microclimate) predict variation in our

response variables (genetic distance, locality morph

frequency) while accounting for spatial autocorrelation.

We acknowledge that there have been important criti-

cisms of these widely used tests (e.g. Guillot & Rousset

2013), but we use them here because well-established

alternative methods are not yet available. Fortunately,

the significant patterns identified by these tests generally

match those found in our corresponding non-Mantel

analyses. Additionally, given the ability of P. cinereus to

rapidly disperse over very large geographic areas (e.g.

postglacial colonization of Canada), it is unlikely that the

patterns we find are explained by limits on dispersal due

to geographic distance alone.

These analyses were conducted both with LI and

mainland populations, and with LI populations alone.

Specifically, we tested the following five hypotheses

(sample sizes in Tables S9a–b, Supporting information),

while accounting for geographic distance between local-

ities: (i) differences in macroclimate between localities

predict differences in morph frequency; (ii) macrocli-

mate predicts genetic distance; (iii) microclimate pre-

dicts morph frequency; (iv) microclimate predicts

genetic distance; and (v) macroclimate predicts microcli-

mate. Because macroclimate and microclimate include

several variables of differing scales (e.g. temperature,

precipitation), each group of variables was first put

through a PCA of the correlation matrix, and a Euclid-

ean distance matrix (Text S2, Supporting information)

was then estimated from the PC scores (19 for macrocli-

mate, five for microclimate). Separate PCAs were

conducted for combined LI-mainland data (Table S4a,

Supporting information) and the LI data only

(Table S4b, Supporting information). Text S2 (Support-

ing information) contains a description of distance

matrices and their estimation.

All Mantel tests were conducted using PASSaGE ver.

2.0 (Rosenberg & Anderson 2011), with significance

determined using 10 000 permutations. Because each

hypothesis requires six statistical tests (three each,

single and partial Mantel tests), a sequential Bonferroni

correction (Rice 1989) was applied for each hypothesis.

Results

Microsatellite data analyses

Phylogenetic analysis of the microsatellite data (Fig. 2)

shows that LI populations form a monophyletic group

nested within mainland populations, although the boot-

strap support is low. Likelihood reconstructions on the

microsatellite tree suggest that the ancestor of all LI

P. cinereus populations was polymorphic (i.e. sympatric

morphs) and that there was subsequent evolution of

pure-lead populations on eastern LI and pure-red popu-

lations on western LI (Fig. 2; Fig. S3, Supporting informa-

tion). Pure-lead populations appear to have evolved once

on LI (the clade of eastern LI populations) with possible

introgression with adjacent polymorphic populations on

the eastern north shore (Cutchogue, Northville). In con-

trast, pure-red populations appear to have evolved approx-

imately five times on western LI (Fig. 2). The designation

of some of these populations as pure-red may reflect

limited sampling (e.g. Brentwood Highway 4; N = 4).

However, a group of pure-red populations near Oyster

Bay (Old Westbury, Oyster Bay, Woodbury) is supported

by very large sample sizes (hundreds of specimens;

Williams et al. 1968; recent field visits).

In the STRUCTURE analyses of the microsatellite

data, DK favours K = 2, whereas log likelihood

favours K = 9 (Table S5, Supporting information). The

results for K = 2 (Fig. 3) divide P. cinereus into one

exclusively LI cluster and a second cluster consisting

of all mainland populations and a few LI populations

© 2013 John Wiley & Sons Ltd
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(all pure-red). In the K = 9 results (Fig. 3), there are

five mainland clusters and four LI clusters. The LI

clusters correspond to a pure-red cluster, a pure-red/

polymorphic cluster, a pure-lead/polymorphic cluster

and a pure-lead cluster. These clusters broadly match

clades recovered in the phylogenetic analysis (Fig. 2).

Interestingly, K = 9 is the next best model favoured

by DK (Table S5, Supporting information). Generally,

DK is thought to capture the strongest pattern of pop-

ulation structure (e.g. in our case, most LI vs. the

mainland; Evanno et al. 2005; Coulon et al. 2008), and

both likelihood and the second best DK reflect the

structure on LI. Overall, the STRUCTURE results largely

support the genetic distinctness of the mainland and

LI populations (K = 2 shows strong divergence between

mainland and most LI populations; K = 9 shows effec-

tively no overlap between LI and mainland). Although

results from K = 2 might be interpreted as indicating

recent gene flow between mainland and pure-red popu-

lations, this is not supported by phylogenetic analysis or

more fine-scaled analysis with STRUCTURE (K = 9).

Mitochondrial data analyses

Phylogenetic analysis of the mtDNA data (Fig. S1, Sup-

porting information) included 101 unique ATPase6

haplotypes. Plethodon shenandoah is sister to all P. cinere-

us individuals (consistent with Wiens et al. 2006; Kozak

et al. 2009; Fisher-Reid & Wiens 2011), and a clade of

mainland P. cinereus individuals from mostly southern

populations (Virginia, Delaware, Maryland and North

Carolina, but also New York) is sister to all other

P. cinereus, including all LI populations. Interestingly,

24 individuals from pure-lead localities on LI form a
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Westmoreland (100%)
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Plethodon cinereus microsatellite tree
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Fig. 2 Tree of Plethodon cinereus popula-

tions based on microsatellite data. Boot-

strap values <50 are not shown. Pie

charts at nodes show likelihood ancestral

reconstruction of morph categories. The

morph frequency of the locality is in

parentheses following its name. Photo-

graphs by M.C.F.R.
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weakly supported clade separate from the rest of the LI

individuals. These individuals share a single, nonsynon-

ymous nucleotide change in ATPase6 (from TTT to

CTT; Fig. 1C). Two additional individuals in this clade

are red morphs, one from a polymorphic locality on the

northeastern shore (Wading River) and one from a

pure-red locality (Huntington). No mainland popula-

tions exhibit this mutation.

Macroclimate data analyses

In the PCA of macroclimatic variables (Fig. 4), PC1 sep-

arates mainland from LI localities, whereas PC2 sepa-

rates the LI localities along a climatic gradient that

roughly corresponds to morph frequencies. Across all

localities, locality morph frequency was strongly corre-

lated with PC1–3 (PC1: rs = 0.588, P � 0.0001; PC2:

rs = 0.454, P = 0.0002; PC3: rs = 0.503, P < 0.0001), but

not with raw values of annual mean temperature

(BIO1) or annual precipitation (BIO12). The variables

that load strongly onto PC1 (BIO6, BIO11, BIO19;

Table S4, Supporting information) suggest that LI has

warmer and wetter winters than the mainland, whereas

the variables that load strongly onto PC2 (BIO1, BIO5,

BIO10, BIO12, BIO19; Table S4, Supporting information)

suggest that pure-lead populations experience wetter

winters, and overall cooler temperatures compared to

pure-red populations. PC3 is dominated by strong load-

ings from precipitation variables (BIO12, BIO14, BIO15,

BIO17; Table S4, Supporting information) and suggests

that most pure-lead populations experience a drier,

more seasonal precipitation regime.

Microclimate data analyses

Statistical analyses of the microclimate data (Table S6,

Supporting information) show that individuals from

pure-lead localities on LI are active during significantly

colder, drier conditions and in drier, more basic soil

than those found at pure-red localities (W = 1927.5–

4012.0; P ≤ 0.00384 for soil moisture, pH, ground and

air temperatures). Interestingly, the temperature pattern

is opposite that observed in previous mainland studies,

which indicated that leads preferred warmer tempera-

tures (and lower elevations; see Introduction), while the

moisture pattern on LI is consistent with mainland

studies. As an island, coastal insulation leads to warmer

overall temperatures on LI; thus, the colder tempera-

tures that pure-leads experience are still warmer than

those encountered by both morphs on the mainland

(Table S6, Supporting information). Both microclimatic

patterns correspond with the macroclimatic patterns
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gle Riverhead individual clusters with mainland groups in both plots. We hypothesize that this individual was transplanted to LI
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(i.e. higher lead frequencies in cooler/drier localities).

Microclimatic differences are nonsignificant when com-

paring all red individuals on LI to all lead individuals

on LI (i.e. including reds and leads from polymorphic

populations; Table S6, Supporting information). At LI

polymorphic localities, lead morph salamanders were

encountered on significantly warmer and less humid

days compared to red morph salamanders (air tempera-

ture: W = 2736.5; P = 0.032; air humidity: W = 3640;

P = 0.021), as found in previous mainland studies (see

Introduction). A Kruskal–Wallis test comparing pure-

red, pure-lead and polymorphic localities found poly-

morphic localities to be significantly different from and

intermediate between pure-red and pure-lead localities

for soil moisture and ground temperature (soil moisture:

v2 = 8.17; P = 0.017; ground temperature: v2 = 8.85;

P = 0.012). LI salamanders are active under significantly

warmer microclimatic conditions than mainland indi-

viduals (Kruskal–Wallis, v2 = 89.32–97.27; P << 0.0001),

confirming the macroclimatic pattern. The absence of

salamanders at both mainland and LI localities appears

to be related to ground and air temperatures: days on

which no salamanders were found were significantly

warmer than those on which salamanders were found

(W = 5505–9725; all P < 0.006). Despite these differences

among groups of localities (i.e. pure-red, pure-lead,

polymorphic), Spearman’s rank correlation of the mean

microclimatic data (five raw variables) and locality

morph frequency for each individual locality revealed

no significant relationships between microclimatic vari-

ables and morph frequency (all P > 0.1).

Morphological data analyses

Costal grooves show a pattern of variation that closely

matches the morph frequencies (Fig. 1A,B). In pure-lead

populations, the modal number of costal grooves is

larger (19 vs. 18), as shown by Williams et al. (1968). A

PCA of morphology including costal groove number

revealed a separation between reds and leads on LI

along PC2 (Table S7; Fig. S4, Supporting information).

Additionally, PC2 including costal groove count corre-

lated strongly with locality morph frequency (rs = �0.807,

P � 0.0001). In contrast, there was no correlation

between morphology and locality morph frequency on

PC1 including costal grooves or on PC1–2 not including

costal grooves (all P > 0.4).

Spatial analyses

The FST between LI pure-red and LI pure-lead localities

is higher than between any of the mainland localities

along a similar west–east gradient, including the two

most distant from each other (New Jersey-Dunnfield

Creek and Connecticut-Old Lyme; Table S8, Supporting

information). For example, the centres of LI pure-red

and LI pure-lead localities are separated by 78.63 km

and have an FST of 0.217. Mainland locality pairs Con-

necticut-Tower Hill/Connecticut-Monroe, and New

York-Orangeburg/Connecticut-Monroe are separated by

79.51 and 79.92 km, and have an FST of 0.069 and 0.097

(respectively; Table S8, Supporting information). A par-

tial Mantel test of the pairwise FST matrix for all locali-

ties against the predictor matrix of group membership

reveals a significant correlation between FST and group

membership when geographic distance is accounted for

(including mainland: r = 0.424, P = 0.0001, Table S9a; LI

only: r = 0.406, P = 0.0001, Table S9b, Supporting infor-

mation).

The single and partial Mantel tests for the combined

LI-mainland data (Table S9a, Supporting information)

show that macroclimatic distance has a significant rela-

tionship with both genetic distance and locality morph

frequency, even when the strong correlation between

macroclimate and geographic distance is accounted

for. All relationships hold when considering LI data

alone (Table S9b, Supporting information). Finally, for

both data sets, microclimatic distance does not predict

either genetic distance or locality morph frequency,

nor is it related to macroclimatic or geographic

distance.

–10

–5

0

5

10

P
C

2 
 (2

5.
4 

%
)

–10 –5 0 5 10
PC1  (39.3 %)

CT

NJ

VA

VA

NY

E. PA

W. PA

DE

Long Island

Fig. 4 Localities of Plethodon cinereus plotted in multivariate

climatic niche space (PC1 vs. PC2; see Table S4a, Supporting

information for loadings). Green symbols are mainland locali-

ties, with different states indicated with different shapes. Red

circles are pure-red LI localities, light blue circles are

polymorphic LI localities and black triangles are pure-lead LI

localities.

© 2013 John Wiley & Sons Ltd

PARAPATRIC DIVERGENCE IN A SALAMANDER 4689



Discussion

In this study, we tested the hypothesis that divergent

parapatrically distributed populations can arise through

geographic segregation of formerly sympatric ecotypes

along a large-scale environmental gradient. Through a

multifaceted analysis of P. cinereus salamanders, we

show that ecologically differentiated colour morphs that

are sympatric on the mainland appear to have become

parapatrically distributed on LI and that these para-

patric populations have further diverged genetically,

ecologically and morphologically. We suggest that the

divergence of pure-lead P. cinereus on eastern LI may

represent incipient speciation (although they are clearly

not separate species yet). Many other parapatrically dis-

tributed sets of populations and species may also arise

through geographic separation of sympatric ecotypes

along an environmental gradient. However, such cases

may easily be overlooked if the ecological and morpho-

logical differences between these ecotypes are subtle

(i.e. in our study, the ecotypes have clear differences in

colour, but different ecotypes within a species or popu-

lation might often lack such obvious morphological

markers).

We acknowledge that the scenario of parapatric dif-

ferentiation on LI is difficult to prove conclusively. Nev-

ertheless, this scenario is supported both by our genetic

data and by other lines of evidence. Under this scenario,

P. cinereus on LI are derived from an ancestrally poly-

morphic mainland population. Phylogenetic analysis of

our microsatellite data suggests that LI P. cinereus are

derived from a polymorphic mainland population

(Fig. 2), while STRUCTURE analysis of these data

shows that LI P. cinereus are largely distinct from main-

land populations (K = 9; Fig. 3). Thus, the microsatellite

results also support the idea that LI populations

diverged genetically after colonizing LI (Figs 2 and 3).

The scenario of parapatric segregation of sympatric

ecotypes is also supported by the well-known geologi-

cal history of LI. Long Island was formed by the reced-

ing Wisconsin ice sheet relatively recently (25–30 kyr

ago) and was likely only accessible to these salaman-

ders for a brief period in the last 10–15 kyr (Williams

et al. 1968). Thus, P. cinereus on LI must have arrived

recently from the mainland, and they are currently sur-

rounded by polymorphic mainland populations (Fig. 1;

Williams et al. 1968). As the glacier re-treated and sea

levels began to rise, P. cinereus is thought to have rap-

idly expanded its range from southern refugia (Bloom

1983; Petranka 1998). Individuals from polymorphic

southern populations on the exposed continental shelf

were likely forced to move north by the encroaching

Atlantic Ocean and became trapped on LI (Bloom 1983;

Lewis & Stone 1991; Stone et al. 2005). Importantly, sea

level has never been higher than it is now (Bloom &

Stuiver 1963); thus, the differentiation of populations

seen now most likely reflects responses to the current

environmental gradient, rather than allopatric differenti-

ation of populations on smaller islands.

The hypothesis of parapatric divergence is further

supported by evidence of an environmental gradient

across LI, along which populations have diverged

genetically and morphologically (Fig. 4; Table S9b, Sup-

porting information). Such gradients are key compo-

nents of previous models (Doebeli & Dieckmann 2000,

2003; Gavrilets 2004) and empirical studies (Seehausen

et al. 2008; Ingram 2011) of speciation via geographic

segregation of formerly sympatric ecotypes. Based on

PC2 and PC3, LI pure-lead populations occur in overall

colder and drier environments that also have warmer

and wetter winters. The overall temperature gradient is

striking in that mainland leads appear to prefer warmer

temperatures (e.g. Lotter & Scott 1977; Gibbs & Karraker

2006; Anthony et al. 2008). Petruzzi et al. (2006) found

divergent temperature tolerances (as measured by

maintenance metabolic rates) between morphs at differ-

ent localities, which suggests that temperature tolerance

may simply be more variable than moisture tolerances.

However, within polymorphic populations on LI, we

confirm that leads are active on warmer, less humid

days than reds (as in mainland populations), and we

note that pure-lead localities on LI have overall warmer

microclimates than mainland localities (Table S6, Sup-

porting information). The between-locality microclimat-

ic data largely confirm the macroclimatic patterns,

suggesting that morph-specific physiological tolerances

are likely. Interestingly, our results suggest that LI has

a unique climate and a unique climatic gradient (Fig. 4),

which may help explain why the pattern of pure-red

and pure-lead populations in close proximity does not

occur on the mainland (but pure-red populations do

occur in cooler areas).

Remarkably, the pattern on LI appears to be geo-

graphically replicated on the Delmarva peninsula (Dela-

ware-Maryland-Virginia; Highton 1977) and may have

similar ecological causes. Sampling by Highton (1977)

over a 20-year period yielded 177 localities with thor-

oughly estimated morph frequencies. As on LI, locali-

ties closer to the mainland are pure-red, whereas those

farthest from the mainland (southern end) are pure-lead,

with polymorphic populations in between. We extracted

climatic data for 176 of Highton’s (1977) localities

(excluding one imprecise locality; Data S5, Supporting

information) and tested for a correlation between

morph frequency and raw climatic variables, focusing on

climatic variables (defined in Table S4a, Supporting

information) loading strongly onto PC2 and PC3 (which

separate pure-red and lead LI populations; Table S4a,

© 2013 John Wiley & Sons Ltd
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Supporting information). We found significant negative

correlations between the proportion of red individuals

and BIO1 and BIO10 (which load strongly on PC2; higher

red frequency in colder climates; BIO1: rs = �0.177,

P = 0.019; BIO10: rs = �0.229, P = 0.002), and significant

positive correlations between red frequency and BIO12,

BIO14 and BIO17 (loading strongly on PC3; higher lead

frequency in drier climates; BIO12: rs = 0.314, P � 0.001;

BIO14: rs = 0.379, P � 0.001; BIO17: rs = 0.276,

P < 0.001). Overall, the concordance of these results from

the Delmarva peninsula with those from LI further sug-

gests that the patterns on LI are related to ecological seg-

regation due to climate-related factors and not chance,

genetic drift, double colonization or other scenarios.

We suggest that LI P. cinereus might represent incipi-

ent speciation, especially the pure-lead populations on

eastern LI. Three lines of evidence support this hypoth-

esis: restricted gene flow, local adaptation and parallels

between the within-species pattern in P. cinereus and

between-species patterns in other Plethodon. First, as

described above, pure-lead populations on eastern LI

are more genetically different from other LI populations

than pairs of mainland localities that are far more geo-

graphically distant (Table S9, Supporting information).

The genetic distinctness of pure-lead eastern LI popula-

tions is also supported by the phylogenetic analysis of

the microsatellite data (Fig. 2). However, even in these

pure-lead populations, there is evidence for introgres-

sion with far eastern polymorphic LI populations (e.g.

Figs 2 and 3). Clearly, LI P. cinereus are not two distinct

species yet, although there is evidence for restricted

gene flow between pure-lead and other populations

(Table S9, Supporting information).

A second line of evidence for incipient speciation on

LI is that some data suggest local adaptation to differ-

ent environments, which could lead to further genetic

divergence. Individuals from pure-lead populations

tend to have more costal grooves (Fig. 1B; see also

Williams et al. 1968). Costal groove number correlates

with vertebral number, which is known to vary in

plethodontids and can have a strong genetic component

(Jockusch 1997). Jockusch (1997) and others (e.g. Wake

1966) hypothesized that increased vertebral number is

an adaptation for a fossorial lifestyle. Eastern LI (where

pure-lead populations occur) is dominated by pine

barrens with loose, sandy soil and individuals there

may benefit from being better adapted to burrowing

(Williams et al. 1968). Although we found little evidence

for divergence in other morphometric variables, pleth-

odontids generally show remarkably similar body

shapes across divergent microhabitats (Blankers et al.

2012). Additionally, individuals from pure-lead popula-

tions share a nonsynonymous change in ATPase6

(Fig. 1C), which (along with other changes) might be

related to metabolic differences between morphs and

populations (given metabolic differences previously

documented between morphs; Moreno 1989). The adap-

tive significance of both traits will need to be investi-

gated in future studies.

The third line of evidence for incipient speciation is

the parallel between within-species patterns in LI

P. cinereus and patterns of between-species divergence

among other Plethodon. Several other Plethodon species

are polymorphic for red/lead colour morphs, and sev-

eral others appear to be fixed for one morph or the

other (Petranka 1998; Anthony et al. 2008). This suggests

that the colour polymorphism may be associated with

speciation, although it seems unlikely to be driving spe-

ciation itself (see Fitzpatrick et al. 2009 for discussion of

colour polymorphism function). Based on this study

and others (e.g. Lotter & Scott 1977; Gibbs & Karraker

2006; Anthony et al. 2008), colour does appear to be

linked to climatic distributions in P. cinereus, and some

assortative mating by colour has been found (Anthony

et al. 2008). Divergent climatic distributions can drive

geographic isolation, adaptation and genetic divergence

between populations (as found here), especially if indi-

viduals of one incipient species cannot tolerate the

climatic conditions experienced by the other, and many

authors have suggested that this general process can

lead to speciation (e.g. Moritz et al. 2000; Kozak &

Wiens 2007; Sobel et al. 2010). Across plethodontids,

rates of species diversification (speciation—extinction)

are higher in clades with faster rates of climatic niche

evolution (Kozak & Wiens 2010). Interestingly, our pre-

liminary results examining realized climatic niches of

polymorphic and monomorphic Plethodon species

climatic data from Kozak & Wiens 2010; Fisher-Reid

et al. 2012 suggest that between-species patterns of

climatic distributions in monomorphic species do parallel

the within-species patterns observed in P. cinereus,

with pure-red species in cooler, wetter environments

(MC Fisher-Reid & JJ Wiens, unpublished). We empha-

size that we do not consider the colour morphs them-

selves to be likely drivers of speciation, but rather we

hypothesize that these colour morphs are somehow

associated with different environmental preferences and

tolerances that are then determined by less obvious

traits (such as physiology and behaviour).

We recognize that much additional work is needed

on this system. First, as discussed above, the relation-

ship between colour morphs, climate and speciation

could be examined across species. The physiological

tolerances of both P. cinereus morphs and those of other

species should also be studied in more detail (e.g. Moreno

1989; Petruzzi et al. 2006). Second, analysis of LI P. cine-

reus using data from next-generation sequencing could

provide clues to the causes of the apparent association

© 2013 John Wiley & Sons Ltd
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between colour and climate (e.g. detecting loci under

selection, detecting associations of particular alleles

with particular habitats), and yield stronger support for

the relationships and origins of LI cinereus populations.

Third, behavioural tests could provide insights into the

evolution of prezygotic reproductive isolation. More

work is also needed to determine whether the existing

patterns of morph distribution and genetic divergence

are directly related to different climatic regimes, or

possibly to other factors that might be themselves

caused by differences in climate (e.g. occurrence in

deciduous forests vs. pine barrens, differences in

predation). Finally, if there is a speciation-driving

environmental gradient on LI, we might expect to find

similar, though perhaps morphologically cryptic,

patterns in other species distributed across the island

(Coyne & Orr 2004).

In conclusion, we have presented evidence for parap-

atric segregation of formerly sympatric morphs at a

large geographic scale in association with an environ-

mental gradient. Pure morph populations are divergent

ecologically, morphologically and genetically, suggest-

ing that this process might eventually lead to parapatric

speciation. This pattern of parapatric divergence of for-

merly sympatric ecotypes along an environmental gra-

dient may represent an early part of the process of

parapatric speciation (or range expansion) in many

other systems, but may be much harder to detect

because the different ecotypes are not as obvious as col-

our morphs in P. cinereus. This pattern of spatial segre-

gation of pre-existing ecotypes might also allow

parapatric speciation to happen more quickly, as the

presence of sympatric ecotypes with divergent toler-

ances may reduce the need to wait for new mutations

to allow invasion of a new environment.
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