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ABSTRACT

Aim Plethodon dunni and P. vehiculum are sister species with widely overlap-

ping ranges, yet the distribution of P. vehiculum extends almost 400 km farther

north than its sister species. We explore Pleistocene refugial structure, competi-

tion, physiological tolerances and dispersal ability as contributing factors to the

range difference between these two species.

Location The Pacific Northwest of North America, including Oregon, Wash-

ington and British Columbia – the full range of both species.

Methods We used genetic, environmental and morphological data to test

hypotheses that explain this range difference. Genetic data were used to explore

range expansion dynamics and population structure. Species distributional

models were used to compare current niches to mid-Holocene and Pleistocene

distributions. Morphological data were used to assess phenotypic differences

between the species and test for evidence of spatial sorting.

Results Both species underwent rapid range expansions since the Pleistocene

and share similar population structure. Species distributional models are differ-

ent in distribution at all times periods between species. The species are signifi-

cantly different in all morphological measurements taken. Only P. vehiculum

shows evidence of spatial sorting.

Main conclusions Physiological tolerance and dispersal ability best explain

the distributional difference between these species. Spatial sorting most likely

plays a key role in the range expansion of P. vehiculum.

Keywords

Pacific Northwest, phylogeography, Plethodon, range expansion, spatial sort-

ing, species distributional modelling

INTRODUCTION

Current distributions of species are influenced by a

combination of factors, including ancestral distributions,

physiological tolerances, biotic interactions and dispersal

ability (Gaston, 2009). While the relative influence of each

factor can be difficult to determine, understanding the

contributions of each facilitates a deeper knowledge about

the evolutionary history of any organism. This is particu-

larly true for species in temperate zones, where climatic

fluctuations associated with Pleistocene glaciations (Pielou,

1991) add complexity in determining species distributions

because species ranges must shift accordingly (Shafer et al.,

2010).

The Pacific Northwest of North America (PNW) is a geo-

graphically and climatically dynamic region that has under-

gone dramatic changes including repeated glaciation (Pielou,

1991). During the Last Glacial Maximum (LGM; c. 21Ka),

ice sheets covered much of Washington (WA) and extended

into southern Oregon (OR) along the Cascade Mountains,

shifting species habitat by the presence of ice, and associated

changes in temperature and water availability. The LGM has

been implicated as an important factor that influenced the

phylogeographical history of many species from the PNW,

including salamanders (Carstens et al., 2004; Kuchta & Tan,

2005; Wagner et al., 2005; Steele & Storfer, 2007; Pelletier

et al., 2011, 2015). These investigations concluded that gla-

cial refugia were available during the LGM south of the ice
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sheets, either in the foothills of the Cascades or in pockets

along the coast, and demonstrated that range expansion

occurred as the glaciers retreated (Brunsfeld et al., 2001; Sha-

fer et al., 2010). Thus, salamanders in the PNW represent an

effective model for investigating factors that influence geo-

graphical range shifts. We focus on developing an under-

standing of how the geographical range of a pair of sister

species of Plethodon salamanders has shifted through evolu-

tionary time, in response to climatic changes of the Pleis-

tocene.

In order to understand the factors that influence the evo-

lution of geographical range, it is important to avoid being

misled by phylogenetic differences among clades; comparing

co-distributed sister taxa can control for non-shared histories

of lineages (Dawson, 2012). Plethodon dunni Bishop, 1934

and P. vehiculum Cooper, 1860 are sister species that

diverged c. 10 Ma (Kozak et al., 2009) during the warmer

climate of the Pliocene and late-Miocene, long before the

cyclic glaciations of the Pleistocene (Robinson et al., 2008).

Like all Plethodon salamanders, P. dunni and P. vehiculum

inhabit moist, cool environments and are generally assumed

to be dispersal limited due to dependence on moist condi-

tions for respiration (Ovaska, 1988). These species are largely

sympatric and widespread throughout the PNW, though the

distribution of P. vehiculum extends much farther north than

that of P. dunni (Fig. 1). Multiple reasons may explain the

different distributions between this pair, specifically the more

northern distribution of P. vehiculum.

First, the range differences between P. dunni and P. vehicu-

lum might be the result of differences in refugial structure of

the species during Pleistocene glaciations (Stewart et al.,

2010). If ancestral ranges were larger, more numerous or

located farther north for P. vehiculum during the LGM, then

its larger current range may result from these factors. Phylo-

geographical breaks are commonly detected around the Ore-

gon-California boundary (Swenson & Howard, 2005), as

habitat between glaciated mountaintops was probably suit-

able for many amphibian species. Additionally, the southern

WA and OR Cascade Mountains and coastal regions of the

PNW may have provided areas of suitable habitat for terres-

trial organisms (Steele & Storfer, 2006; Pelletier et al., 2011),

and this may be the case for P. vehiculum. If so, we expect

haplotypic data to suggest multiple glacial refugia or higher

haplotype diversity in the north, and species distributional

models (SDM) at the LGM (c. 21 ka) and the mid-Holocene

(c. 6 ka) to indicate multiple, larger and/or more northern

refugia during these times.

Second, competition could account for differential distri-

butional patterns, which could manifest in multiple ways.

Plethodon dunni may be a stronger competitor, thereby forc-

ing P. vehiculum into adjacent, less optimal habitat. Lab

experiments propose that P. vehiculum will be found in less

optimal conditions (i.e. temperature and humidity extremes)

when in the presence of P. dunni, but the opposite pattern

does not occur (Dumas, 1956). We observed P. dunni in

high numbers by the splash zones of streams and waterfalls,

while P. vehiculum is often less abundant or non-existent in

some of these areas. Body size may play a role, as P. dunni

(50–55 mm SVL) is generally a larger salamander than P.

vehiculum (42–44 mm SVL) (Brodie, 1970); body size and

behaviour in eastern Plethodon salamanders drive resource

use and ecological interactions (Hairston et al., 1987; Adams,

2007). If differential competitive ability is present, we expect

to see significant morphological differences in body size

between P. dunni and P. vehiculum and also potentially a dif-

ference in morphological characters within species where

they are and are not sympatric.

However, P. vehiculum could play a different role ecologi-

cally than other Plethodon salamanders in the PNW allowing

it to occupy a larger range because it is not in direct compe-

tition with other Plethodon species. There are two other

Plethodon salamander species that inhabit regions north of

the geographical range of P. dunni, and P. dunni could be

excluded from the northern range of P. vehiculum by P. van-

dykei and P. larselli, salamanders that are also more restricted

to splash zones and overall wetter habitat (Dumas, 1956;

Aubry et al., 1987; Corkran & Thoms, 2006). If P. dunni is

outcompeted by other Plethodon salamanders, then we expect

the SDMs of P. dunni to be similar with these other species,

even though the distribution of P. dunni does not currently

extend that far north.

Finally, the difference in distribution may be explained by

physiological tolerances and dispersal ability. Niche models

based on the current species distributions will predict larger

niche space for P. vehiculum than that for P. dunni if there is

simply more suitable habitat available for P. vehiculum.

Although both species occur in densely forested areas of the

PNW, they may differ in their habitat tolerances. For exam-

ple, temperature and precipitation have been highly sup-

ported as edge limits in some eastern Plethodon salamanders

(Cahill et al., 2014). Plethodon dunni appears to have a

higher affinity to moist substratum and lower temperatures,

while P. vehiculum appears to be more tolerant of lower

humidity and higher temperatures (Dumas, 1956). We

observe P. vehiculum distributed throughout the forest floor

as well as alongside streams, but we observe P. dunni almost

exclusively alongside splash zones of streams and waterfalls.

Additionally, if climatic tolerances are the main determinant

of a species range, then the observed distribution of both

should be almost identical to that of the estimated SDMs

(Baselga et al., 2012).

Dispersal limitations that differ between these species may

suggest that P. vehiculum has undergone a more dramatic

expansion than P. dunni. If so, we expect to see less haplo-

typic diversity in the north in P. vehiculum, an indication of

northern range expansion, as well as genetic evidence of a

stronger or earlier demographical expansion. Furthermore,

we might identify phenotypic traits associated with dispersal

ability to a greater extent in P. vehiculum than in P. dunni.

This may be observed as spatial sorting – assortative mating

over geographical space and the subsequent evolution of

morphological characteristics associated with dispersal ability
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at range edges (Simmons & Thomas, 2004; Shine et al.,

2011; Lindstr€om et al., 2013). Spatial sorting suggests that

faster-dispersing individuals at the leading edge of a species

range will breed with each other, therefore producing more

faster-moving individuals. In this capacity, individuals with

phenotypes allowing for more efficient dispersal will be

found at the edge of a species range. For example, lodgepole

pine migrated northward from south of the ice sheets at the

(a) (b)

Figure 1 Sampling localities for (a) Plethodon dunni in green and (b) Plethodon vehiculum in red from Northwest North America. Dark

solid circles are all sampling localities. Light coloured circles within the larger dark coloured circles are sampling localities from which
the subset of DNA data was sequenced. Stars represent sampling sites for morphological measurements. Localities are sampled from

throughout the distributions of both species. We were unable to sample for morphological measurements at the far south edge of the
distribution for both species due to large forest fires and destruction of habitat during the 2013 season. A map of all GPS points used

for SDMs can be found in Appendix S2.
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LGM into Canada, c. 2200 km in c. 12,000 years, whereas

fossil evidence suggests this species is still migrating north;

seed mass and wind loading, two morphological characters

that contribute to dispersal ability, are positively correlated

with time since founding (Cwynar & MacDonald, 1987).

This suggests that temperate systems are ideal for detecting

spatial sorting.

Here, we explore three general explanations that could be

shaping the difference in distributional pattern between

P. dunni and P. vehiculum: (1) Glacial refugial structure: the

range differences between the two species are the result of

differences in the refugial structure of the species during

Pleistocene glaciations. (2) Competitive exclusion: the two

species are in direct competition with one another. (3) Dis-

persal/physiological differences: the range of P. vehiculum is

larger than P. dunni because there is more suitable habitat

available for P. vehiculum than P. dunni and P. vehiculum is

a more capable disperser. We use multiple lines of evidence

to test these varying hypotheses and elucidate the phylogeo-

graphical patterns within P. dunni and P. vehiculum.

MATERIALS AND METHODS

Genetic data

Tissue samples were collected from 136 P. dunni individuals

from 30 localities and 218 P. vehiculum individuals from 58

localities throughout both of their ranges (Fig. 1; see

Appendix S1). One mtDNA locus, cytochrome b (Cyt b),

was sequenced for all individuals. We sequenced a subset of

individuals for a number of nuclear loci (Appendix S1). One

of these loci was the Recombination Activating Gene

(RAG1). Other primers were designed with genomic DNA

libraries constructed from P. dunni/vehiculum, using restric-

tion digest and subcloning using the Qiagen PCR cloning

kit. To determine the most efficient number of individuals

and nuclear loci to sequence to effectively detect population

divergence with range expansion, we first conducted a power

analysis using approximate Bayesian computation (ABC) on

models with and without expansion (Appendix S1). We

sequenced 72 individuals for P. dunni (28 of the 30 locali-

ties) and 96 individuals for P. vehiculum (39 of the 58 locali-

ties) to ensure a comparable level of sampling across their

ranges. We were able to confidently sequence six loci in each

species (Appendix S1). PCR clean-up and Sanger sequencing

were carried out at Beckman Coulter Inc. (Danvers, MA,

USA). Sequence editing and alignment were conducted using

Geneious 8.0.4 (2014). Sequence data were phased to alleles

using SeqPHASE (Flot, 2010) and phase 2.1 (Stephens et al.,

2001).

We first calculated nucleotide diversity (p), the number of

segregating sites (ss), the number of haplotypes (h), Tajima’s

D, Fu’s Fs, Fay and Wu’s hH, and the difference between hH
and p (H) for each locus in DnaSP 5 (Rozas et al., 2003).

Tajima’s D and Fu’s Fs are used to distinguish population

growth from a constant population size because population

expansion generates an excess of mutations in external

branches (i.e. single mutations; Ramos-Onsins & Rozas,

2002). Significant negative numbers can indicate population

expansion.

Haplotype distributions were plotted geographically for

each locus in both species. Areas with higher levels of haplo-

type diversity are suspected to be areas of glacial refugia,

whereas those with little haplotype diversity are most likely

the result of an expanding population. We also calculated

mismatch distributions, the distribution of the number of

differences between pairs of DNA sequences, in DnaSP for

each locus to visualize the distribution of sequence variation.

The mismatch distribution for each locus is plotted com-

pared to a model of constant population size (Ramos-Onsins

& Rozas, 2002).

Extended Bayesian skyline plots infer effective population

size (Ne) through time and were estimated in *beast 1.7.1

(Drummond & Rambaut, 2007). Models of sequence evolu-

tion were chosen using jModeltest 2.0 (Darriba et al.,

2012; see Appendix S1). Strict clocks were used for all loci.

We ran the analysis using both linear and stepwise models.

Default settings were used except that clock priors were set

to uniform between 1 and 100, the demographical popula-

tion mean initial value was set to 1, the kappa weights were

set to 1, and the demographical population mean was

unchecked, following the *beast Bayesian skyline tutorial.

Runs were inspected using Tracer 1.5 (Rambaut & Drum-

mond, 2009) to assess MCMC mixing, and 500,000,000 gen-

erations were run sampling every 100,000 generations, using

a burn-in of 10%. We assumed a mutation rate of

1.0 9 10�9 (Herrick & Sclavi, 2013; Pelletier & Carstens,

2014) to calculate Ne.

We used Structurama2 (Huelsenbeck et al., 2011) to

identify the number of populations for downstream analyses

to infer the structure of glacial refugia. One population

within a species might indicate better dispersal, while multi-

ple populations could indicate that dispersal is hindered in

some way, or multiple glacial refugia existed. The number of

populations (K) was treated as random variable under the

Dirichlet process prior, and for reliability, multiple runs were

conducted using a series of gamma priors: (0.1, 1), (1, 1),

(0.1, 10), (1, 10). Once K was determined, we ran the analy-

sis fixing K to allow for admixture. All runs consisted of

10,000,000 generations with a sample frequency of 1000 and

10% burn-in. Plots were produced using distruct 1.1

(Rosenberg, 2004).

Based on the results from Structurama2, we used ABC

to determine the best model of divergence and expansion for

each species, assuming three populations (Fig. 2): (1) three

populations split deep in time (s = 8–0.5), and all popula-

tions persisted throughout the LGM; (2) one glacial refuge at

the start of the LGM with a more recent split (s = 0.25–
0.0001) among the three populations; (3) one population

split deep in time (s = 8–0.5) and the other split more

recently (s = 0.25–0.0001), so two populations persisted

throughout the LGM. Differentiating among these models
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will elucidate whether populations persisted throughout the

Pleistocene, formed during the LGM, or a combination of

these.

All populations were allowed to expand (c = 0–5) and

theta (h = 4Nel) was set between 0.01 and 5. Priors were

based on previous Plethodon studies (Pelletier & Carstens,

2014; Pelletier et al., 2015) and past climatic fluctuations

(Webb & Bartlein, 1992). A total of 6,000,000 simulations

were conducted using ms (Hudson, 2002), and the following

five summary statistics were calculated: {p, ss, D, hH, H}.
The ‘abc’ package (Csill�ery et al., 2011) in R 3.1.1 (R Core

Team, 2014) was used to conduct the rejection step. We first

used the leave-one-out cross-validation step to determine

which threshold, vector of summary statistics and type of

rejection step to use (Appendix S1). For the final analysis,

we chose to present results based on the summary statistics

vector {p, D, hH, H}, threshold 0.01 and the ‘mnlogistic’

rejection for model selection and ‘loclinear’ rejection for

parameter estimation.

Species distributional models

We estimated current and historical (21 and 6 ka) niches for

both species to determine where the habitat was suitable in

the past, how their distributions have changed since the

LGM and whether P. dunni and P. vehiculum could poten-

tially inhabit the same current geographical space. GPS coor-

dinates were obtained from sampling localities of this study

and the HerpNet database (http://herpnet.org), totalling 202

P. dunni and 346 P. vehiculum points (Appendix S2). A total

of 19 bioclimatic variables are available at 1-km resolution

(Bio1-19) from http://worldclim.org/bioclim. We only used

bioclimatic variables also found in the historical datasets

making the models directly comparable and removed any

variables that were highly correlated (�0.9 ≥ r ≥ 0.9; we also

evaluated models at �0.7 ≥ r ≥ 0.7). Our final analyses

included 11 bioclimatic variables for P. dunni and eight bio-

climatic variables for P. vehiculum (Appendix S2).

ArcMap 10.2.2 (ESRI, 2011) was used for data layer

manipulation and maps were clipped at 51° N, 40° S,

�128° W and �120° E. Niche models were created using

Maxent 3.3.3 (Phillips et al., 2006b) with 80% of the

localities used to predict the model and 20% of the localities

used in a jackknife analysis to test the models. Given some

of the critiques of this model (Royle et al., 2012; Merow

et al., 2013), models were also evaluated using the ‘biomod2’

package (Thuiller et al., 2014) in R 3.2.1 (R Core Team,

2014), to add pseudo-absence data and test different parame-

ters of the Maxent method (Appendix S2). The models were

evaluated using area under the curve (AUC) and true skill

statistic (TSS) scores. We also projected models for P. vandy-

kei and P. larselli with data from Pelletier et al. (2015) onto

the Mid-Holocene bioclimatic data and compared the niches

of P. dunni to the current and LGM models of these two

species from Pelletier et al. (2015).

Morphological data

Total length (TL), snout–vent length (SVL), femur length

(FL) and body weight (W) were taken in the field, along

with photographs including a colour card from 38 P. vehicu-

lum and 42 P. dunni individuals (Fig. 1; Appendix S3). Sala-

manders were subjected to 1–5 g L�1 of tricaine-S in

distilled H2O for 5–15 min to anaesthetize the animals for

accurate measurements in the field (Mitchell, 2009). Once

the data were recorded, the salamanders recovered in fresh

distilled water for up to 1 hour and were released where

found. Costal groove count (CG) was taken from pho-

tographs. FL was scaled to body weight (FL/W) and SVL

(FL/SVL) as additional morphological variables. These vari-

ables were chosen because body size and leg length have been

associated with dispersal ability (Phillips et al., 2006a). We

expect body size could be an especially important factor for

dispersal in amphibians because desiccation tolerance can be

quite variable among closely related amphibian species (Hill-

man et al., 2009), and smaller amphibians have a greater tol-

erance to water loss than larger ones (Thorson, 1955).

Although we are aware that other phenotypic characteristics,

such as behaviour and physiology, may be under selection

for dispersal, we focused on morphological characters for

this study because they are easily collected in the field.

All statistical analyses were conducted using R 3.1.1 (R

Core Team, 2014). No variables deviated substantially from

normality. We tested whether each variable was significantly

different between species using two-tailed t-tests. Differences

in certain morphological characters may be indicative of dif-

ferential dispersal ability and physiological tolerances. We

conducted multiple regression analyses for each

 = 8-0.5

 = 0.25-0.0001

 = 0.01-5;  = 0-5Model 1 Model 3Model 2

PP=0.0018
PP=0.0084

PP=0.0048
PP=0.0177

PP=0.9934
PP=0.9739

P. dunni
P. vehiculum

Figure 2 Demographical models for ABC

analysis of two Plethodon species from
Northwest North America. PP = posterior

probability. Model priors: h = 4Nel,
c = exponential rate of expansion, s = time
in N generations.
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morphological variable against latitude, longitude, and alti-

tude to identify associations with any of these geographical

components. We expect to see a linear relationship with lati-

tude for morphological characters if they are associated with

a northern range expansion. Finally, we ran a principal com-

ponents analysis (PCA) on both species to look for any pat-

tern in the morphological measurements that could be

explained by sympatry. Specifically, we expect to see some

difference in morphological measurements in P. vehiculum

where they are or are not in sympatry with P. dunni if com-

petitive exclusion was a possibility.

RESULTS

Genetic data

Six loci were sequenced for each species (Table 1). Sequences

are deposited in GenBank (KX433187-KX434428).

In P. dunni, two of the six and three of the six loci were

significantly negative, for Tajima’s D and Fu’s Fs, respec-

tively, indicating expansion. In P. vehiculum, one locus was

significantly negative for Tajima’s D, but all loci were signifi-

cantly negative for Fu’s Fs. Most haplotypic diversity in both

species is found in the southern portion of its distribution

(Appendix S1). In P. dunni, for most loci, there is one domi-

nant haplotype that can be found from the most southern

portion of its range through WA. A similar pattern is evident

in P. vehiculum, and a single dominant haplotype can be

found from the south/central portion of its range all the way

into British Columbia (BC) and is the only haplotype found

in many northern localities. Such patterns are indicative of

range expansion. Results from the mismatch distributions

are similar, where three loci in P. dunni and five loci in P.

vehiculum indicated population expansion (Appendix S1).

Bayesian skyline plots demonstrate that both species under-

went a very recent rapid population expansion, although the

expansion was about six times greater in P. dunni than in P.

vehiculum (Fig. 3) and the current Ne differed among species

(c. 500,000 for P. dunni and c. 100,000 for P. vehiculum).

Results from Structurama2 indicate that both species

contain similar population genetic structure, with the highest

posterior probability at K = 3. Plethodon vehiculum is highly

geographically structured, while P. dunni is less so, particu-

larly in the northern part of its range, and there is little

admixture among groups in both species (Fig. 4). The poste-

rior probabilities across runs were similar, so only probabili-

ties from run with prior (1, 10) are provided for simplicity

(Appendix S1). Populations within P. vehiculum cluster geo-

graphically, while two of the populations from P. dunni do

not.

The ABC results indicate that a model with one glacial

refuge at the start of the LGM with a more recent split

(s = 0.25–0.0001) among the three populations was the best

fit for the data in both species (Model 2). The posterior proba-

bility for this model was 0.9934 in P. dunni and 0.9739 in P.

vehiculum (Fig. 2; Appendix S1). Parameter estimates

(Appendix S1) for exponential population growth in all three

populations are similar for both species, though slightly higher

in P. dunni (mean c1 = 2.5418, c2 = 2.4708, c3 = 3.0364) than

in P. vehiculum (mean c1 = 2.4427, c2 = 2.4267, c3 = 3.0163).

Theta (h) is also higher in P. dunni (0.4857) than in P. vehicu-

lum (0.3218), and the timing of divergence (s) is slightly ear-

lier in P. dunni (0.1108) than in P. vehiculum (0.1189). Using

the mutation rate 10�9 and a generation time of 3 and 5 years

(Herrick & Sclavi, 2013; Pelletier & Carstens, 2014), these esti-

mates range from c. 17 to 28 ka for P. dunni and from c. 12 to

20 ka for P. vehiculum.

Species distributional models

To provide insight into the ancestral distributions of each spe-

cies, we estimated SDMs at the LGM, the mid-Holocene and

the present from bioclimatic data that pertain to temperature

and precipitation (Fig. 5). These models were a good fit to the

Table 1 Population genetic statistics of two Plethodon species from Northwest North America. n = number of alleles; bp = base pairs;
p = nucleotide diversity; ss = segregating sites; h = number of haplotypes; hH = Wu’s thetaH; H = difference between p and hH;
**P < 0.01; *P < 0.05; ns = not significant.

Locus n bp Tajima’s D Fu’s Fs p ss h hH H

Plethodon dunni Pl1 120 213 1.10433ns 0.367ns 0.00305 2 4 0.00175 0.0013

Pl69 136 401 �1.36933ns 1.108ns 0.00357 16 6 0.00727 �0.0037

Pl110 132 436 �2.15627** �1.116ns 0.00800 12 4 0.00511 0.00289

MYL6 116 272 1.32678ns 7.651** 0.01348 13 5 0.00897 0.00451

RAG1 122 599 �1.58327ns �6.887** 0.00097 9 10 0.00279 �0.00182

Cyt b 116 510 �1.84118* �8.121** 0.00253 19 15 0.00728 �0.00475

Total bp 2431

Plethodon vehiculum Pl16 184 387 �1.08576ns �5.575** 0.00241 10 12 0.00446 �0.00205

Pl69 182 404 �0.6333ns �2.521* 0.00382 12 12 0.00514 �0.00132

Pl110 188 436 �0.61797ns �5.968** 0.00354 12 16 0.00474 �0.0012

MYL6 184 316 0.45928ns �8.593** 0.00527 8 19 0.00437 0.0009

RAG1 158 599 �2.32316** �11.299** 0.00025 12 8 0.00355 �0.0033

Cyt b 184 540 �0.02794ns �2.227* 0.01058 47 26 0.01535 �0.00477

Total bp 2682
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data (P. dunni: AUC = 0.97, TSS = 0.83; P. vehiculum:

AUC = 0.92, TSS = 0.68). Modelling with pseudo-absence

data, different Maxent parameters and the different cut-off

for variable correlations did not significantly change the mod-

els or our interpretations (Appendix S2). The modelling sug-

gests that the potential historical range of these species was not

the same: P. vehiculum had a larger estimated distribution than

P. dunni at the LGM and habitat for P. dunni was more south-

ern. Both species distributions shift north later during the

mid-Holocene, but at this time point, the distribution of

P. vehiculum becomes smaller than P. dunni. Again, there is a

shift in distributions for the current SDM; P. dunni has a much

smaller potential distribution than P. vehiculum. Both distribu-

tions extend the same distance south, but the model for

P. vehiculum suggests suitable habitat for geographical space

much farther north than P. dunni, a pattern that matches their

current known distributions.

These models closely match their current known distribu-

tions, even to the extent that P. dunni appears to have a

more patchy distribution. There is overlap in the variables

contributing the most to the models between the two species,

but P. dunni appears to be more affected by cold tempera-

ture and precipitation in the dry months, while P. vehiculum

appears to be more affected by temperature in the dry and

wet months (Table 2).

There is little similarity among the current, mid-Holocene

and LGM SDMs between P. vandykei and P. dunni, or P. lar-

selli and P. dunni (fig. 3a,b in Pelletier et al., 2015;

Appendix S2), except for the suitable habitat for all species

below the extent of glaciation. Overall, the SDMs of P. lar-

selli and P. vandykei do not show very similar ecological

niches with P. dunni.

Morphological data

Plethodon dunni and P. vehiculum were significantly different

for all variables (Table 3; Appendix S3). The only morpho-

logical character in P. dunni that co-varied with spatial mea-

sures was CG with latitude, while controlling for longitude

and altitude (P = 0.0466). In contrast, P. vehiculum had

many such characters: SVL (P = 0.0276), TL (P < 0.001), FL

(P = 0.0407), W (P = 0.0022) and FL/W (P = 0.0263) were

all associated with latitude when controlling for longitude

and altitude. This indicates that P. vehiculum has multiple

morphological characteristics that can be associated with dis-

persal that change in a north–south fashion. In both P. dunni

and P. vehiculum, PC1 + PC2 explained 99% of the variation

within species with the highest loading for these axes being

SVL and TL (Appendix S3). Neither species showed any clus-

tering, so it does not appear that there are differences within

species that group according to whether the species are sym-

patric or not.

DISCUSSION

Many factors can contribute to the current geographical dis-

tribution of organisms, including the size and location of

ancestral populations (Stewart et al., 2010), competition
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Figure 3 Extended Bayesian skyline plots with 95% HDP for two Plethodon species from Northwest North America.
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(Kozak et al., 2009), and physiological tolerances and disper-

sal ability (Baselga et al., 2012). Our study examines these

factors in two sister species of terrestrial salamander in the

PNW. Plethodon dunni and P. vehiculum are diverged

c. 10 Ma and sympatric, though P. vehiculum has a much

larger northern distribution. The combined results from the

genetic, environmental and morphological data suggest that

temperature and humidity physiological tolerances, and

dispersal ability most adequately explain the difference in

distribution between these two species.

Genetic data suggest that both species underwent a recent

rapid range expansion, as evident by summary statistics, mis-

match distributions and Bayesian skyline plots. Population

size in P. dunni is larger and grew faster than that of

P. vehiculum. This is an interesting difference because it

means that although the population size and demographical

expansion in P. dunni is substantially greater than P. vehicu-

lum, the magnitude of geographical expansion does not coin-

cide with this result.

Population genetic structure in both species has developed

since the LGM. In other words, there were no more glacial

refugia in P. vehiculum than P. dunni. The parameter esti-

mates from the ABC analysis are similar to those from the

Bayesian skyline plots, suggesting that P. dunni has a larger

Ne than P. vehiculum, and the rate of demographical expan-

sion was higher in P. dunni than in P. vehiculum. The ABC

results suggest that the expansion and divergence of P. dunni

occurred earlier than it did in P. vehiculum, so the idea that
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P. vehiculum has a larger distribution because it has been

expanding for a longer period of time is rejected.

Haplotype distributions are consistent with a rapid north-

ern range expansion in both species due to the paucity of

haplotypic diversity in the north, whereas almost all haplo-

typic diversity is found in south/central OR. In P. vehiculum

in particular, there is almost no haplotypic diversity found in

northern OR, WA and BC, suggesting no northern refugia

existed in this species. In total, analyses of the genetic data

support a recent demographical population expansion, but

that differences in the refugial structure between species

cannot explain the larger and more northerly distribution of

P. vehiculum.

Species distributional models indicate that both species

persisted throughout the most recent glaciation in a single

refugium. In each species, the SDMs from the LGM predict

that suitable habitat existed south of the glacial extent. While

the extent of suitable habitat in P. vehiculum is farther to the

north than P. dunni, the genetic data suggest that northern

areas did not contain glacial refugia. Interestingly, the mid-

Holocene model for P. dunni is larger than P. vehiculum,

suggesting this warmer time period might present a more

suitable climate for P. dunni than for P. vehiculum and the

larger distribution of P. vehiculum is more recent. This result

emphasizes the importance of considering climatic condi-

tions during the Hypsithermal Interval (Mathews & Heusser,

1981) when considering ancestral distributions in range

expansion studies.

Direct competition between P. dunni and P. vehiculum

also does not explain the differing extent of their geo-

graphical ranges. We would expect to see SDMs at all time

periods that are nearly identical in both species if they

were not limited in range by environmental factors (Base-

lga et al., 2012). Instead, the current SDMs closely match

the known species distributions, which differ in their

extent, so for P. dunni there is little suitable habitat in the

regions that were more recently deglaciated, and there are

differences between the LGM and mid-Holocene SDMs

between the two species. Furthermore, their morphological

differences are not influenced by sympatry, indicating that

there is no morphological displacement in these species

(Adams & Rohlf, 2000; Adams, 2004). Similarly, the lack

of overlap between the SDMs of P. dunni and either

P. vandykei or P. larselli in WA indicate that additional

northern expansion in P. dunni is not being prevented by

these species. Overall, there is little evidence that competi-

tive exclusion prevents P. dunni from additional northern

expansion.

Last Glacial Maximum ~21Ka Mid-Holocene ~6Ka Current

(a) P. dunni 0.9
0.5

0.01

(b) P. vehiculum

Figure 5 Species distributional models for (a) Plethodon dunni and (b) P. vehiculum from Northwest North America. Warmer colours

show areas with higher probability of suitable habitat.
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Plethodon dunni and P. vehiculum are morphologically

divergent, which may be an indication that they occupy dif-

ferent ecological niches. Smaller amphibians have a greater

tolerance to desiccation than larger ones because they uptake

water much faster and are associated with greater oxygen

uptake (Thorson, 1955; Feder, 1983; Hillman et al., 2009).

Plethodon dunni is larger than P. vehiculum and is, therefore,

likely more prone to desiccation (Dumas, 1956). In general,

amphibians are strongly constrained by water and tempera-

ture (Buckley & Jetz, 2007), and water loss has been found

to be a significant predictor of spatial distribution and abun-

dance in P. albagula (Peterman, 2013); this constraint would

be exacerbated by dramatic climate changes associated with

Pleistocene glacial cycles. These characteristics suggest that

P. vehiculum may be less dispersal limited than P. dunni

because it is more tolerant of suboptimal habitat.

In P. vehiculum, we observe a significant linear relation-

ship between latitude and morphological variables that can

be associated with dispersal in amphibians (Phillips et al.,

2006a). Although body size clines have been observed in

eastern Plethodon species, they do not appear to be associated

with temperature (Olalla-T�arraga et al., 2010), making clines

observed in P. vehiculum difficult to explain. We suspect that

P. vehiculum is a better disperser than P. dunni, although

information on dispersal in Plethodon salamanders is almost

non-existent (but see Smith & Green, 2005). The maximum-

recorded distance travelled by P. vehiculum is 8.5 m over

2 years with extremely high site fidelity (Ovaska, 1988).

Given that the LGM was at c. 18–21 ka (Pielou, 1991), P.

dunni will have had to move at least 23 m year�1, and P.

vehiculum will have had to move at least 43 m year�1, to

reach their current locations, c. 470 and 890 km, respectively,

from their most likely southern glacial refuge. This observa-

tion is consistent with the specific epithet (vehiculum trans-

lated to vehicle, conveyance, or a means of transport).

Clearly, the range expansion of P. vehiculum was more suc-

cessful than its sister taxon, especially given its lower demo-

graphical expansion, and is likely ongoing. The latitudinal

morphological clines and correspondence with a rapid and

ongoing northern range expansion suggest that spatial sort-

ing is a reasonable hypothesis for range evolution in P.

vehiculum. Limited studies have explored spatial sorting, but

it is suspected in several lineages from insects to amphibians

(Hanski et al., 2002; Simmons & Thomas, 2004).

CONCLUSIONS

Factors such as ancestral population dynamics, range expan-

sions, physiology and dispersal are vital factors that shape

species distributions. Identifying these factors from complex

scenarios is an ongoing challenge; however, combining mul-

tiple data types can make distinguishing among hypotheses

possible. The best explanation for the difference in distribu-

tion between these two species is physiological tolerances

and dispersal ability instead of competition or a difference

in glacial refugia, a global pattern found in many taxa

Table 2 Bioclimatic variable contributions from Maxent

species distributional models. Mean temperature of the coldest
quarter, annual mean temperature, precipitation seasonality and

precipitation of the driest quarter contribute the most to the
Plethodon dunni models. Temperature seasonality, mean

temperature of the wettest quarter, precipitation seasonality and
mean temperature of the driest quarter contribute the most to

the P. vehiculum models.

Variable

Percent

contribution

P. dunni

BIO11 Mean temperature of coldest quarter 27.5

BIO1 Annual mean temperature 23

BIO15 Precipitation seasonality 20.3

BIO17 Precipitation of driest quarter 18.2

BIO13 Precipitation of wettest month 4.4

BIO16 Precipitation of wettest quarter 3.7

BIO4 Temperature seasonality 1.8

BIO10 Mean temperature of warmest quarter 0.6

BIO19 Precipitation of coldest quarter 0.3

BIO8 Mean temperature of wettest quarter 0.2

BIO9 Mean temperature of driest quarter 0

P. vehiculum

BIO4 Temperature seasonality 38.1

BIO8 Mean temperature of wettest quarter 22

BIO15 Precipitation seasonality 11.4

BIO9 Mean temperature of driest quarter 10.4

BIO17 Precipitation of driest quarter 7.3

BIO18 Precipitation of warmest quarter 4.3

BIO16 Precipitation of wettest quarter 3.5

BIO14 Precipitation of driest month 2.9

Table 3 Morphological measurements of two Plethodon species from Northwest North America. Measurements taken in mm.

SVL = snout–vent length; TL = total length; FL = femur length; W = weight in g; FL.SVL = FL scaled by SVL; FL.W = FL scaled by W;
CG = costal groove count; SD = standard deviation.

SVL TL FL W FL.SVL FL.W CG

P. dunni

Mean 54.6026 104.7829 5.5314 2.9643 0.1020 2.3163 13.1

SD 10.8468 20.4113 1.0014 1.4750 0.0087 1.1294 0.261

P. vehiculum

Mean 43.8995 79.0076 4.1875 1.5000 0.0960 3.4098 14.2

SD 6.0549 13.8009 0.5007 0.6346 0.0093 1.6931 0.132

t-test P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.004 0.0014 < 0.0001
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(Stewart et al., 2010; Baselga et al., 2012; Cahill et al.,

2014). This is important because Plethodon salamanders are

thought to be extremely ecologically and morphologically

constrained (Mueller et al., 2004). Conversely, we argue that

even small differences in these characteristics can have large

impacts on distributional patterns and will certainly play a

large role in response to future climate changes (Thomas

et al., 2004; Rapacciuolo et al., 2014). Furthermore, we pro-

pose that spatial sorting is underexplored in range expan-

sion analyses. In P. vehiculum, no other explanation is

consistent with the total (genetic, environmental and mor-

phological) evidence.
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