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Montane regions are centers of endemism and species richness for many taxa, including plethodontid salamanders. The
forces creating and maintaining species’ elevational range limits have been extensively studied in members of the genus
Plethodon. However, the mechanisms underlying these limits are still poorly understood. Prior work has often focused
on range limits from a single perspective, testing ideas of niche conservatism and climatic sensitivity or interspecific
competitive interference. Range limits are a complex interaction of both ecological and evolutionary processes. Biotic
and abiotic factors may be interacting at different scales, regulating genetic drift, gene flow, and local adaptation. It is
only through integrating these ideas across multiple systems that we will be able to begin addressing what limits
species elevational distributions.

A
LL species exist in a limited geographic range, but
their distributions can vary greatly in size. For
example, some species’ ranges span continents,

whereas others are restricted to a single mountaintop.

Despite extensive work characterizing species distributions,
the processes that generate and maintain these ranges are still
not well understood. The question of what limits the ranges
of species has achieved heightened relevance in the face of
climate change, especially in montane regions, which are
centers of endemism and diversity for many plant and
animal taxa (Myers et al., 2000; Parmesan, 2006). A warming
global climate is of particular concern for montane species
because they can only track their niche as far as the top of the
mountain (Parmesan, 2006). Moreover, given that the

intervening lowland regions between adjacent mountaintops
seem to be climatically unsuitable for many montane
specialists, migrating to higher latitudes may be impossible,
even over small geographic distance. Understanding the
mechanisms that generate and maintain species’ elevational
ranges is therefore essential for predicting how montane
biotas will respond to climate change (Myers et al., 2000;
Parmesan, 2006; Graham et al., 2014).

What causes some species to be ‘‘stuck’’ on the top of a
mountain? In landscapes like the sky islands in the desert
southwest of the United States, the causes of montane

endemism are obvious—species adapted to cool, mesic
forests are unable to occupy the harsh desert habitats at
lower elevations (Parmesan, 2006; Knowles et al., 2007;
Galbreath et al., 2009; Waltari and Guralnick, 2009).
However, in many montane regions, the elevational range
limits of species are not associated with dramatic climatic
barriers to dispersal. For example, the southern Appalachian
Mountains harbor many high-elevation endemics (Stein et
al., 2000). Yet, highland and lowland habitats are generally
quite similar; both consist primarily of temperate deciduous

forest (Delcourt and Delcourt, 1980). Moreover, many species
that are restricted to high-elevation habitats have close
relatives that thrive at lower elevations (Wiens, 2004). Why
then do montane species fail to occupy adjacent, lowland
habitats?

Woodland salamanders (genus Plethodon) are an ideal
system for studying the processes that drive species’ eleva-
tional range limits. Plethodon are terrestrial salamanders that
occur in forested habitats across North America (Highton,
1995). As lungless ectotherms with direct development,
activity, performance, and fitness are tightly linked to
variation in temperature and moisture (Spotila, 1972; Feder,
1983). The elevational limits of Plethodon have been
rigorously documented through extensive field collections
over the past 50 years. Although a few species appear to
thrive in lowland habitats, the clade reaches its greatest
species richness in the southern Appalachian Mountains
(Highton, 1995; Kozak and Wiens, 2010, 2012). Many of the
species that comprise this hotspot of woodland salamander
diversity occur exclusively in high-elevation habitats (High-
ton, 1995; Kozak and Wiens, 2010) and therefore provide
‘‘natural replicates’’ for testing whether similar processes
limit the ranges of montane endemics, or alternatively,
whether the causes of montane endemism are idiosyncratic
and species-specific.

Given that their ranges often abut those of more
widespread species, competition has long been hypothesized
to limit the ranges of montane endemics (Hairston, 1951;
Diamond, 1970, Jaeger, 1971; Terborgh and Weske, 1975;
Mayr and Diamond, 1976). Many species of Plethodon display
interspecific aggression and territoriality associated with
interference competition (Jaeger, 1971; Thurow, 1976; Hair-
ston, 1980; Marvin, 1998; Marshall et al., 2004), which
would likely limit the ranges of inferior competitors.
However, recent work on range limits of Appalachian
Plethodon employing mechanistic- and distribution-based
niche models suggested that elevational range limits of
mountaintop species are attributed to specialization to
climates occurring at certain elevations (Arif et al., 2007;
Gifford and Kozak, 2012), and that competition with
montane species prevents low-elevation species from occu-
pying climatically suitable habitats at higher elevations.

Here, we review the current state of knowledge on the
influence of biotic interactions, abiotic conditions, and
population dynamics on the elevational range limits of
North American woodland salamanders of the genus Pletho-
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don. Next, we focus on the range limit of Plethodon jordani, as
this species has been studied extensively including behav-
ioral trials and a mechanistic model, and to which we here
add population genetics. Finally, we propose some promising
future directions for investigating multiple drivers of range
limits using recently developed molecular and geospatial
tools.

BIOTIC INTERACTIONS

Range limits due to biotic influences are expected when
species interact in a way that drives down the population size
of one or more of the interacting species. Biotic interactions
are frequently invoked as the primary factor determining
species’ warm-edge (lower latitude) range limits, whereas
abiotic factors are considered to be more important in setting
cold-edge (higher latitude) range limits (Dobzhasky, 1950;
MacArthur, 1972). The general idea is that abiotic conditions
are more favorable at lower latitudes for most species, but
species richness, and thus the number of competitors, is also
higher. In support of this idea, studies have found that biotic
interactions more often determine species range limits in
tropical systems than in temperate systems (reviewed in
Schemske et al., 2009). Studies on species at higher latitudes
have not widely supported biotic interactions as drivers of
warm-edge limits (reviewed in Cahill et al., 2013), and
Plethodon may be less likely to be impacted by this
phenomenon because of their extreme sensitivity to desic-
cation in warmer habitats (Peterman and Semlitsch, 2013).
Prior work has approached warm range limits through the
lens of either biotic or abiotic factors; however, competing
species often come into contact in areas that experience
additional pressures related to energy availability or habitat
connectivity; many of these contact zones may be charac-
terized by interactions among multiple factors.

Although biotic determinants of species ranges have
primarily been studied in the context of competitive
interactions, predation and parasitism could play a role in
limiting species distributions, most likely through interac-
tions with other determinants. Theoretical work has shown
that predators have the potential to drive range limits of prey
species, especially if prey occur along a gradient of produc-
tivity (reviewed in Gaston, 2009). Predation on plethodon-
tids has been studied primarily in the context of aposematic
coloration (Hansel and Brodie, 1976; Tilley et al., 1982;
Fitzpatrick et al., 2009) and antipredator behavior (Feder and
Arnold, 1982). The pressures exerted by predatory snakes,
birds, and mammals have not been extensively examined in
Plethodon, but predation is unlikely to drive elevational range
limits because distributions of most of these potential
predators span the ranges of both montane and lowland
species. Parasites have the potential to limit species ranges,
but little is known about how parasites impact salamanders.
Plethodon are subject to various parasites, but the natural
history of these parasites is poorly understood. Some
parasites, such as the arthropod mites Hannemania sp., are
found on Plethodon, but species vary widely in the frequency
of infection (McAllister et al., 2002; Westfall et al., 2008). For
example, P. ouachitae showed an 80% infection rate, while
sympatric P. albagula were uninfected (Anthony et al., 1994).
Species of Hannemania are found on other amphibians across
the eastern U.S.; however, because the inter-dermal encap-
sulation stage happens during larval development, it has not
yet been possible to characterize mites across salamander
species. Like predators, parasites may exert varying levels of

pressure on different species or in different habitats, and in
this way predation and parasitism could interact with other
range-limiting factors, especially interspecific competition.

Species of Plethodon commonly exhibit elevational turn-
over where a mountaintop specialist is replaced at a lower
elevation by a more widespread, generalist species; replace-
ment occurs with minimal or no range overlap (Hairston,
1951; Highton, 1972). In contrast, other plethodontid genera
generally do not show the sharp geographic turnover seen in
Plethodon, and instead partition microhabitats within over-
lapping ranges (Hairston, 1986). This pattern of sharp
elevational species turnover in Plethodon has been used to
support the hypothesis that the lower elevation range limit
of the mountaintop species is a result of interspecific
competition with the lowland species (Hairston, 1951; Jaeger,
1971). Interspecific competition has been demonstrated to
influence species’ geographic distributions in other montane
systems (Jankowski et al., 2010; Price et al., 2011). Range
limits could also form through interactions between biotic
and abiotic factors, with species coming into contact in areas
where there are habitat-inflicted energy constraints on one or
both species that change population dynamics.

At least some of the narrow zones of sympatry between
species of Plethodon have been associated with shifts in jaw
morphology characters that may be driven by interspecific
competition. Adams and Rohlf (2000) observed that popu-
lations of P. hoffmani occurring in sympatry with P. cinereus
displayed faster closing jaws when compared to P. hoffmani in
allopatry. They also found that P. cinereus showed a shift
toward a slower, stronger jaw morphology in sympatry,
indicating character changes possibly caused by niche
partitioning of prey items or increased aggression. Similarly,
Adams (2004, 2010) found evidence for character displace-
ment in contact zones between P. jordani and P. teyahalee.
However, this pattern does not hold across all species or
habitats, nor is it concordant with existing behavioral studies
which suggest that montane endemics are actually more
aggressive than lowland species with which they are
narrowly sympatric (Nishikawa, 1985; Anthony et al.,
1997). When examining head morphometrics in allopatric
and sympatric populations of P. cinereus and P. electromorphus,
Deitloff et al. (2013) did not recover a consistent shift in
morphology across the species’ overlapping geographic
ranges. Shifts in head morphology due to competition may
not be predictable if competition is mediated by other
ecological and evolutionary factors.

Salamanders of the genus Plethodon have similar ecological
requirements. All members of this genus have a similar life
history and basic body plan. Plethodontid salamanders are
gape-limited opportunistic predators with little dietary
specialization (Powders and Tietjen, 1974; Thurow, 1976;
Hairston et al., 1987), and species consume similar inverte-
brate taxa in zones of sympatry (Hairston, 1981). There is
little evidence that Plethodon directly compete for food
resources (Fraser, 1976; Hairston, 1981; Hairston et al.,
1987), although some species may compete for foraging
territories (Thurow, 1976). Many species seem to defend
cover objects (rocks and logs), which provide refugia when
conditions do not permit surface activity and foraging (Feder,
1983; Jaeger et al., 1983; Mathis, 1990).

As terrestrial, cutaneous-breathing animals, Plethodon have
restricted surface activity. Plethodon only emerge and forage
when temperature and humidity levels prevent or severely
impede desiccation (Feder, 1983). During long periods of
suboptimal temperatures (for example, temperate winters or
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dry seasons), most Plethodon retreat to underground burrows;
however, during shorter periods, salamanders take advantage
of the moisture gradient created by large objects like logs and
rocks on the forest floor (Heatwole, 1962). Field studies on
species of Plethodon rarely find more than one same-sex
salamander under a single cover object (Mathis, 1990;
Anthony and Wicknick, 1993; Marvin, 1998), implying that
local-scale distributions are driven by territoriality. Aggressive
defense of a territory, which allows an individual to retain a
suitable cover object like a rock or log on the forest floor, has
been demonstrated in a number of Plethodon (Thurow, 1976).
Jaeger and Gergits (1979) demonstrated that two different
species of Plethodon, P. shenandoah and P. cinereus, could
detect heterospecific chemical cues, indicating that interspe-
cific territoriality that may be common.

Interspecific and intraspecific competition have been
extensively studied in many plethodontid systems. Agonistic
behavior by resident salamanders has been shown to be an
effective method for retaining territories and cover objects in
lab experiments. The wide-ranging species, P. cinereus, has
been the subject of many of the studies to date. Male and
female P. cinereus show agonistic behavior in both laboratory
and field trials (Jaeger et al., 1982). Larger and resident P.
cinereus have the advantage for obtaining and retaining
optimal cover objects (Jaeger et al., 1982; Mathis, 1990).
Additionally, when resident P. cinereus were removed from
cover objects in field trials, other P. cinereus moved in more
often than when the resident was not removed (Mathis,
1990). These studies, along with others conducted on P.
cinereus, support territoriality as a dominant force driving
intraspecific interactions and spacing.

Through aggressive defense of territories, when two
similarly sized species of Plethodon occur in the same habitat,
one species is expected to drive down the density of the other
species through competitive interference. Interference com-
petition has been invoked to explain the pattern of species
turnover and lack of sympatry seen in many montane
systems (Hairston, 1983; Anthony et al., 1997; Marshall et
al., 2004). Sympatry between similarly sized Plethodon can
result from microhabitat partitioning, with the inferior
competitor occupying less desirable habitat. For example, P.
cinereus has been shown to restrict P. shenandoah to
suboptimal habitats through competitive interference in
nature (Jaeger, 1971), with P. cinereus also displaying more
aggression in laboratory trials (Wrobel et al., 1980). Compet-
itive advantage of wide-ranging generalist species has been
demonstrated through controlled laboratory aggression trials
in P. kentucki and P. glutinosus, where P. kentucki was excluded
from optimal cover objects by P. glutinosus (Marvin, 1998).
Similarly, P. petraeus is known to occupy rocky outcroppings
in its restricted range on Pigeon Mountain in northwestern
Georgia, with P. glutinosus occupying seemingly superior
intervening woodland habitat. This corresponds with labo-
ratory trials where P. petraeus was significantly less likely to
win territorial disputes against P. glutinosus (Marshall et al.,
2004).

Many lowland species are slightly larger in body size
compared to montane species (Kozak et al., 2009), and size
seems to be an important factor in determining competitive
advantage in intraspecific interactions (Mathis, 1990). How-
ever, some mountaintop species, like P. ouachitae, have
demonstrated that increased agonistic behavior can over-
come size differences during competitive interactions with
the lowland species P. albagula (Anthony et al., 1997).
Anthony et al. (1997) demonstrated that this aggressive

advantage allowed the smaller P. ouachitae to exclude the
larger P. albagula and retain cover objects in both laboratory
and field trials. These findings plus the observation that P.
albagula occur at high elevations in the Ouachita Mountains
where P. ouachitae are absent (DBS, unpubl. data) indicate
that P. ouachitae limits the elevational distribution of P.
albagula. What determines the lower elevation limit of P.
ouachitae remains unexplained. A similar result was seen in
behavioral trials between mountaintop P. hubrichti and the
wide-ranging P. cinereus, where P. hubrichti was the dominant
competitor but has a more restricted geographic range (Arif et
al., 2007).

Many of these competition studies have demonstrated the
importance of intraspecific aggression, with dominant
species displaying higher levels of agonistic behavior toward
conspecifics rather than heterospecifics (Nishikawa, 1985;
Anthony et al., 1997; Marvin, 1998). Combined with
intraspecific studies (reviewed in Jaeger and Forester, 1993),
these findings suggest that in some systems the observed
aggression toward heterospecifics is a byproduct of aggres-
sion toward conspecifics (Nishikawa, 1987). Both intra- and
interspecific territoriality would result in driving down
population density in areas where refugia are limited. The
suitability of a cover object to serve as a refugium will depend
on local climatic conditions, and refugia would be expected
to be more limited in warmer and drier environments, such
as those found at lower elevations. As a result, population
dynamics in both contact zones and areas with suboptimal
climatic conditions would be different than dynamics at the
core of the species’ range and would potentially interact with
other factors to restrict range expansion and local adaptation.

ABIOTIC CONDITIONS

Closely related species often have abutting or narrowly
overlapping distributions along environmental gradients
(Costa et al., 2008). Such a coincidence of two species’ range
limits along an environmental gradient makes it difficult to
tease apart the relative importance of abiotic and biotic
factors in determining species distributions. Climatic condi-
tions on mountains vary with elevation, and, thus, moun-
tains are characterized by environmental gradients in which
the disparity in conditions depends on the elevational extent
and the steepness of the gradient depends on the slope.
Montane species typically occupy distinct elevational ranges,
but explicit tests of whether they are constrained by abiotic
or biotic factors are generally lacking. Hypotheses based on
abiotic constraints posit that montane species are physiolog-
ically specialized and are unable to persist in climatic
conditions beyond the limits of their elevational ranges
(Janzen, 1967; Ghalambor et al., 2006). Under the abiotic
constraints hypothesis, a species’ range limit coincides with
the limits of its fundamental niche (Buckley, 2008; Costa et
al., 2008; Kearney and Porter, 2009). In contrast, hypotheses
based on biotic constraints posit that interspecific competi-
tion at range margins compresses the ranges of species,
resulting in the vertical replacement or zonation of species
along elevational gradients (e.g., Jankowski et al., 2010).
Under the biotic constraints hypothesis, competition re-
stricts a species to a subset of the climatic conditions under
which it can maintain viable populations, resulting in a
mismatch between the range limit and the spatial limits of
the fundamental niche (Buckley, 2008; Costa et al., 2008;
Kearney and Porter, 2009). Therefore, discriminating be-
tween abiotic and biotic drivers of range limits requires
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knowledge of the species’ fundamental niche and its spatial
distribution on the landscape.

Estimating a species’ fundamental niche is difficult because
species often occupy only a portion of their fundamental
niche (i.e., the realized niche; Hutchinson, 1957). However,
recent methods integrating species occurrence data and
spatially explicit GIS layers of abiotic variables have provided
a means to estimate a species’ fundamental niche and project
it onto geographic space (reviewed by Kozak et al., 2008).
These ecological niche models (ENM) can then be used to
evaluate whether abiotic or biotic factors set species’ range
limits by testing whether range limits coincide with the
spatial limits of their fundamental niche. ENMs for the
Ouachita Mountain endemic species, P. ouachitae, P. four-
chensis, and P. caddoensis, showed that their distributions are
predicted well by climatic and geological variables (Shepard
and Burbrink, 2008, 2009, 2011). Thus, the distributions of
these species would appear to be determined primarily by
abiotic constraints, although the coarse resolution of climatic
layers (~1 km2) precluded fine-scale examination of their
lower elevational range limits. ENMs for P. jordani and P.
metcalfi in the southern Appalachians predicted that most of
the range of P. jordani is suitable for P. metcalfi, but most of
the range of P. metcalfi is unsuitable for P. jordani (Chatfield et
al., 2010). The two species’ distributions overlap only across a
narrow zone on Balsam Mountain that was predicted to be
suitable for both species, suggesting that the range limit of P.
jordani is determined largely by abiotic factors whereas the
range of P. metcalfi is limited by biotic interactions with P.
jordani (Chatfield et al., 2010). Kozak and Wiens (2006)
constructed ENMs for pairs of allopatric sister species of
montane Plethodon and found that they occupy similar
climatic niches and are separated by lowland habitats with
unsuitable climatic conditions. In the same study, ENMs for
parapatric sister species of Plethodon predicted suitable
climatic conditions exist for both species across a broad
zone, but species’ distributions do not overlap (Kozak and
Wiens, 2006). Each species of a parapatric pair also had a
portion of its distribution that was unique climatically,
which was usually located distal to the contact zone with
the other species (Kozak and Wiens, 2006). Together these
results suggest that the allopatric montane taxa examined are
primarily limited by abiotic factors, but parapatric taxa are
limited by biotic factors on one side of their range but abiotic
factors on the other (Kozak and Wiens, 2006).

The ENMs generated in the aforementioned studies were
based on niche modeling methods that rely on presence-only
distribution data and employ a correlative approach to infer a
species’ niche. The basic premise is that values for a set of
environmental variables are extracted from locations where
the species is known to occur and a model is constructed to
predict where else the species is likely to occur because
conditions are similar. Although these approaches have
several shortcomings (Kearney and Porter, 2009; Buckley et
al., 2010), they are fairly easy to employ and have provided
new insights into the relative importance of abiotic and
biotic factors in shaping species’ distributions. More recently,
mechanistic approaches to modeling a species’ niche have
been developed that directly incorporate information about
an organism’s biology by linking functional traits with
climatic data to model spatial variation in key fitness and
range-limiting processes across a species range (Buckley,
2008; Kearney and Porter, 2009). Gifford and Kozak (2012)
used a mechanistic approach to construct ENMs for P. jordani
and P. teyahalee and test whether the lower range limit of the

montane species, P. jordani, was set by abiotic factors or by
biotic interactions with the larger, low-elevation species, P.
teyahalee. They found that climatic, rather than biotic
constraints, prevented P. jordani from successfully colonizing
lower-elevation habitats. Specifically, elevational variation in
climate appeared to constrain the time available for surface
activity and foraging, such that P. jordani cannot obtain
enough energy to offset the costs of metabolism and
reproduction in locations just below their lower elevational
range limit.

Plethodontid salamanders have long been an interesting
study system for examining speciation and patterns of
diversity. Given their biology, temperature and moisture are
important determinants of where plethodontids can occur,
and plethodontids, like many other taxa, reach their highest
species diversity at mid-elevations (Spotila, 1972; Kozak and
Wiens, 2010). Plethodontids appear to have inhabited this
mid-elevation climatic niche throughout their evolutionary
history, with those species occupying the lower and higher
elevations colonizing those climates much more recently
(Kozak and Wiens, 2010). Although climatic niches have been
conserved over evolutionary time, niches have shifted spatial-
ly, moving downslope during cold climates (e.g., glacial
periods) and upslope during warm climates (e.g., interglacial
periods). As species track their niches upward in elevation, they
become isolated on mountaintops. Species continue occupy-
ing similar montane climatic niches as their ancestors and are
unable to disperse through lowland habitats, leading to
allopatric speciation. Sister taxa are often observed to inhabit
similar ecological conditions on adjacent mountains (Kozak
and Wiens, 2006; Costa et al., 2008), supporting the idea that
species’ niches are conserved through time and underlie the
geography of speciation and elevational patterns of species
richness. However, the mechanism preventing niche evolution
and niche expansion over ecological and evolutionary time-
scales is still unclear and requires further study.

POPULATION DYNAMICS

The finding that specialization for montane climates has
been conserved over evolutionary timescales in Plethodon
(Kozak and Wiens, 2006, 2010) raises the question: Why
have so many species failed to adapt to lowland habitats?
Understanding why species fail to adapt to conditions at
their range edge is essential to understanding what mecha-
nisms prevent evolution of a species’ niche over time (Wiens,
2011).

Ecological and evolutionary models offer some insight into
how population demography and connectivity could play a
role in limiting local adaptation (Kirkpatrick and Barton,
1997; Case and Taper, 2000; Holt and Keitt, 2005). Popula-
tion density is expected to be highest at the center of a
species’ range, following the Abundant Center Hypothesis
(Brown et al., 1995). Montane Plethodon appear to follow this
pattern, with the highest population density occurring on
the mountaintop (Gifford and Kozak, 2012). If a species’
range occurs across an environmental gradient, then the area
with the highest population abundance should coincide with
the area of optimal environmental conditions, thereby
defining the population center of the range. This abundant
center not only affects population sizes, but also dispersal.
Assuming purely random dispersal, if abundance is higher in
the center, then the number of migrants from the center to
other parts of the range is also expected to be higher in
comparison to migrants from the less-populated edge. Just as
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low levels of dispersal can prevent species from colonizing
adjacent habitats, high levels of unidirectional dispersal can
limit local adaptation by bringing in genotypes that are well
adapted to conditions in the center of the range but are
maladapted to conditions on the edge (Kirkpatrick and
Barton, 1997). On its own, asymmetrical gene flow may
not be enough to create a stable range limit, but edge
populations are also known to experience small effective
population sizes, large amounts of genetic drift, habitat
fragmentation, Allee effects, and in the case of many
montane Plethodon, increased interspecific competition (Bri-
dle and Vines, 2007; Holt and Barfield, 2011).

Theoretical work on dispersal, population size, and
selection is often invoked to explain range limits, but these
predictions have proven difficult to test in natural popula-
tions. The forces acting on range limits are expected to
produce molecular genetic signatures that can be directly
measured; however, different processes can create similar
patterns. Source–sink dynamics and maladaptive gene flow
are both expected to have an excess of common genetic
variants at the edge, whereas recent colonization is expected
to have an excess of rare variants. Sink populations should
also have lower genetic variation, although this could also be
seen with a recent colonization event. Asymmetrical gene
flow from center to edge is also expected in source-sinks,
maladaptive gene flow, and recent colonization (Moeller et
al., 2011). To fully assess the population dynamics at the
range edge, it is necessary to measure more than neutral
genetic variation in the edge population. Connectivity and
gene flow among populations across a species’ geographic
range play an essential role in population dynamics and local
adaptation; however, factors influencing movement across
the landscape are poorly understood.

Population connectivity and gene flow have not been
extensively studied in Plethodon. Mark–recapture studies
along with observations of population structure have
provided some indication of how little Plethodon move.
Liebgold et al. (2011) observed that 44% of adult female P.
cinereus moved a meter or less from their natal location.
Males on average moved twice as far as females; nevertheless,
sex was not the only important factor in determining
salamander movement and dispersal. Given their sensitivity
to microclimate, it is not surprising that local habitat features
influence movement and thus gene flow in Plethodon
(Spotila, 1972; Connette and Semlitsch, 2013; Peterman
and Semlitsch, 2013; Peterman et al., 2014). Peterman et al.
(2014) used fine-scale environmental resistance surfaces to
test hypotheses about the environmental factors influencing
movement in P. albagula in the northern Ozarks of Missouri.
Plethodon albagula were found to exhibit compensatory
movement in which they moved farther in drier environ-
ments, presumably to get to superior (moister) habitats
(Peterman et al., 2014). Thus, even if population density is
highest in the most suitable habitat, patterns of gene flow
may not be the result of neutral dispersal and may not be as
asymmetrically biased downslope for montane species of
Plethodon. Compensatory movement in poorer quality edge
habitats could also result in more transient populations that
do not occupy a given habitat long enough for selection to
act on the edge populations.

CASE STUDY: PLETHODON JORDANI

At mid-elevations in the Great Smoky Mountains, the
montane species, P. jordani, has a narrow zone of contact

with the lower elevation P. teyahalee. To test hypotheses
about factors limiting the distributions of both species,
Hairston (1980) removed one or the other species from plots
within their contact zone. When P. teyahalee were removed
from an area, only the youngest age classes of P. jordani
increased in abundance. This finding was used to provide
tenuous support to the hypothesis that P. teyahalee limits
population growth in P. jordani. In contrast, when P. jordani
were removed, abundance of all age classes of P. teyahalee
increased substantially (Hairston, 1980). These results pro-
vided strong evidence that interference competition with P.
jordani drives down population size of P. teyahalee at its upper
elevational limit. In laboratory encounters both species
showed high but variable aggressive behavior (Nishikawa,
1985). Plethodon jordani from areas with higher interspecific
competition demonstrated the highest level of aggressive
behavior toward heterospecifics, suggesting that increased
aggression is a result of competition with P. teyahalee
(Nishikawa, 1987).

In this same Smoky Mountain system, Gifford and Kozak
(2012) created mechanistic ENMs for both species based on
energetic intake and consumption across the mountains.
Their mechanistic model estimated the annual energy budget
for each salamander species across 90-m grid cells based on
microclimate conditions and lab-measured standard meta-
bolic rate and energy assimilation. The rationale of this
approach is that the mechanistic ENMs identify where in the
landscape a species would be able to acquire enough energy
through surface foraging activity to offset metabolic de-
mands for growth and reproduction. Gifford and Kozak
(2012) found that P. jordani was in energy debt at their range
edge, indicating that climatic conditions rather than biotic
interactions determine their lower elevation range limit. The
model predicted suitable conditions for P. teyahalee exist
across the entire mountain, including the high elevations
where this species is not found but P. jordani occurs. These
findings, along with the removal and aggression experiments
conducted by Hairston (1980) and Nishikawa (1985), suggest
that P. teyahalee is limited by competition with P. jordani
whereas P. jordani is limited primarily by climatic conditions.

Although the mechanistic model supports the hypothesis
that P. jordani is limited by climatic conditions, it does not
explain the actual mechanism preventing range expansion
over time. Edge populations are expected to adapt to local
environmental conditions through natural selection, slowly
expanding the species range limit over time. As discussed
above, adaptation at the range edge could be limited by the
influx of alleles that are optimized for environmental
conditions at the range center but mismatched for condi-
tions at the range edge. This ‘‘gene swamping’’ is hypothe-
sized to occur based on neutral diffusion of genes from the
more populated range center, causing asymmetrical gene
flow between the range periphery and center.

As a preliminary test of these predictions, we used the energy
budget model for P. jordani (Gifford and Kozak, 2012) to classify
11 sampling localities into four groups (populations) along an
elevational transect representing a gradient from core (high
elevation, high energy surplus) to edge (lower elevation, high
energy debt). We sequenced two anonymous nuclear loci
(~540 base pairs each) for 30 individuals from these four
populations and used Migrate-n version v.3.2.19 (Beerli and
Felsenstein, 1999, 2001) to estimate migration rates between
adjacent population pairs. We employed a maximum likeli-
hood method with ten short heated chains with 500 recorded
steps sampled every 100 steps for 4 3 104 post-burn in visited

Lyons et al.—Range limits of Plethodon 105



states and four long chains with 5 3 103 recorded steps again

sampling every 100 steps. A stepping stone model was used to

estimate migration. Consistent with the gene swamping

hypothesis, we found that migration was biased from the

range center to the range edge (Fig. 1). Further, this asymmetric

gene flow from core to edge was present in two opposing

directions (Fig. 1). The decline in abundance with decreased

elevation observed during surface counts of P. jordani (Gifford

and Kozak, 2012) also supports predictions that population

sizes should decline from the range center to the range edge. In
further support of those field observations, our genetic data
indicated that populations from core areas with high energy
surplus have higher h values (h ¼ 4Nel, where Ne is effective
population size) than populations on the edge that are in
energy debt (Table 1). Measures of genetic diversity for the two
loci were similar for the four populations; however, Tajima’s D
was near zero or slightly negative in three of four cases
involving populations from areas in energy surplus compared
to positive values in three of four cases involving populations
from areas in energy debt (Table 1). These results are consistent
with predictions that core populations will have higher rates of
population growth and an excess of rare variants, whereas edge
populations are population sinks that consistently lose genetic
diversity due to drift (Moeller et al., 2011).

FUTURE DIRECTIONS

Studies that examine the impact of a factor in determining
range limits often find a significant effect; however, most of
these studies only consider one or two variables and ignore a
host of other potential determinants. Range limits are not
necessarily a product of only biotic or abiotic forces. These
factors may function at different scales, from fine-scale
microhabitat and biotic interactions to broad-scale niche
requirements, and it is likely that these factors interact.
Interactions with other closely related species at a lower
elevation range limit could create smaller effective popula-
tion sizes, which are less capable of locally adapting due to
lower standing genetic variation or genetic swamping from
larger populations at the range center. Interspecific aggressive
interactions will also impose a cost to other organismal
processes, as energy is expended on antagonistic interactions
instead of foraging and reproduction. The cost of a highly
aggressive strategy, like that employed by P. ouachitae is still
unclear. However, areas where most mountaintop endemics
are encountering heterospecific Plethodon are the same
peripheral habitats where mountaintop species already
appear to be in energy debt (Gifford and Kozak, 2012).
According to the bioenergetic models that have been
employed, these lower elevation populations do not appear
to have enough time annually to forage on the surface in
order to offset their energetic demands. Mechanistic bioen-
ergetic models have not been employed in many systems, so
it is unclear to what degree this strong energy gradient occurs
across mountaintop species of Plethodon.

Plethodon show a high degree of population differentiation
for neutral markers across small spatial scales (Cabe et al.,
2006; Liebgold et al., 2011; Shepard and Burbrink, 2011). In

Fig. 1. Sampling points of Plethodon jordani overlaid on an energy
budget model (Gifford and Kozak, 2012) showing high elevation core
areas in energy surplus and low elevation edge areas in energy debt.
Based on this model, points were grouped into four populations
indicated by different symbols and bidirectional migration rates
between adjacent populations were estimated in Migrate-n. White
arrows indicate the direction of migration, and arrow widths are scaled
by the number of migrants per generation.

Table 1. Genetic diversity parameters for populations of Plethodon jordani along two opposing elevational transects spanning from the core of the
species’ range to the range edge (see Fig. 1). n¼ the number of phased sequences for two anonymous nuclear loci (540 base pairs each). The mean
maximum likelihood estimate of h (¼4Nel) and associated 95% confidence intervals (in parentheses) were inferred using Migrate-n v.3.2.19 (Beerli
and Felsenstein, 1999, 2001). The number of segregating sites (S), nucleotide diversity (p), number of haplotypes (H), haplotype diversity (Hd), and
Tajima’s D were calculated using DnaSP v.5.0 (Librado and Rozas, 2009).

Population n h Locus S p H Hd Tajima’s D

North edge 14 0.0051 (0.0031–0.0092) 1 18 0.0123 7 0.846 0.355
2 24 0.0149 10 0.945 �0.229

Core 26 0.0098 (0.0078–0.0162) 1 21 0.0113 10 0.800 �0.046
2 20 0.0122 12 0.914 0.525

South middle 10 0.0096 (0.0059–0.0138) 1 14 0.0092 4 0.644 �0.646
2 15 0.0107 7 0.867 �0.100

South edge 10 0.0045 (0.0004–0.0789) 1 13 0.0108 5 0.800 1.083
2 10 0.0076 5 0.667 0.499
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part, this can be attributed to the extremely short distances
that these salamanders move during their life (Liebgold et al.,
2011). Given that mountaintop ranges occur along a steep
gradient of environmental conditions correlated with eleva-
tion, it would not be surprising if local adaptation to differing
environmental conditions between the range core and
periphery occurred. To what degree lower elevation, edge
populations are adapted to warmer and drier conditions
could be important in predicting how species will respond to
changing global temperatures. If edge populations are
adapted to differing conditions, these genotypes may be able
to move upslope with temperature, preventing extinction of
mountaintop species. How much populations show diver-
gence in traits important to fitness is unknown.

To evaluate local adaptation, it is usually advisable to
conduct reciprocal transplant experiments. Such studies are
capable of considering multiple drivers simultaneously and
have been successfully implemented at a small scale in the
zone of range overlap between P. glutinosus and P. mississippi
(Cunningham et al., 2009). Large, long-term reciprocal
transplant experiments are difficult to implement with
Plethodon because of their sedentary, partially subterranean
life. Cunningham et al. (2009) looked at change in mass of
transplanted individuals over the course of half of a year in
paired competition enclosures. This study found that
salamanders in interspecific pairs lost the most mass, and
those pairings that were set up in the two-species contact
zone lost more mass than the pairings set up in core habitat;
additionally, individuals of the same species collected from
the core and periphery performed differently in trials. These
findings indicate that the abiotic conditions at the range
edge influenced the biotic interactions and provide some
evidence for local adaptation. Alternatively, local adaptation
can be assessed in a laboratory setting by examining traits
important to fitness under controlled, naturally occurring
temperatures. This would involve collecting individuals from
multiple populations within a species range, and ideally
study subjects would be hatched and raised in a common
garden setting to mitigate phenotypic plasticity in the traits
being measured. Studies comparing adaptation to environ-
mental conditions between species have been conducted
(Spotila, 1972; Bernardo et al., 2007), but rarely has this been
done within species (Bernardo and Spotila, 2006).

Local adaptation not only depends on the magnitude of
adaptation and climate change, but also on movement and
gene flow. Studies on movement and population structure of
Plethodon are usually conducted in areas where salamanders
are at a high density and easy to recover; however, movement
and population dynamics may be substantially different at the
range periphery. Dispersal may not be random and individual
movement may be higher depending on habitat type, which
would have different implications depending on complex
landscape features and population sizes. Data on forest floor
climatic conditions are becoming more available as researchers
deploy sensors across many of these systems. These data will
enable researchers to examine how population dynamics
relate to the whole landscape and will also allow mechanistic
models to be constructed for more species.

CONCLUSION

Geographic ranges are a complex product of both ecological
and evolutionary processes, reflecting current biotic and
abiotic conditions as well as gene flow, drift, adaptation, and
history. Previous studies on geographic range limits have

often been inconclusive because they have approached
questions from a limited perspective rather than integrating
ideas and methods from multiple fields such as physiology,
morphology, behavior, ecology, and evolution. Plethodon
offer an ideal vertebrate system for studying geographic
range limits. The results of past studies should be used to
develop testable hypotheses that integrate multiple drivers
across different spatial scales and make use of recently
developed molecular and geospatial tools.
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