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ABSTRACT: Interspecific competition between closely-related and ecologically similar species may limit
geographic ranges and fine-scale sympatry, especially when one species is aggressive toward another species.
Throughout Ohio, two closely-related salamander species, Plethodon cinereus and P. electromorphus, can be
found in similar habitats. While the distributions of the two species generally overlap through much of this
region, a finer-scale examination of their distributions indicates that many areas within the zone of sympatry
contain only one or the other species. This geographic pattern suggests that the two species are interacting. In
this study, we examined the behavioral responses of individuals from allopatric populations of both species to
provide an initial understanding of their interactions. This study represents interactions between ‘novel’ biotic
stimuli, as individuals from allopatry have not previously encountered members of the congeneric species.
We found that allopatric populations of P. electromorphus exhibited all typical behaviors recorded in other
Plethodon species and that both species from Ohio exhibited aggressive behavior. We found that when
animals were tested in intraspecific trails, P. cinereus was more aggressive than P. electromorphus and that P.
electromorphus was more submissive than P. cinereus. However, these two species did not differ in behavior
during interspecific trials, except that P. electromorphus spent more time in escape behavior (EDGE).
Therefore, we conclude that P. electromorphus likely would act submissively if encountering P. cinereus for
the first time in the field. These results imply that P. electromorphus may not be able to expand its range into
areas occupied by P. cinereus, and, in turn, P. cinereus may be able to successfully expand its range into areas
presently occupied by P. electromorphus.
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THE COMPETITIVE interactions of closely-
related species have long been considered
important determinants of community com-
position. Both field and laboratory experi-
ments have documented the prevalence of
interspecific competition across a diverse
array of ecological communities (reviewed in
Schluter, 2000), and have shown how species
interactions can affect local adaptation and
patterns of evolutionary diversification (Ad-
ams, 2004; Jastrebski and Robinson, 2004;
Schluter and McPhail, 1992). Species interac-
tions can also limit species geographic bound-
aries and the extent of distributional overlap
among competitors (Hairston, 1949, 1980a,b;
Jaeger, 1970). Under some circumstances,
spatial gradients in competitive ability can
lead to abrupt shifts in competitive domi-
nance, resulting in sharp parapatric distribu-
tions with limited geographic overlap of
competitors (Bull, 1991; Case et al., 2005).
Therefore, behavioral interactions between
closely-related species may regulate the extent

of distributional overlap between them and
when species interactions occur, sharp bound-
aries delimiting species ranges may result.

Both ecological theory and empirical re-
search suggest that behavioral interactions can
have an appreciable effect on species co-
occurrence patterns. While determining the
effects of behavioral interactions in the field is
difficult (but see Griffis and Jaeger, 1998),
examining behavioral responses of potential
competitors in controlled laboratory and semi-
controlled field experiments provides consid-
erable insight into how behavioral interactions
within and between species affect community
composition. In recent years, salamanders of
the genus Plethodon have become a model
system for studying behavioral interactions.
These terrestrial salamanders are widely
distributed in the forests of eastern and
western North America, and extensive eco-
logical research suggests that interspecific
competition may be widespread (Anthony et
al., 1997; Marshall et al., 2004). Some species
in this genus develop territories under and
around cover objects on the forest floor3 CORRESPONDENCE: e-mail, jenneyd@iastate.edu
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(Jaeger, 1981; Jaeger et al., 1995; Mathis,
1991), which provide a source of food and
moisture during dry conditions when both are
critical for survival (Jaeger et al., 1981; Mathis,
1990). In addition, salamanders defend their
territories in intraspecific encounters (re-
viewed in Jaeger and Forester, 1993).

Territorial aggression between individuals
of different salamander species has been
demonstrated for several ecological commu-
nities (Anthony et al., 1997; Jaeger, 1970;
Nishikawa, 1985), and in some instances, it
appears to have restricted the geographic
ranges of species that are potential competi-
tors (Hairston, 1980a; Jaeger, 1970). Most of
our knowledge of interspecific competition in
Plethodon is found between species whose
contact zones are quite narrow (,500 m), and
in many locations are parapatric (Highton,
1995). These include territorial aggression
between small-bodied species of Plethodon:
(1) P. cinereus vs. P. shenandoah (Griffis and
Jaeger, 1998; Jaeger, 1970), (2) P. cinereus vs.
P. hubrichti (Arif et al., 2007; Wicknick, 1995),
(3) P. cinereus vs. P. hoffmani (Adams, 2000;
Adams and Rohlf, 2000; Jaeger et al., 2002),

(4) P. cinereus and P. nettingi (Adams et al.,
2007) and between large-bodied species of
Plethodon: (1) P. jordani vs. P. teyahalee
(Hairston, 1980a; Nishikawa, 1985), (2) P.
albagula vs. P. ouachitae (Anthony et al.,
1997), (3) P. kentucki vs. P. glutinosus
(Marvin, 1998). By contrast, we know much
less about species interactions where the
distributions of species overlap across a large
geographic area.

In southeastern Ohio, the geographic over-
lap between P. cinereus and P. electromorphus
is considerably greater than what exists
between other species in the P. cinereus
species complex suggesting sympatry at the
coarse geographic scale (Fig. 1). However,
when viewed at a more fine scale, the two
species do not always co-occur. An example of
this fine scale difference can be viewed when
examining species co-occurrence in townships
(geographical subdivisions of counties)
(Fig. 2). The geographic distributions of P.
cinereus and P. electromorphus may more
accurately be described as an interdigitation
of distributions, meaning that allopatric loca-
tions of each species are more commonly

FIG. 1.—Geographic distributions of Plethodon cinereus
and P. electromorphus in Ohio (maps adapted from Ohio
Department of Transportation, 2007, using collection data
in Pfingston and Matson, 2003). Counties where only P.
cinereus was found are shown in light gray, counties
where only P. electromorphus was found are shown in
dark gray, and sympatric counties are shown in black.
White counties represent areas where neither species
was found.

FIG. 2.—Geographic distributions of Plethodon cinereus
and P. electromorphus in Ohio showing township
boundaries (maps adapted from Ohio Department of
Transportation, 2007, using collection data in Pfingston
and Matson, 2003). Townships where only P. cinereus was
found are shown in light gray, townships where only P.
electromorphus was found are shown in dark gray, and
sympatric townships are shown in black. White townships
represent areas where neither species was found.
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found than sympatric locations. The higher
frequency of allopatric areas compared to
sympatric areas within the overlap zone may
indicate that sympatry is not stable. Therefore,
the scale, fine or coarse, at which species
distributions are examined will change inter-
pretations about the extent of co-existence
between P. cinereus and P. electromorphus.

Plethodon cinereus is known to exhibit
variation in levels of territoriality and aggres-
sion across its range. Individuals in Virginia
exhibit high levels of aggression, while indi-
viduals in Michigan exhibit very little aggres-
sion (Quinn and Graves, 1999; Wise, 1995).
Ohio is intermediate geographically, but the
amount of aggression that individuals express
in this area is unknown. In addition, P.
cinereus has been shown to exhibit aggression
towards unrelated competitors (beetles: Gall
et al., 2003; centipedes: Anthony et al., 2007;
Hickerson et al., 2004). While considerable
information is known about the ecology and
behavior of P. cinereus, little is known about
P. electromorphus. Plethodon electromorphus
was described on the basis of genetic data to
be distinct from its sister species, P. richmondi
(Highton, 1999). An anecdotal study of P.
richmondi suggested that this species is
considerably less aggressive and less territorial
relative to other species of Plethodon
(Thurow, 1975). Jewell (1991) compared the
behavior of P. electromorphus to P. cinereus
from northwestern West Virginia, but small
sample sizes precluded statistical analyses and
firm conclusions about behavioral differences
between the two species could not be made.
Therefore, the occurrence of these two
species in Ohio provides a unique opportunity
to document the behavioral interactions of
species that show a large distributional overlap
with little fine-grained sympatry. By examin-
ing behavior of allopatric animals, we can
better understand the behavioral interactions
between these two species if individuals of
allopatric populations should meet during
novel encounters.

In this study, we investigated the behavior
that would occur when individuals of P.
cinereus and P. electromorphus encounter
each other during novel interactions, as would
happen if individuals of one species tried to
invade an area occupied by the other species.

We used individuals of both species collected
from allopatric sites (areas within townships
that are contiguous geographic localities
where only P. cinereus or P. electromorphus
can be found) to address this question. To
understand the behavior of each species in
Ohio, we have two descriptive objectives.
These objectives were (1) to determine
whether P. electromorphus exhibits similar
aggressive and submissive behaviors as other
species of Plethodon (behaviors are described
below) and (2) whether P. cinereus in Ohio
exhibits similar levels of aggression recorded
in other areas of its range. We then tested four
specific hypotheses. First, we examined intra-
specific interactions testing the hypotheses
that (1) allopatric residents of P. cinereus are
more aggressive intraspecifically than are
allopatric residents of P. electromorphus, and
(2) allopatric residents of P. electromorphus
are more submissive intraspecifically than
allopatric residents of P. cinereus. Second,
we studied interspecific interactions by testing
the hypotheses that (3) allopatric residents of
P. cinereus are more aggressive interspecifi-
cally, and (4) allopatric residents of P. electro-
morphus are more submissive. While the first
and second hypotheses and the third and
fourth hypotheses are related, one hypothesis
does not automatically follow from the other.
For example, individuals of one species may
show more aggressive behavior than individ-
uals of the other species, while the frequency
of submissive behaviors is similar between the
two. Therefore, we specifically tested four
separate, but related hypotheses. Collectively,
the results for these four hypotheses inform
on the species interactions that may occur in a
natural setting.

MATERIALS AND METHODS

Collection and Maintenance

We obtained salamanders during a series of
daylight collecting trips on 16–20 October
2005. Individuals of Plethodon cinereus were
obtained from a forested site 52 km west of
Youngstown in Ellsworth Township, Mahon-
ing County, Ohio, U.S.A. (40u 469 040 N; 80u
439 370 W). Individuals of P. electromorphus
were collected from a forested site 26 km
north of Cambridge in Liberty Township,

182 HERPETOLOGICA [Vol. 64, No. 2



Guernsey County, Ohio, U.S.A. (40u 099 040
N; 81u 359 020 W). We collected 24 females
and 29 males of P. cinereus and 27 females
and 25 males of P. electromorphus. Animals
were housed in circular Petri dishes (9 3
1.5 cm) with a substrate of filter paper
dampened with distilled water. Salamanders
were transported to Ames, Iowa in coolers for
temperature control. After the experiments
were conducted, we euthanized the salaman-
ders using MS222.

In the laboratory, salamanders in their
individual Petri dishes were placed in a
refrigerator and stored at 18–21 C on a
12:12 h light:dark cycle. Salamanders were
maintained for 32 days prior to the onset of
the experiments. During this time, we fed the
salamanders 10–15 Drosophila once per week,
moistened the filter paper three times weekly,
and replaced filter paper as needed. With the
exception of four animals, salamanders ate
well and remained healthy during the accli-
mation period. Behavioral experiments were
initiated in late November 2005. Between
experiments, salamanders were kept on the
same care schedule as stated above.

We determined the sex of each salamander
by visual inspection of the facial region. Males
were identified by square snouts and large
nasolabial glands; females were identified by
rounded snouts; gravid females were identified
by the presence of eggs visible through the
abdominal wall (Dawley, 1992). Snout–vent
lengths (SVL) were measured to the nearest
0.1 mm using Brown and Sharpe Mark
IV digital calipers (P. cinereus: X̄nongravid 5
40.1 mm 6 4.2 SD, X̄gravid 5 43.5 6 3.0, X̄male

5 41.4 6 3.7; P. electromorphus: X̄nongravid 5
36.3 6 5.1, X̄gravid 5 44.8 6 5.2, X̄male 5 47.3 6
5.1). Only adult salamanders (SVL . 32
mm; Saylor, 1966) were used in behavioral
experiments. Salamanders were used only once
during each experiment. Resident salamanders
during experiment 1 were the same individuals
as resident salamanders during experiment 2.
For all experiments, salamanders were ran-
domly assigned to resident or intruder groups.
Then residents and intruders were randomly
paired, with the constraint that pairs were of
the same sex (male, gravid female, and
nongravid female) and were sized-matched in
an effort to reduce the fighting advantage of

larger animals (Mathis, 1990). Residents and
intruders were not significantly different in size
(X̄Resident 2 X̄Intruder 5 20.1 6 3.4; T 5 20.39,
P 5 0.70, df 5 86, NS).

Experiment 1: Intraspecific Interactions

In the first experiment, we examined
intraspecific interactions for each species.
Behavioral trials were conducted from 22
November–9 December 2005. On day 1, we
randomly selected one salamander from each
conspecific pair (P. cinereus: n 5 23; P.
electromorphus: n 5 24) to be the ‘resident’
and placed it into a transparent Nunc bioassay
chamber (24 3 24 3 2 cm) lined with a paper
towel moistened with distilled water and with
a transparent lid. We allowed each resident to
establish a territory by marking the substrate
with its pheromones for 7 d (Horne and
Jaeger, 1988; Jaeger et al., 1986; Wise and
Jaeger, 1998). The other member of the pair
was termed the ‘intruder’ and remained in a
circular Petri dish (15 3 1.5 cm). We fed
residents and intruders on days 2 and 5, and
moistened filter paper as needed. On day 8, a
conspecific intruder was introduced into the
resident’s chamber using clear polyethylene
tubing to reduce stress of handling. Each trial
began when the intruder entered the resi-
dent’s chamber. We recorded resident and
intruder behavioral patterns (described be-
low) for 900 s (15 min). These observations
were made under dim illumination (60-W
bulb reflected off a white tile floor). All trials
were conducted during daylight hours (0900–
1800 h) and within a temperature range of
18–24 C. After the experiment, we placed
residents and intruders into Petri dishes (15 3
1.5 cm circular) and resumed the care sched-
ule described above.

To quantify aggressive and submissive
behaviors, we used a set of behaviors that
are commonly exhibited by Plethodon during
encounters. These behaviors were described
by Jaeger (1984) and used to evaluate
aggressive and submissive behavior among
competitors. Specifically, we recorded the
total time in seconds that residents spent in
all-trunk-raised (ATR) threat posture, flat
(FLAT) submissive posture, and edge behav-
ior (EDGE), and the number of bites
administered to the intruder. EDGE occurs
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when the salamander walks along the periph-
ery of the experimental chamber with its snout
or part of its body pressed or tapping against
the side of the chamber; it is presumed to be
an attempt to escape from the chamber (Wise
and Jaeger, 1998).

To address our first descriptive objective,
we examined whether P. electromorphus
exhibits similar aggressive and submissive
behaviors as other Plethodon, by comparing
our observations with the behavioral descrip-
tions by Jaeger (1984). We then qualitatively
compared the time that P. electromorphus
spent in ATR to previous studies of Plethodon
to determine if P. electromorphus exhibited
ATR at comparable frequencies to other
species. Regarding our second objective, we
included P. cinereus in this comparison to
determine if its level of aggression compared
to published records for other populations of
P. cinereus.

To test our first two hypotheses, whether P.
cinereus was more aggressive and whether P.
electromorphus was more submissive during
intraspecific encounters, we recorded time
spent in ATR, FLAT, and EDGE behaviors
and the frequency of bites (bites/trial) during
intraspecific interactions. We analyzed our
results by (1) using a two-tailed Wilcoxon
Rank-Sum test (Z) with a sequential Bonfer-
roni correction (Rice, 1989, 1990) to compare
the time residents of P. cinereus and residents
of P. electromorphus spent in ATR, FLAT,
and EDGE and (2) using a two-tailed
Wilcoxon Rank-Sum test (Z) to compare the
frequency of bites administered by residents
of each species.

Experiment 2: Interspecific Interactions

In the second experiment, we examined
interspecific interactions between the two
species. Behavioral trials were conducted
from 3–20 January 2006 allowing time for
the animals to become reacclimated to
laboratory conditions. Residents from the first
experiment were also used as residents during
interspecific trials, but were paired with a
heterospecific intruder. However, our second
experiment contained fewer trials (P. cinereus
as resident: n 5 20; P. electromorphus as
resident: n 5 20), because one resident of
each species died between the first and

second experiments and because the two
smallest P. cinereus and three largest P.
electromorphus were excluded due to size
asymmetry making it impossible for us to
assign them to matched pairs. The remaining
experimental protocol was identical to that
described for the intraspecific trials (in
experiment 1), with the exception that hetero-
specific intruders were introduced rather than
conspecifics.

To test our third and fourth hypotheses
regarding differences in behavior during
interspecific encounters, we compared
interspecific encounters in the same man-
ner described above for intraspecific encoun-
ters.

RESULTS

Salamander behavior did not correlate
with either the time of day or the temper-
ature in which they were tested (results
not shown). Regarding our first descriptive
objective, we observed P. electromorphus
performing all the typical Plethodon behav-
iors described in Jaeger (1984). By addressing
our second objective, we also observed P.
cinereus exhibiting aggressive behaviors at
rates comparable to other studies (discussed
below).

When testing our first two hypotheses,
comparing behavior of residents of P. cinereus
and P. electromorphus during intraspecific
trials (experiment 1), residents of P. cinereus
spent significantly more time in ATR than did
residents of P. electromorphus (Table 1).
Furthermore, P. electromorphus spent signif-
icantly more time in FLAT behavior and
EDGE behavior than residents of P. cinereus
(Table 1). Residents of P. cinereus and P.
electromorphus did not differ in the frequency
of bites (Table 1).

To address our third and fourth hypotheses,
we compared behavior of residents of P.
cinereus to that of residents of P. electro-
morphus behavior when presented with a
heterospecific intruder (interspecific trials:
experiment 2). Residents of P. cinereus and
residents of P. electromorphus did not differ
in the amount of time they spent in ATR or
FLAT and did not differ in the frequency of
bites during interspecific trails (Table 2).
Conversely, they did significantly differ in
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the amount of time spent in EDGE behavior
(Table 2).

DISCUSSION

In this study, we examined the behavioral
interactions of adults of two salamander
species whose geographic overlap is consider-
ably greater than what is seen among other
species in the P. cinereus species complex. We
compared the behavior of P. cinereus and P.
electromorphus with two descriptive objec-
tives and four specific hypotheses. Our two
objectives were in regard to the general
behaviors of both species. Plethodon electro-
morphus exhibited all behaviors typical of
Plethodon during intraspecific and interspe-
cific behavioral trials (Objective 1). The range
of mean time spent in ATR (during 900 s)
from other studies using Plethodon is 0 s to
757 s (P. cinereus, 12 s to 757 s: Jaeger et al.,
2002; Nunes and Jaeger, 1989; Wicknick,
1995; Wise and Jaeger, 1998; Wise, 1995; this
study; P. hoffmani, 0 s to 8 s: Jaeger et al.,
2002; and P. hubricti, 90 s to 113 s: Wicknick,
1995). When compared to other congeners, P.
electromorphus seemed to exhibit ATR at
the lower end of the range of this genus
in general. Similarly, our population of P.

cinereus exhibited ATR at comparable, but
lower rates to most other populations (Objec-
tive 2). This implies that, similar to salaman-
ders in other geographic locations, salaman-
ders in this region used aggressive behavior in
their behavioral encounters, but perhaps at a
lower frequency.

Our four hypotheses examined the behav-
ioral interactions of P. cinereus and P.
electromorphus. Our first two hypotheses
concerning intraspecific encounters were sup-
ported, because we found that P. cinereus was
more aggressive towards conspecific intruders
than P. electromorphus, and P. electromor-
phus was more submissive towards intruders.
However, our third and fourth hypotheses
were not supported. Plethodon cinereus and P.
electromorphus did not differ in aggression or
in FLAT behaviors during interspecific trials,
but we found that P. electromorphus did
exhibit escape behavior more frequently than
P. cinereus.

Understanding the allopatric behaviors of
each of these species is important, as levels of
behavioral aggression among populations of
Plethodon are known to vary by geographic
locality (Nishikawa, 1985; Wise, 1995). Within
P. cinereus, some populations such as those

TABLE 1.—Average time (s) spent by residents in ATR, FLAT, EDGE and frequency of biting (bites/trial) during
intraspecific trials (experiment 1).

Behavior

Resident

Z P

P. electromorphus P. cinereus

mean range mean range

ATR 10.5 0–101 64.4 0–387 1.69 0.046*
FLAT 426.8 0–900 178.7 0–9 2.88 0.002*
EDGE 62.6 0–478 13.6 0–851 2.02 0.022*
Bites 0.25 0–2 0.86 0–9 0.54 0.587

* Significant difference with sequential Bonferroni

TABLE 2.—Average time (s) spent by residents in ATR, FLAT, EDGE and frequency of biting (bites/trial) during
interspecific trials (experiment 2).

Behavior

Resident

Z P

P. electromorphus P. cinereus

mean range mean range

ATR 27.3 0–150 75.3 0–526 0.49 0.142
FLAT 330.6 0–286 134.3 0–811 2 0.034
EDGE 57.4 0–900 5.6 0–80 2.42 0.002*
Bites 0.052 0–1 0.3 0–4 0.58 0.564

* Significant difference with sequential Bonferroni
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found at Hawksbill Mountain, Virginia, are
highly aggressive (Griffis and Jaeger, 1998;
Jaeger, 1970; Wise, 1995), while other popu-
lations, such as those in the upper peninsula
of Michigan, are considerably less aggressive
and apparently less territorial (Quinn and
Graves, 1999; Wise, 1995). Qualitatively, our
population represents intermediate levels of
aggression when compared to some other
populations of P. cinereus (Wise, 1995).

Plethodon electromorphus exhibited more
submissive behavior compared to P. cinereus.
In general, Plethodon is considered to be
aggressive and territorial (Jaeger and Forres-
ter, 1993). Nevertheless, variation in levels of
aggression and territoriality within and be-
tween species has been identified. Within the
P. cinereus species group, several species
exhibit relatively low levels of aggressive
behavior (P. electromorphus: this study; P.
hoffmani: Jaeger et al., 2002; P. nettingi and P.
richmondi: Thurow, 1975), while other spe-
cies exhibit relatively high levels of aggressive
behavior (P. hubrichti: Arif et al., 2007;
Wicknick, 1995; P. serratus: Camp, 1999; P.
shenandoah: Griffis and Jaeger, 1998).

Interspecific interactions in our study
represent the situation in which an individual
of each species encounters an individual of the
other species for the first time; in other words,
it is a ‘novel’ interaction. Because neither
species was significantly more aggressive
interspecifically than the other, we encounter
difficulty when predicting which species
would be the ‘winner’ of novel interactions.
Conversely, our data (EDGE) suggest that P.
electromorphus would be more submissive in
natural habitats. The aggressive superiority of
P. cinereus suggests that it may be competi-
tively superior (Jaeger et al., 2002). Therefore,
we cautiously predict that P. cinereus would
be the ‘winner’ during these interactions. To
increase our understanding of the behavioral
interactions between these two species in the
field, we can also examine their behavior when
found sympatrically. Behavioral experiments
on other pairs of sympatric Plethodon have
shown heightened aggression (alpha selection
sensu Gill, 1974) associated with interspecific
interactions (Nishikawa, 1985). If these results
are comparable to our species pair, we
hypothesize that individuals from sympatric

sites may exhibit heightened aggression to-
wards congeners due to familiar competition
(e.g., prior experience) with congeneric indi-
viduals. Alpha-selection is not universal in
sympatric Plethodon, however, as other spe-
cies pairs do not follow this pattern. For
example, although P. kentucki and P. glutino-
sis exhibit aggression towards conspecifics
and heterospecifics, intense aggression occurs
only towards conspecifics, presumably be-
cause intraspecific competition is greater than
interspecific competition (Marvin, 1998). In
this situation, intraspecific aggression may
facilitate coexistence of competing species
(Genner et al., 1999). Understanding the
interactions within sympatric sites will be
important in determining the extent of
competitive interactions between these two
species.

In summary, we draw the following induc-
tive inferences: (1) P. electromorphus exhibits
typical behaviors and is intermediate relative
to other Plethodon species in the level of
aggression exhibited; (2) P. cinereus is inter-
mediately aggressive relative to other popula-
tions of P. cinereus; (3) P. cinereus is
intraspecifically more aggressive than P. elec-
tromorphus, but this is not true for interspe-
cific interactions; (4) P. electromorphus is
more submissive than P. cinereus in intraspe-
cific behavioral interactions and in edging
behavior during interspecific encounters.
Further studies are needed to determine if
competition influences the behavioral inter-
actions between these two species. We now
have a better understanding of the aggressive
behaviors P. cinereus and P. electromorphus in
allopatric zones and the interactions that
could occur if these species were to come
into contact for the first time. When strong
species interactions occur, these interactions
are expected to generate sharp boundaries
delimiting species ranges; however, other
factors may influence presence or absence of
species at specific locations and the amount of
range overlap between them.

Acknowledgments.—We thank J. Church, M. Collyer,
E. Myers, J. Serb, and N. Valenzuela for reading drafts of
this work, J. Church for assistance in constructing maps,
and G. Rice for help in collecting salamanders. Salaman-
ders were collected under Ohio Department of Natural
Resources, Division of Wildlife permit 144 (to DCA and
JD), and were housed in accordance with Iowa State

186 HERPETOLOGICA [Vol. 64, No. 2



University Committee on Animal Care policies (IACUC
3-04-5618-D). This research was sponsored in part by
National Science Foundation grant (DEB-0446758) to
DCA. JD was supported by a USDA IFAFS Multidisci-
plinary Graduate Education Training Grant (2001-52100-
11506).

LITERATURE CITED

ADAMS, D. C. 2000. Divergence of trophic morphology
and resource use among populations of Plethodon
cinereus and P. hoffmani in Pennsylvania: A possible
case of character displacement. Pp. 383–394. In R. C.
Bruce, R. G. Jaeger, and L. D. Houck (Eds.), The
Biology of Plethodontid Salamanders. Kluwer Academ-
ic/Plenum Publishers, New York, New York, U.S.A.

ADAMS, D. C. 2004. Character displacement via aggressive
interference in Appalachian salamanders. Ecology
85:2664–2670.

ADAMS, D. C., AND F. J. ROHLF. 2000. Ecological character
displacement in Plethodon: Biomechanical differences
found from a geometric morphometric study. Proceed-
ings of the National Academy of Science, USA
97:4106–4111.

ADAMS, D. C., M. E. WEST, AND M. L. COLLYER. 2007.
Location-specific sympatric morphological divergence
as a possible response to species interactions in West
Virginia Plethodon salamander communities. Journal of
Animal Ecology 76:289–295.

ANTHONY, C. D., C. A. M. HICKERSON, AND M. D. VENESKY.
2007. Responses of juvenile terrestrial salamanders to
introduced (Lithobius forficatus) and native centipedes
(Scolopocryptops sexpinosus). Journal of Zoology
271:54–62.

ANTHONY, C. D., J. A. WICKNICK, AND R. G. JAEGER. 1997.
Social interactions in two sympatric salamanders:
Effectiveness of a highly aggressive strategy. Behaviour
134:71–88.

ARIF, S., D. C. ADAMS, AND J. A. WICKNICK. 2007.
Bioclimatic modeling, morphology, and behavior reveal
alternative mechanisms regulating the distributions of
two interacting salamanders. Evolutionary Ecology
Research 9:843–854.

BULL, C. M. 1991. Ecology of parapatric distributions.
Annual Review of Ecology and Systematics 22:19–36.

CAMP, C. D. 1999. Intraspecific aggressive behavior in
southeastern small species of Plethodon: Inferences for
the evolution of aggression in territorial salamanders.
Herpetologica 55:248–254.

CASE, T. J., R. D. HOLT, AND M. A. MCPEEK. 2005. The
community context of species’ borders: Ecological and
evolutionary perspectives. Oikos 108:28–46.

DAWLEY, E. M. 1992. Sexual dimorphism in a chemosen-
sory system: The role of the vomeronasal organ in
salamander reproductive behavior. Copeia 1992:113–
120.

GALL, S. B., C. D. ANTHONY, AND J. A. WICKNICK. 2003. Do
behavioral interactions between salamanders and bee-
tles indicate a guild relationship? American Midland
Naturalist 149:363–374.

GENNER, M. J., G. F. TURNER, AND S. J. HAWKINS. 1999.
Resource control by territorial male cichlid fish in Lake
Malawi. Journal of Animal Ecology 68:522–529.

GILL, D. E. 1974. Intrinsic rate of increase, saturation
density, and competitive ability. II. The evolution of
competitive ability. American Naturalist 108:103–116.

GRIFFIS, M. R., AND R. G. JAEGER. 1998. Competition leads
to an extinction-prone species of salamander: Interspe-
cific territoriality in a metapopulation. Ecology
79:2494–2502.

HAIRSTON, N. G. 1949. The local distribution and ecology
of the plethodontid salamanders of the southern
Appalachians. Ecological Monographs 19:47–73.

HAIRSTON, N. G. 1980a. The experimental test of analysis
of field distributions: Competition in terrestrial sala-
manders. Ecology 61:817–826.

HAIRSTON, N. G. 1980b. Evolution under interspecific
competition. field experiments on terrestrial salaman-
ders. Evolution 34:409–420.

HICKERSON, C. A. M., C. D. ANTHONY, AND J. A. WICKNICK.
2004. Behavioral interactions between salamanders and
centipedes: Competition in divergent taxa. Behavioral
Ecology 15:679–686.

HIGHTON, R. 1995. Speciation in eastern North American
salamanders of the Genus Plethodon. Annuals of
Review in Ecological Systematics 29:579–600.

HIGHTON, R. 1999. Geographic protein variation and
speciation in the salamanders of the Plethodon cinereus
group with the description of two new species.
Herpetologica 55:43–90.

HORNE, E. A., AND R. G. JAEGER. 1988. Territorial
pheromones of female red-backed salamanders. Ethol-
ogy 78:143–152.

JAEGER, R. G. 1970. Potential extinction through compe-
tition between two species of terrestrial salamanders.
Evolution 24:632–642.

JAEGER, R. G. 1981. Dear enemy recognition and costs of
aggression between salamanders. American Naturalist
117:962–974.

JAEGER, R. G. 1984. Agonistic behavior of the red-backed
salamander. Copeia 1984:309–314.

JAEGER, R. G., AND D. C. FORESTER. 1993. Social behavior
of plethodontid salamanders. Herpetologica 49:163–
175.

JAEGER, R. G., R. G. JOSEPH, AND D. E. BARNARD. 1981.
Foraging tactics of a terrestrial salamander; sustained
yield in territories. Animal Behaviour 29:1100–1105.

JAEGER, R. G., E. D. PROSEN, AND D. C. ADAMS. 2002.
Character displacement and aggression in two species
of terrestrial salamanders. Copeia 2002:391–401.

JAEGER, R. G., J. M. GOY, M. TARVER, AND C. E. MARQUEZ.
1986. Salamander territoriality: Pheromonal markers as
advertisement by males. Animal Behaviour 34:860–864.

JAEGER, R. G., J. A. WICKNICK, M. R. GRIFFIS, AND C. D.
ANTHONY. 1995. Socioecology of a terrestrial salaman-
der: Juveniles enter adult territories during stressful
foraging periods. Ecology 76:533–543.

JASTREBSKI, C. J., AND B. W. ROBINSON. 2004. Natural
selection and the evolution of replicated trophic
polymorphisms in pumpkinseed sunfish (Lepomis
gibbosus). Evolutionary Ecology Research 6:285–305.

JEWELL, R. D. 1991. Life history, ecology, and morphology
of ravine salamander, Plethodon richmondi, in northern
West Virginia. Master’s Thesis, Marshall University,
Huntington, West Virginia, U.S.A.

MARSHALL, J. L., C. D. CAMP, AND R. G. JAEGER. 2004.
Potential interference competition between a patchily

June 2008] HERPETOLOGICA 187



distributed salamander (Plethodon petraeus) and a
sympatric congener (Plethodon glutinosus). Copeia
2004:488–495.

MARVIN, G. A. 1998. Interspecific aggression and spatial
relationships in the salamanders Plethodon kentucki
and Plethodon glutinosus: Evidence of interspecific
interference competition. Canadian Journal of Zoology
76:94–103.

MATHIS, A. 1990. Territoriality in a terrestrial salamander:
The influence of resource quality and body size.
Behaviour 112:162–174.

MATHIS, A. 1991. Territories of male and female terrestrial
salamanders: Costs, benefits, and intersexual spatial
associations. Oecologia 86:433–440.

NISHIKAWA, K. C. 1985. Competition and the evolution of
aggressive behavior in two species of terrestrial
salamanders. Evolution 39:1282–1294.

NUNES, V. S., AND R. G. JAEGER. 1989. Salamander
aggressiveness increases with length of territorial
ownership. Copeia 1989:712–718.

OHIO DEPARTMENT OF TRANSPORTATION. 2007. Office of
Technical Services, Statewide Digital Data. Available
at: ,http://www.dot.state.oh.us/techservsite/availpro/
GIS_Mapping/gisdatasets/datasets.htm.. Accessed on
28 August 2007.

PFINGSTEN, R. A., AND T. O. MATSON. 2003. Ohio
Salamander Atlas: Ohio Biological Survey Miscella-
neous Contributions. Ohio Biological Survey, Colum-
bus, Ohio, U.S.A.

QUINN, V. S., AND B. M. GRAVES. 1999. Space use in
response to conspecifics by the red-backed salamander

(Plethodon cinereus, Plethodontidae, Caudata). Ethol-
ogy 105:993–1002.

RICE, W. R. 1989. Analyzing tables of statistical tests.
Evolution 43:223–225.

RICE, W. R. 1990. A consensus combined P-value test and
the family-wide significance of component tests.
Biometrics 46:303–308.

SCHLUTER, D. 2000. The Ecology of Adaptive Radiation.
Oxford University Press, Oxford, U.K.

SCHLUTER, D., AND J. D. MCPHAIL. 1992. Ecological
character displacement and speciation in sticklebacks.
American Naturalist 140:85–108.

THUROW, G. 1975. Aggression and competition in eastern
Plethodon (Amphibia, Urodela, Plethodontidae). Jour-
nal of Herpetology 10:277–291.

WICKNICK, J. A. 1995. Interspecific Competition and
Territoriality between a Widespread Species of Sala-
mander and a Species with a Limited Range. Ph.D.
Dissertation, University of Southwestern Louisiana,
Lafayette, Louisiana, U.S.A.

WISE, S. E. 1995. Variation in the Life History and
Sociobiology of a Territorial Salamander. Ph.D. Dis-
sertation, University of Louisiana, Lafayette, Louisiana,
U.S.A.

WISE, S. E., AND R. G. JAEGER. 1998. The influence of tail
autonomy on agonistic behaviour of a territorial
salamander. Animal Behaviour 55:1707–1716.

.Accepted: 20 February 2008

.Associate Editor: Troy A. Baird

188 HERPETOLOGICA [Vol. 64, No. 2


