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Abstract: While many studies have examined the barrier effects of large rivers on animal dispersal and gene flow, few
studies have considered the barrier effects of small streams. We used displacement experiments and analyses of genetic
population structure to examine the effects of first-order and second-order streams on the dispersal of terrestrial red-backed
salamanders, Plethodon cinereus (Green, 1818). We marked red-backed salamanders from near the edges of one first-order
stream and one second-order stream, and experimentally displaced them either across the stream or an equal distance far-
ther into the forest. A comparison of return rates indicated that both streams were partial barriers to salamander movement,
reducing return rates by approximately 50%. Analysis of six microsatellite loci from paired plots on the same side and on
opposite sides of the second-order stream suggested that the stream did contribute to genetic differentiation of salamander
populations. Collectively, our results imply that low-order streams do influence patterns of movement and gene flow in
red-backed salamanders. We suggest that given the high density of first-order and second-order streams in most land-
scapes, these features may have important effects on species that, like red-backed salamanders, have limited dispersal and
large geographic ranges.

Résumé : Alors que de nombreux travaux ont examiné l’effet de barrière des grandes rivières sur la dispersion et le flux
génique chez les animaux, peu d’études se sont intéressées aux effets de barrière produits par les petits cours d’eau. Nous
avons utilisé des expériences de déplacement et des analyses de structure génétique de population pour déterminer les ef-
fets de cours d’eau d’ordres 1 et 2 sur la dispersion de la salamandre rayée, Plethodon cinereus (Green, 1818), un amphib-
ien terrestre. Nous avons marqué des salamandres rayées récoltées près des berges d’un cours d’eau d’ordre 1 et d’un
autre d’ordre 2 et les avons déplacées expérimentalement ou bien sur la berge opposée ou alors à une distance équivalente
vers l’intérieur de la forêt. Une comparaison des taux de retour indique que les deux cours d’eau constituent des barrières
partielles au déplacement des salamandres, ce qui réduit les taux de retour de l’ordre de 50 %. L’analyse de six locus mi-
crosatellites dans des parcelles appariées sur la même berge ou alors sur des berges opposées du cours d’eau d’ordre 2 in-
dique que le cours d’eau contribue à la différentiation génétique des populations de salamandres. Dans leur ensemble, nos
résultats laissent croire que les cours d’eau d’ordres inférieurs influencent les patrons de déplacement et le flux génique
chez la salamandre rayée. Nous croyons qu’étant donné la forte densité de cours d’eau d’ordres 1 et 2 dans la plupart des
paysages, ces structures peuvent avoir un important effet sur les espèces qui, à l’instar des salamandres rayées, ont une dis-
persion réduite et une aire de répartition étendue.

[Traduit par la Rédaction]

Introduction

The hypothesis that major rivers can act as barriers to an-
imal dispersal dates back at least to Alfred Russell Walla-
ce’s classic studies of Amazonian primates (Wallace 1852).
Since Wallace’s time, the ‘‘riverine barriers’’ hypothesis has
been investigated for numerous taxa. Collectively, these
studies suggest that the barrier effects of rivers often depend
on the taxa being studied and on characteristics of the rivers

themselves. For example, mark–recapture data suggest that
large rivers such as the Mississippi may be barriers to black
bear (Ursus americanus Pallas, 1780) movement, whereas
smaller rivers such as Arkansas’ White River are readily
crossed by bears (White et al. 2000). Genetic evidence for
riverine barriers has been found for Brazilian saddlebacked
tamarins, Saguinus fuscicollis (Spix, 1823), (Peres et al.
1996) and for orangutans, Pongo pygmaeus (L., 1760), in
Borneo (Goossens et al. 2005). Yet Lugon-Moulin et al.
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(1999) found no evidence of riverine barriers to gene flow
in common shrews (Sorex araneus L., 1758) and Patton et
al. (1994) found evidence against the riverine barrier hy-
pothesis for patterns of genetic differentiation in Amazon
basin spiny rats (Echimyidae).

For reptiles, results have been largely positive with re-
spect to the hypothesis that rivers reduce dispersal and gene
flow. Rivers have been shown to affect the genetic structure
of wood turtles (Glyptemys insculpta (Le Conte, 1830)) in
Quebec (Tessier et al. 2005) and gekkos (Gymnodactylus
darwinii (Gray, 1845)) in Brazil (Pellegrino et al. 2005),
patterns of chromosomal variation in Andean lizards (Lio-
laemus monticola Müller and Hellmich, 1932) (Lamborot
and Alvarez-Serrat 1993), and patterns of phenotypic differ-
entiation in eastern fence lizards (Sceloporus undulatus
(Bosc and Daudin in Sonnini and Latreille, 1801) (Pounds
and Jackson 1981). However, for amphibians, the support
for riverine barriers has been less consistent. Lampert et al.
(2003) found evidence that the Chagres river is a barrier to
gene flow for tungara frogs (Physalaemus pustulosus (Cope,
1864)) in Panama. In addition, Wagner et al. (2005) showed
that the Columbia River differentiated discrete genetic units
of the Larch Mountain salamander (Plethodon larselli
Burns, 1954). But in Amazonian frog populations, no signif-
icant barrier effects on gene flow (Gascon et al. 1998;
Lougheed et al. 1999) or on community similarity (Gascon
et al. 2000) were detected in studies of multiple species.

While the barrier effects of large rivers have been studied
intensively, the effects of smaller streams have been less
thoroughly examined. This is unfortunate because first-order
and second-order streams are much more common than riv-
ers, both in terms of numbers and in terms of total linear
distance (Selby 1985). For example, Australia’s Acheron
River is fed by more than 500 first-order streams, and the
total length of these streams is more than 20 times that of
the river (Gordon et al. 2004). Because low-order streams
are so common, they will be encountered by dispersing ani-
mals much more often than will large rivers. Thus, many
species may be better adapted for crossing streams than for
crossing rivers. On the other hand, the great abundance of
low-order streams means that even partial barrier effects
could have a large cumulative influence on gene flow and
dispersal.

One group that is potentially affected by low-order
streams is terrestrial salamanders of the genus Plethodon
Tschudi, 1838. Terrestrial salamanders are abundant and di-
verse in moist forests of eastern North America and are im-
portant components of these ecoystems (Burton and Likens
1975; Davic and Welsh 2004). The most common and best
studied of the terrestrial plethodontids is the northern red-
backed salamander, Plethodon cinereus (Green, 1818). Red-
backed salamanders use terrestrial habitats in all phases of
their life history, and they generally prefer upland areas to
streamside habitats (Petranka 1998; Grover 2000; Grover
and Wilbur 2002). When red-backed salamanders do colo-
nize streamside habitats, they may be rapidly displaced by
larger, more stream-adapted desmognathine salamanders
(Grover and Wilbur 2002). Thus, both biotic and abiotic fac-
tors may result in stream habitats forming barriers to terres-
trial salamander dispersal.

We used displacement experiments (Marsh et al. 2004,

2005) and analysis of microsatellite markers (Connors and
Cabe 2003; Cabe et al. 2007) to investigate the barrier ef-
fects of low-order streams on red-backed salamanders. In
the displacement experiments, we experimentally moved
marked salamanders across one first-order and one second-
order stream, as well as farther into the forest. We compared
the recapture rates of these groups to ask whether having to
cross a stream reduced the probability of successful return.
In the genetic component of the study, we used six microsa-
tellite loci from red-backed salamanders in paired plots on
the same side and on opposite sides of a stream to analyze
patterns of genetic differentiation. We asked whether sala-
manders from plots on opposite sides of the stream exhibited
greater genetic differentiation than those from equidistant
plots on the same side of the stream.

Materials and methods

Study site and species
Our study used two streams that flowed through the

Jefferson National Forest in Giles County, Virginia, USA.
The larger stream, White Rocks Creek, is a forested,
second-order stream with a mean width of 5–7 m and
maximum depth of 0.5–1 m. During the study, water flow
was continuous through the main channel with pools and
eddies along the margin. The smaller stream was an un-
named first-order tributary of White Rocks Creek. This
stream was approximately 2–3 m wide with a maximum
depth of 0.1–0.3 m. Rocks and emergent vegetation pro-
truded from the surface of the stream. Water was continu-
ously present in the stream, but it flowed only during and
immediately after rainfall events.

Red-backed salamanders inhabit moist, deciduous forest
and reach high densities in mature forests throughout eastern
North America (Petranka 1998). Their range extends from
North Carolina to Nova Scotia and west to Minnesota. They
are most commonly found under rocks and logs on the forest
floor, though the majority of the population is usually under-
ground at any given time (Test and Bingham 1948; Taub
1961). Red-backed salamanders lay eggs underneath rocks
and logs or in the leaf litter, and hatchings emerge com-
pletely developed. These hatchlings reach sexual maturity at
2–3 years of age (Petranka 1998). Adults have small home
ranges, on the order of 10–25 m2 (Kleeberger and Werner
1982). While juveniles may engage in some longer distance
dispersal, these movements appear to be on the order of tens
of metres rather than hundreds of metres (Marsh et al.
2004). Both mark–recapture data (Gillette 2003) and analy-
sis of genetic population structure (Cabe et al. 2007) suggest
similarly limited dispersal. Male and female red-backed sal-
amanders are seasonally territorial in Virginia (Mathis
1991), and displaced animals may home successfully to their
territories up to distances of 50–90 m (Kleeberger and
Werner 1982; Marsh et al. 2004). The mechanism involved
in homing is not known, although it may involve olfaction,
which is a common homing mechanism for other amphib-
ians (Twitty 1966; Oldham 1967).

Displacement experiment
At each stream, we established two ‘‘collection zones,’’

one on each side of the stream and 18–22 m from the
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stream’s center (Fig. 1). The length of each collection zone
was approximately 100 m, although muddy patches at the
second-order stream that were likely unsuitable for salaman-
ders caused us to split the zone into three separate units.
Within each collection zone, we placed one hundred
0.08 m2 white oak cover boards flush with the soil. Cover
boards were numbered consecutively and arranged within
the collection zone to maintain about 2 m between the
boards. Collection zones were established on 20–26 April
2004.

We allowed salamanders to colonize cover boards for ap-
proximately 3 weeks and then began to survey the collection
zones on 14 May 2004. During surveys, we lifted each cover
board and collected any red-backed salamanders found
underneath. We brought the salamanders back to the labora-
tory (approximately 12 km away), where we batch-marked
them with fluorescent elastomer tags (Davis and Ovaska
2001; Marsh et al. 2004) to indicate the side of the stream
on which they were captured and their treatment assignment.
Each mark was applied in duplicate (once on each side) to
avoid any problems with the loss of single tags. We re-
corded the snout–vent length (SVL) and the board of origi-
nal capture for each salamander. In total, we captured and
marked 674 salamanders — 184 were small juveniles
(SVL < 3.0 cm), 114 were large juveniles (3.0 cm < SVL <
3.5 cm), 233 were small adults (3.5 cm < SVL < 4.0 cm),
137 were large adults (SVL > 4.0 cm), and 6 were not meas-
ured.

Salamanders were randomly assigned to one of three
treatments: release on the opposite side of the stream, re-
lease an equivalent distance into the forest on the same side
of the stream, and a handling control in which salamanders
were re-released at the original site of capture. Data from
the handling controls were used for comparative purposes
but were not incorporated into the main analysis, since it is
trivial that recapture rates would be higher for this group.

We assigned the three treatments at a ratio of four stream
crossers to four forest releases to one handling control.

After salamanders had been marked and assigned to
a treatment, we returned to the appropriate location to
re-release the animals. Most salamanders were released
on the morning following capture and no salamanders
were held in the laboratory more than 48 h. Salaman-
ders in the stream-crossing treatment were released
underneath a cover board approximately 10 m across
the stream and directly perpendicular to the board
under which they were originally captured (Fig. 1).
Thus, to home successfully, these salamanders had to
travel 28–32 m and cross the stream. Salamanders in
the forest treatment were released under a cover board
28–32 m farther into the forest on the same side of
the stream and perpendicular to the cover board where
they were originally captured. These salamanders had to
move 28–32 m through forest to home successfully but
did not have to cross a stream or any other obvious
barrier to movement. Controls were replaced beneath
the board where they were originally captured. All sites
used were relatively flat with <108 slopes. Although
very steep banks can be partial barriers to salamander
movement, <308 slopes do not appear to affect homing
behavior (Marsh et al. 2005). Thus, small differences in
slopes between forest releases and stream releases were
unlikely to have influenced our results.

We sampled the collection zones periodically from 14
May to 30 October 2004. The smaller stream and the larger
stream were sampled alternately and each was checked 27
times during the study. When we encountered marked indi-
viduals, we captured and removed them from the study site
to avoid double-counting. For each recapture, we recorded
its site of origin, its treatment assignment, and its recapture
date. All protocols for this experiment were carried out in
accordance with the Guidelines for the Use of Live Amphib-

Fig. 1. Red-backed salamanders (Plethodon cinereus) were captured in collection zones and then moved either to release zones across the
stream or to equidistant release zones farther into the forest. An additional control group (not shown) was re-released at the site of capture.
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ians and Reptiles in Field and Laboratory Research (Herpe-
tological Animal Care and Use Committee, American Soci-
ety of Ichthyologists and Herpetologists) and were approved
by the Institutional Animal Care and Use Committee at
Washington and Lee University.

Data analysis for displacement experiment
We analyzed the effects of each stream on salamander re-

turn rates using logistic regression with successful return
treated as a binary variable (i.e., each animal returned or
did not return). We first used the release treatment by
stream interaction to test whether the barrier effects differed
between the second-order stream and the first-order stream.
We then analyzed the main effect of the treatment to test
whether return rate was affected by the presence of the
stream. Finally, we used a two-factor ANOVA to analyze
the effects of release treatment and stream on the SVL of
salamanders that returned. This tested whether salamanders
of specific sizes were particularly likely to cross the stream.
A two-tailed � of 0.05 was used for each comparison and all
calculations were performed in SYSTAT1 version 10.2 (Sy-
stat Software Inc. 2002).

Genetic differentiation
We used dinucleotide microsatellites to examine whether

White Rocks Creek, the second-order stream, appeared to
contribute to genetic differentiation of red-backed salaman-
ders. We established four plots of 50 m � 50 m at the verti-
ces of a square with a length of 200 m (plots A, B, C, and
D; Fig. 2). These plots were at least 100 m downstream and
80 m upland of the sites used in the displacement experi-
ment, so it is very unlikely that any sampled animals had
been experimentally displaced. Within each of the four
plots, we collected tail tips (approximately 1 cm) from 48
red-backed salamanders; tail tips usually re-grow within 2
weeks. We placed tail tissue in a sterile 1.5 mL microtube
containing collection buffer (10 mmol/L Tris, 10 mmol/L
EDTA, pH 8) and then re-released salamanders at the point
of capture. We placed samples on ice during transport to the
laboratory and performed DNA extraction within 24 h. Ge-
nomic DNA was extracted using the reagents and suggested
protocols from the Promega Wizard Genomic DNA purifica-
tion kit. We ground tissue samples in 500 mL of nuclei lysis
solution, incubated at 65 8C for 20–30 min, treated with
RNase at 37 8C for 25 min, treated with 170 mL of protein
precipitation solution, and centrifuged. The supernatant was
decanted and the DNA was precipitated using isopropanol.
The DNA pellet was then washed with 70% ethanol, dried,
and rehydrated with TE (10 mmol/L Tris, pH 8.0, 1 mmol/L
EDTA). DNA samples were stored in a freezer and dilu-
tions of this stock (1:4 or 1:9) were used as templates for
the polymerase chain reaction (PCR).

We amplified five microsatellite loci (PcI16, PcLX16,
PcLX23, PcJX06, and PcFX08) following the protocols de-
tailed in Connors and Cabe (2003). Although the original
protocols specified multiplex reactions, some loci were am-
plified independently to increase yields. A sixth locus,
PcXD23 (primers HEX/GCAAAACAGCAACAAGACAAC,
AACCTTGATGTTTGGCAAGG; GenBank accession No.
AY151376) was amplified using similar protocols.

After verifying the success of our PCR via agarose gel

electrophoresis, PCR products were shipped to the Ad-
vanced Genetics Analysis Center at The University of Min-
nesota, where they were sized using ABI 377 or 3100 DNA
sequencers and GeneScan1 version 3.7 (Applied Biosystems
2001a). We determined genotypes in our laboratory using
Genotyper1 version 3.7 (Applied Biosystems 2001b). We
manually inspected each allele call and binned alleles ac-
cordingly.

Data analysis for genetic differentiation
We used Microsatellite Analyzer (MSA) to obtain ob-

served and expected heterozygosities, allele counts, and
size ranges (Dieringer and Schlötterer 2003). We then used
GenePop version 3.4 (Raymond and Rousset 1995) to test
each locus for Hardy–Weinberg equilibrium. The probabil-
ities from these tests were adjusted for an experimentwise
probability of 0.05 using the sequential Bonferroni correc-
tion suggested by Weir (1990). We tested for linkage dise-
quilibrium for each pair of loci in the same manner.

We used several resampling methods (Manly 1997) to
evaluate the null hypothesis that subpopulations on opposite
sides of the stream (i.e., A–D and B–C in Fig. 2) will be no
more genetically distinct than equidistant subpopulations on
the same side of the stream (i.e., A–B and C–D). We based
the first statistical test on measures of the pairwise genetic
distance for each pair of plots. To ensure that our results
did not depend on the chosen metric, we used three meas-
ures of pairwise genetic distance: FST (Weir and Cockerham
1984), Nei’s genetic distance (Nei 1972), and Reynolds’ ge-
netic distance (Reynolds et al. 1983). For hypothesis testing,
our summary test statistic was the mean genetic distance for
pairs of plots on opposite sides of the stream minus the

Fig. 2. DNA samples from 48 red-backed salamanders were col-
lected at each of the four plots.
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mean genetic distance for pairs of plots on the same side of
the stream (i.e., 0.5(AB + CD) – 0.5(AD + BC)). Thus, pos-
itive values of the test statistic indicate that across-stream
plots are more distinct than the same-side plots, negative
values indicate that same-side plots are more distinct, and
zero is expected under the null hypothesis that the stream
does not influence genetic differentiation. Genetic distance
measures for plots diagonally across from one another (A–C
and B–D) were not incorporated into the analysis.

We calculated the value of the test statistic from the ac-
tual data and bootstrapped multilocus genotypes within plots
(i.e., resampled with replacement) to calculate a 95% confi-
dence interval for the test statistic. We then determined
whether the confidence interval overlapped zero, as would
be expected under the null hypothesis that the stream did
not influence genetic differentiation. We repeated this analy-
sis for each distance measure. Because these different dis-
tance measures represent highly nonindependent checks for
consistency rather than independent post hoc comparisons,
we used an � of 0.05 for each distance measure. We note
that our method of bootstrapping multilocus genotypes
within plots is analogous to the determination of hierarchical
FST values by existing statistical packages such as GDA
(Lewis and Zaykin 2001), but with comparisons restricted
to plots that are equidistant to one another. The use of equi-
distant plots also made our approach preferable to Mantel
tests, which are commonly used to assess the relationship
between genetic distance and geographic distance.

In the resampling analyses described above, we incorpo-
rated variation at the level of multilocus genotypes, as
would result from random colonization and the sampling of
variable individuals at each plot. It is also possible that var-
iation could occur at the level of entire plots, owing to fac-
tors like simultaneous colonization by large numbers of
individuals or a high degree of co-ancestry of sampled indi-
viduals. Although having only four plots does not permit ex-
tensive analysis of variation at the whole-plot level, we did
carry out a set of additional tests that should be less sensi-
tive to random variation among plots.

These latter hypothesis tests were based on a three-stage
process. First, we bootstrapped all multilocus genotypes
among the two plots on the same side of the stream (i.e., in-
dividuals from A and B combined and individuals from C
and D combined). From the bootstrapped data, we calculated
a genetic distance (FST, Nei’s, or Reynold’s) between the
two pooled populations separated by the stream. In the sec-
ond stage, we took the original data and bootstrapped multi-
locus genotypes between adjacent subpopulations across the
stream from one another (i.e., A–D combined and B–C com-
bined). We then calculated a genetic distance between these
two pairs of pooled populations. In the third stage, we calcu-
lated a test statistic by subtracting the second genetic dis-
tance measure from the first (i.e., (AB to CD) – (AD to
BC)). As in the previous tests, if subpopulations on opposite
sides of the stream are more distinct from one another, val-
ues of the test statistic should be positive, whereas if the
null hypothesis of no stream effect is true, the test statistic
should be distributed around zero. By repeating this three-
stage process 1000 times, we calculated 95% confidence in-
tervals for all three measures of genetic distance and asked
whether they overlapped zero. All resampling programs

were implemented in Matlab1 version 7.0.4 (MathWorks
Inc. 2005) and the code is available from the senior author.

As a final component of our analysis, we used Arlequin
version 2.0 (Schneider et al. 2000) to assess our ability to
assign the multilocus genotypes of individual salamanders
to the plots from which they came. The assignment proce-
dure determines the log likelihood of observing each multi-
locus genotype in each of the study plots, where log
likelihoods are calculated from the observed allele frequen-
cies within each plot (Schneider et al. 2000). For individuals
that were incorrectly assigned, we asked whether these mis-
assignments were more likely for plots on the same side of
the stream versus equidistant plots on the opposite side of
the stream.

Results

Displacement experiment
At the second-order stream, 380 salamanders were re-

leased, of which 38 were recaptured (10.0%). Seventeen
recaptures were controls (recapture rate 40.4%), 13 salaman-
ders returned through the forest (recapture rate 7.7%), and 8
salamanders returned across the stream (recapture rate 4.7%;
Fig. 3). At the first-order stream, 378 salamanders were re-
leased and 60 were recaptured (15.7%). Twenty-eight of the
recaptures were replacement controls (recapture rate 63.3%),
22 returned though the forest (recapture rate 13.1%), and 10
returned across the stream (recapture rate 5.9%; Fig. 3).

The interaction between treatment and stream did not ap-
proach statistical significance (b = –0.13, t = –0.88, p =
0.38); therefore we pooled the data from the two streams.
For the pooled data, return rate was significantly lower for
salamanders returning across the stream versus salamanders
returning through the forest (b = 0.37, t = 2.46, p = 0.014).
This significant effect represented a 49% reduction in return
rate. Had the data been analyzed separately for each stream
(i.e., without pooling), conclusions would have been identi-
cal, although small sample sizes would have rendered the
barrier effect of the large stream not significant at the 0.05
level.

Salamanders returning across the stream were signifi-
cantly larger than salamanders returning through the forest
(4.07 ± 0.07 cm (mean ± SE) for stream crossers, 3.86 ±
0.08 cm for forest returns; F[1,49] = 4.44, p = 0.04). There
were no significant differences in salamander size between
the first-order stream site and the second-order stream site
(F[1,49] = 1.58, p = 0.22), and there were no significant inter-
actions between stream and treatment on salamander size
that would indicate different effects between the two sites
(F[1,49] = 0.71, p = 0.40).

Genetic differentiation
All loci within each sample plot were in Hardy–Weinberg

equilibrium (for summary statistics see Table 1). There was
some evidence for genetic disequilibrium for a single pair of
loci: Pcl16 and PcJX06 showed significant disequilibrium at
the 0.01 level. However, this result may be due to chance
alone given that we evaluated disequilibrium for 15 pairs of
loci. Furthermore, eliminating PcJX06 from the analysis did
not substantively change any of our results.

Pairwise genetic distances between plots ranged from
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0.013 (FST) for plots A and B to 0.050 (FST) for plots B and
C (Table 2). Based on bootstrapping of multilocus geno-
types, there was small but statistically significant genetic
differentiation across the stream (mean FST difference =
0.016, 95% confidence intervals = 0.005–0.030). Results
were very similar using Nei’s genetic distance (mean differ-
ence = 0.024, 95% confidence intervals = 0.005–0.043) and
Reynold’s distance (mean difference = 0.016, 95% confi-
dence intervals = 0.005–0.030). Bootstrapping across pooled
adjacent plots also suggested that the stream increased ge-
netic differentiation. This was true for genetic distance
based on FST (mean difference = 0.016, 95% confidence in-
tervals = 0.005–0.028), Nei’s genetic distance (mean differ-
ence = 0.025, 95% confidence intervals = 0.007–0.042), and
Reynold’s distance (mean difference = 0.015, 95% confi-
dence intervals = 0.004–0.027).

Assignment of genotypes to plots based on maximum
likelihood correctly classified 69.4% of individual salaman-
ders. Of salamanders incorrectly assigned to plots 200 m
away, 64.1% (25 of 39) were assigned to the plot on the
same side of the stream, whereas 35.9% (14 of 39) were as-
signed to the plot across the stream. This difference is mar-
ginally different from the 50:50 null expectation (�2

½1� ¼ 3:1,
p = 0.08), in a direction that is consistent with our previous
results.

Discussion
Results for both the displacement experiment and the pop-

ulation genetic study suggest that streams act as partial bar-
riers to dispersal and gene flow in red-backed salamanders.
Streams reduced the return rates of salamanders and in-
creased genetic differentiation among subpopulations. The
displacement experiment suggested that the barrier effects
of streams may be particularly strong for smaller salaman-
ders; salamanders returning across the stream were signifi-
cantly larger than salamanders returning through the forest.

Our results for the two streams can be compared with
analogous results for the barrier effects of open fields and
forest roads. Unlike streams, open fields had no apparent ef-

fects on red-backed salamander movement rate (Marsh et al.
2004). In contrast, forest roads reduced salamander move-
ment by an average of 51% (Marsh et al. 2005), an effect
similar to the 49% reduction observed here for streams. In
both these previous experiments, we found no evidence that
the barrier effects of open fields or roads depended on sala-
mander size. Streams, on the other hand, appeared to be
more of a barrier to smaller salamanders. It is possible that
smaller salamanders are more likely to avoid streams be-
cause they make easier prey for aquatic salamanders or fish
(e.g., Mathis et al. 2003; Lowe et al. 2004) or because they
have generally poorer condition, which could make swim-
ming against the current more difficult (see Lowe et al.
2006). Alternatively, it could be that the size effects that we
observed are due more to the influence of experimental dis-
placement on homing behavior than to any particular adap-
tive response.

Because we did not directly observe the movements of the
salamanders, we have no information as to how salamanders
actually crossed the streams. The first-order stream was bro-
ken by emergent vegetation and there were many places
where salamanders could have crossed without encountering
flowing water. The flow of the second-order stream was un-
broken, although there was a fallen log spanning the stream
at one end of the collection zones. That said, the observed
returns across the second-order stream were not concen-
trated near the log and several of the returns were more
than 200 m downstream from this point. This implies that
at least some of the salamanders probably had to swim to
home to their site of capture. Given this, it is surprising that
we did not observe significant differences in the effects of
the two streams, despite substantial differences in width,
depth, and flow rate. If anything, return rate appeared to be
lower across the first-order stream, which caused a 55% re-
duction in return rate compared with a 39% reduction at the

Fig. 3. Recapture rates from red-backed salamanders displaced
farther into the forest (shaded bars) and animals displaced across
the stream (open bars) are shown for both the second-order (large)
stream and the first-order (small) stream.

Table 1. Genetic diversity of pooled samples from red-
backed salamanders, including sample size (N), number of
alleles, observed and expected heterozygosities (Ho and He),
and site-wide fixation indices (FST) for each locus.

Locus N Alleles Ho He FST

PcI16a 174 6 0.26 0.29 0.063**
PcLX16a 180 7 0.55 0.61 0.058**
PcLX23a 182 14 0.51 0.52 0.016**
PcJX06a 185 10 0.41 0.43 0.010*
PcFX08a 179 14 0.81 0.86 0.004
PcXD23a 180 8 0.80 0.79 0.007

Note: *, P < 0.05; **, P < 0.005.

Table 2. Pairwise genetic distances of red-backed salamanders
from among adjacent plots calculated using FST, Nei’s genetic
distance, and Reynolds’ distance.

Plot pair Bisected by road? FST Nei’s Reynolds’

AB No 0.013 0.029 0.025
BC Yes 0.050 0.083 0.060
CD No 0.020 0.040 0.031
AD Yes 0.014 0.034 0.026
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large stream. This suggests that streams may present more
of a behavioral barrier to salamander movement than an ab-
solute physical barrier. Our previous study of the barrier ef-
fects of roads suggested that a substantial component of the
observed reduction in dispersal results from salamanders that
simply do not attempt to cross roads (Marsh et al. 2005).

Given that the second-order stream was only a partial bar-
rier to salamander movement, it was interesting that we
were able to detect a significant, albeit small, increase in ge-
netic differentiation across the stream. This effect was pri-
marily due to one pair of plots on opposite sides of the
stream that were substantially different from one another
(plots B–C, FST = 0.05). However, the high differentiation
observed between these plots is unlikely to be due to
chance. During the course of other research, we used identi-
cal methods to evaluate genetic differentiation among 19
pairs of red-backed salamander plots separated by 200 m of
stream-free forest habitat (Cabe et al. 2007; P.R. Cabe, R.B.
Page, and D.M. Marsh, unpublished data). For all 19 of
these plot pairs, FST values were <0.035 (i.e., >30% lower
than the value that we observed between stream plots B and
C). Based on a regression of FST versus distance in continu-
ous forest (Cabe et al. 2007), a FST of 0.05 is equivalent to
the expected differentiation over a distance of about 2 km. It
is also generally near the middle of the range of fine-scale
(i.e., <16 km) FST values from microsatellite studies of am-
phibian populations reviewed by Newman and Squire
(2001).

Quantitative estimates of dispersal rates from genetic and
ecological methods often differ substantially (Koenig et al.
1996; Wilson et al. 2004; Riley et al. 2006). Some of these
differences may arise from different assumptions of the two
approaches. For example, genetic methods often assume an
equilibrium between drift and gene flow, an island model of
genetic exchange, and some known genetic effective popula-
tion size (Whitlock and McCauley 1999). In contrast, eco-
logical approaches such as mark–recapture usually assume
that capture probability does not depend on dispersal dis-
tance and that no animals disperse off the study site (Koenig
et al. 1996). Other differences between the results of the two
approaches may relate to the fact that they are often estimat-
ing somewhat different quantities (Whitlock and McCauley
1999; Rousset 2001). Genetic methods usually estimate the
long-term mean migration rate of individuals that go on to
breed, whereas ecological approaches provide a short-term
estimate of the numbers moving without regard to their fate
after dispersal.

Given these discrepancies, it is encouraging that both the
displacement experiments and the genetic approaches gave
relatively similar impressions of the barrier effects of
streams for red-backed salamanders. However, it should be
noted that we only attempted to relate the two sets of results
in a qualitative way. As of yet, there is no sure way of
knowing what magnitude of reduction in dispersal observed
in displacement experiments is consistent with any specific
level of genetic differentiation, even with the assumption
that gene flow and drift are at equilibrium. New approaches
have begun to use maximum likelihood and Bayesian theory
to better integrate direct estimates of dispersal with esti-
mates from genetic population structure (e.g., Beerli and
Felsenstein 1999, 2001; Wilson and Rannala 2003). Hope-

fully, by relating the results of displacement experiments to
direct estimates of dispersal from mark–recapture, we will
soon be able to integrate displacement experiments into this
more unified framework for understanding dispersal.

What are the implications of the observed barrier effects
for the ecology and evolution of red-backed salamanders?
Obviously, given that streams appear to be only partial bar-
riers to dispersal, it is unlikely that isolation by a single,
small stream would lead to substantial genetic differentiation
and local adaptation. Nevertheless, large streams, or multiple
small streams, certainly do have the potential to lead to dif-
ferentiation, particularly given the broad geographic range
(Petranka 1998) and low dispersal rates (Cabe et al. 2007)
of red-backed salamanders. Indeed, substantial variation in
both physiological and behavioral characteristics is evident
across the distribution of red-backed salamanders. Frequen-
cies of the two primary color morphs (red-backed and lead-
backed) vary widely over a scale of tens of kilometres (An-
gleberger and Chinnici 1975; Lotter and Scott 1977). In
terms of behavioral variation, populations in Western Vir-
ginia have been reported to be highly territorial (Mathis
1991), whereas populations in Michigan appear to aggregate
with conspecifics (Quinn and Graves 1999). Studies on other
amphibian species have shown a surprising level of local
adaptation over small spatial scales (Berven 1982; Freiden-
burg and Skelly 2004). Although red-backed salamanders
exhibit some genetic differentiation over small spatial scales
even in continuous forest, the cumulative barrier effects of
streams and rivers would make it even easier for these kinds
of interpopulation variations to develop.
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