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Although populations of amphibians are declining worldwide,
there is no evidence that salamanders occupying small streams
are experiencing enigmatic declines, and populations of these
species seem stable. Theory predicts that dispersal through multi-
ple pathways can stabilize populations, preventing extinction in
habitat networks. However, empirical data to support this predic-
tion are absent for most species, especially those at risk of decline.
Our mark-recapture study of stream salamanders reveals both a
strong upstream bias in dispersal and a surprisingly high rate of
overland dispersal to adjacent headwater streams. This evidence of
route-dependent variation in dispersal rates suggests a spatial
mechanism for population stability in headwater-stream salaman-
ders. Our results link the movement behavior of stream salaman-
ders to network topology, and they underscore the importance of
identifying and protecting critical dispersal pathways when
addressing region-wide population declines.

amphibian decline | dendritic ecological network | stream salamander |
plethodontidae | movement

Despite the implications of spatial structure for the evolution
of dispersal and resulting dynamics (1, 2), quantifying
movement in real population networks has proven tremendously
difficult (3). Of particular importance are specific, rarely observed
dispersal pathways that are vital to network dynamics (2, 4),
species distributions (5, 6), and population stability (7, 8). In
theoretical network models, the propensity for small amounts of
dispersal through multiple pathways is especially critical for
population stability and metapopulation persistence (4, 9).
However, empirical data for such dispersal probabilities in many
organisms, particularly amphibians (10), are lacking.

Large-scale, enigmatic declines of amphibians have been docu-
mented worldwide (11), but existing data on headwater-stream
salamanders in the Appalachian Mountains of eastern North
America suggest stable populations. Estimated local extinction rates
are near zero for species living in these habitats, and there are sig-
nificantly smaller population fluctuations (in both change in pop-
ulation size and variance in population sizes) than for either pond-
or river-breeding amphibians (12). Given ongoing modifications to
the geometry and dynamics of riverine networks (13, 14) and the
potential for large-scale changes in stream-network structure
because of climate and landscape change (15), understanding the
link between dispersal and network geometry may be crucial to
addressing future impacts on demography, evolution, and com-
munity assembly in stream amphibians and other freshwater species.

The hierarchical geometry of stream systems distinguishes
these ecological networks from other spatially structured habitats
(16). In such dendritic networks, dispersal can follow two path-
ways: along network branches (within-network movement) or
overland between branches (out-of-network movement). Varia-
tion in dispersal pathways may be related to species- or age-
specific habitat associations, and may have strong effects on
population persistence, evolutionary dynamics, and patterns of
community composition.

www.pnas.org/cgi/doi/10.1073/pnas.1000266107

In species that are restricted to network branches, dispersal is
constrained by network structure (17), and consequently, pop-
ulation stability and local extinction risk are predicted to be
highly sensitive to network position and direct connections
among occupied branches (18). A capacity for overland dispersal
between branches is predicted to increase population stability
and decrease extinction risk significantly by providing periodic
connectivity among spatially isolated reaches (4, 9). In the only
reported decline that we could find in a stream-associated ple-
thodontid (19), populations that were close in overland distance
showed high genetic divergence, indicating that the overland
movement pathway was not used in this population.

Because habitat conditions vary along the stream continuum
(20), dispersal between branches at the same hierarchical level
also reduces the probability of settlement in new and inhospitable
habitat. Furthermore, dispersal distances between branches are
generally shorter by overland routes than along stream corridors,
especially in the uppermost reaches of river networks (i.e., the
headwaters). This suggests that headwater specialists, including
many amphibians and invertebrates, should evolve upstream-
biased movement and overland dispersal strategies (21, 22).

Plethodontids (the family of lungless salamanders) have their
greatest species diversity in upland, headwater areas of North and
Central America, including the Appalachian Mountains (23).
Stream-associated plethodontids have a complex life cycle (24)
where aquatic larvae metamorphose into juveniles that, like adults,
can be largely terrestrial. This life cycle allows the possibility of
different movement behavior in each age class. In members of the
genus Desmognathus, a dominant genus of plethodontids, the larval
stage is brief and unlikely to allow significant dispersal within a
stream network, but large postmetamorphic animals may disperse
overland with less desiccation risk. Theoretical models and empir-
ical data make clear that juveniles are more likely to disperse than
adults in most species, reducing both kin competition and the
potential for inbreeding (25). We would, therefore, expect post-
metamorphic juvenile salamanders to have higher dispersal prob-
abilities than adults.

We combined theory on spatially structured networks, par-
ticularly dendritic networks, with empirical observations of
marked animals to test the following predictions: (i) stream
salamanders use multiple movement pathways, both within-
stream dispersal (the primary pathway) and overland dispersal
(the secondary pathway), (if) juveniles have higher dispersal
probabilities than other life stages, and (iii) dispersal through
these multiple pathways stabilizes stream salamander pop-
ulations. Specifically, with data from 491 D. fuscus and 2,043 D.
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monticola that were individually marked over a 2-year period in
stream networks in Virginia, we directly quantified within-stream
and overland dispersal probabilities. To investigate the con-
sequences of the observed dispersal probabilities in dendritic
metapopulations, we then conducted a simulation study in a
fractal branching network of 15 habitat patches under different
annual per-patch extinction probabilities.

Results

We first tested if D. fuscus and D. monticola differed in their
relative movement behavior. For example, one species may
prefer to move along the stream channel, whereas the other may
make overland movements. A likelihood ratio test indicated little
support for species-specific differences in movement rates (x* =
4.22; df = 2; P = 0.121), although a model specifying a different
overall propensity for movement for each species provided a
better fit to the data than one that estimated a single rate for
each pathway (x* = 15.609; df = 3; P = 0.001). Investigation of
the model-averaged point estimates for each dispersal proba-
bility indicated that D. fuscus has higher probabilities of moving
via any given pathway than D. monticola (Fig. S1), although the
estimate of the effect has a large SE. The results from these tests
indicate that the movement ecology of the two desmognathine
salamanders is similar and lends support to our hypothesis that
the movement ecology of these species is related to their life-
history characteristics. We, therefore, combined the data from
both species for the remainder of our analysis. Two of five
candidate models representing our hypotheses about stream
salamander dispersal were supported by the data and had a
combined model weight of 93% (Table 1). We calculated model-
averaged estimates of the transition probabilities (y/*) that were
not conditional on a single model in the set (26).

Newly metamorphosed juveniles (i.e., those individuals that
were larvae in time f—7) had the highest probabilities of dis-
persing to other stream reaches; both a strong upstream bias in
dispersal and a moderate probability of dispersing overland
between reaches were apparent (Fig. 14). Postmetamorphic
juveniles (i.e., those individuals that were juveniles in time ¢—1)
had higher site fidelity and lower probabilities of dispersing
between reaches. However, like newly metamorphosed juveniles,
they were more likely to move upstream than downstream and
had a nonnegligible probability of dispersing overland to an
adjacent reach (Fig. 1B). Adults exhibited the highest site fidelity
with dispersal probabilities near 0 (Fig. 1 C and D).

We were not able to explicitly separate overland from within-
network movements between the uppermost reaches of our
stream pairs. However, to travel between the two uppermost
reaches along the stream corridors, an individual would have to
survive and move first from the upper to the lower reach

(¢upperl lower _ Supperl upplerl lower) and then survive and move
t

from the lower reach to the adjacent upper reach (¢ 7% =
glomery lower =upper2 “")- Across all age classes, this sequence of
probabilities (¢[ = 0.0001) is much lower than the overland-
mgvement probability calculated for the same two time perlods
(¢, =0.0474): an individual could either survive and remain in
the uppermost reach (¢, erl —upperl. _ gupperty upperl =upperly g
then survive and _move to the adjacent reach (Q/77“ =P —
supperty uppert =upper2y o vice versa. This suggests that movement
between upper reaches along stream corridors is possible, but
that such movements are of minor significance relative to
overland movements.

Comparing our observed movement rates with the results from
the simulation model (Fig. 2), we found that our data support
general theory predicting increased population stability in net-
works with even a small amount of overland dispersal (2, 9). This
effect is most pronounced when extinction rates are low. Under
markedly increased extinction rates (as might be expected given
an epizootic) (27), populations are unlikely to persist, even with

relatively high rates of dispersal.

Discussion

Using individually marked animals across multiple life stages, we
quantified the specific dispersal pathways used by stream sala-
manders in headwater-stream networks, and we show that route-
dependent variation in dispersal rates may be a spatial mechanism
enhancing population stability in these species. High rates of
overland dispersal in newly metamorphosed juveniles were par-
ticularly striking, especially considering that our surveys were
conducted during two of the driest summers in recent history.
Although desiccation risk may limit terrestrial activity of juvenile
animals (28, 29), episodic afternoon thunderstorms (common in
mountain systems) may provide windows of opportunity for
overland movement. The existence of such temporally varying
habitat conditions underscores the importance of using marked
animals to identify specific dispersal pathways.

Dispersal is a key component of population dynamics (30). In
stream networks, there are two dominant pathways for dispersal:
within-network dispersal or overland dispersal between habitat

Table 1. Candidate model set

Model AAICc w Description

y (All movement pathways different) 1.96 0.25 Different overland movement for upper and lower reaches allowed different
probabilities for movements to and from the adjacent reach. Within-stream
movements were estimated separately.

v (All overland movements different; 11.56 0.00 Different overland movement probabilities for upper and lower reaches allowed

upstream = downstream) different probabilities for movements to and from the adjacent reach. No bias
was shown in within-stream movement.

y (Overland from upper # lower; 0.00 0.67 Different overland movements from upper and lower reaches are shown; overland

upstream # downstream) movement to and from the adjacent reach was not estimated separately.
Within-stream movements were estimated separately.

y (Overland from upper # lower; 14.57 0.00 Different overland movements from the upper and lower reaches are shown;

upstream = downstream) overland movement to and from the adjacent reach was not estimated separately.
No bias was shown in within-stream movement.

y (Overland from upper = lower; 4.55 0.07 Movement overland from the upper reach was equivalent to overland movement

upstream # downstream)

from the lower reach. Within-stream movements were estimated separately.

Candidate model set showing constraints used on the transition probability parameter (yf*), including the AAICc values and associated model weights (w)
for each model. All models included the most parsimonious structure on p [stream reach, temporary removal pass (1-3), and sampling month] and S/ (age class
and sampling month), and we estimated a separate movement probability for each type of age transition. We used model-averaging calculations to combine
estimates from each model using their associated model weights (w) to provide an estimate of the predicted effect (Fig. 1).
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Fig. 1. Observed movement probabilities. Model-averaged monthly movement-
age transition probabilities (and unconditional SEs) are shown. The letters refer to
the type of age transition. (A) Larval to juvenile. (B) Remain juvenile. (C) Juvenile to
adult. (D) Remain adult. Only movement probabilities >0.01 are shown for
movements originating from the upper and lower reaches of the focal stream. The
boxes represent the 40-m reaches, separated by 350-500 m along the stream or
overland (figure not drawn to scale; distances along the stream channel were
equal to the overland distance in each stream network sampled).

branches. Within-network dispersal has been described for a
number of stream-associated organisms [e.g., invertebrates (31),
fish (32, 33), and salamanders (34, 35)]. In contrast, overland
dispersal is poorly characterized for most species, although studies
have documented this dispersal pathway in stream invertebrates
(22, 36), observed short-distance overland movements in stream
salamanders (35), and inferred overland dispersal in studies of
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Fig. 2. Simulation results. Metapopulation persistence times in a 15-patch
dendritic network with per-patch annual extinction risks of 0.01 (Left) and 0.1
(Right), given varying levels of within-network and overland movement
probabilities, are shown. The contours indicate persistence time (years). The
estimated annual movement probabilities from the mark-recapture study are
plotted (o).

genetic relatedness in stream salamanders (17) and invertebrates
(37). The dendritic architecture of headwater-stream networks
may influence the dispersal pathways used by organisms living in
these networks, which may contribute to these striking differences
in population trajectories among amphibian taxa (16). In spatially
structured habitat networks, propensities for movement along
specific pathways may represent evolutionary adaptations to net-
work structure. We suggest that headwater specialists may have
evolved overland dispersal as one strategy for persistence in den-
dritic habitat networks. This hypothesis is supported by our finding
that the two Desmognathus species did not differ in their relative
use of the overland versus within-stream movement pathways.

The observed rates of upstream and overland dispersal by
juvenile salamanders support our prediction that the dendritic
structure of stream systems affects the basic movement behavior of
headwater specialists (16). Our data represent direct observations
of salamander movement in headwater networks and identify a
mechanism for increased occupancy and abundance in these sys-
tems (17, 38, 39). Within the restrictive spatial structure of den-
dritic networks, the use of multiple dispersal pathways is critical to
population stability (2, 9). Understanding the population-level
mechanisms for amphibian decline and persistence may require
similarly detailed investigation into the movement ecology of these
animals, with special attention to the pathways and life stages of
dispersal. Our study was conducted in continuous forest habitat
and designed to describe the movement ecology of headwater-
stream salamanders in undisturbed habitat. Understanding how
different types of habitat in the terrestrial matrix may influence
movement rates would be a logical next step, especially because
terrestrial habitat loss and alteration are a major threat to
amphibian population persistence (40).

The magnitude and directional bias of movement has context-
dependent effects on population dynamics (25). For example,
low-to-moderate rates of dispersal can increase population sta-
bility and metapopulation persistence (8, 41), whereas higher
rates of dispersal can synchronize populations (42-44), poten-
tially increasing extinction risk (45, 46). Our results agree with
theoretical models showing positive effects of low-to-moderate
dispersal rates, but they also expand on these models by showing
the importance of specific pathways of dispersal to population
dynamics (2, 4, 44).

Overland dispersal may be a natural component of an organ-
ism’s movement ecology (22, 31) or may result from anthropogenic
actions. These actions can be intentional (e.g., translocation as
part of a species’ recovery plan) (47) or accidental (e.g., intro-
duction of an invasive species) (48). We find that the frequency of
overland dispersal interacts with within-stream dispersal and local
extinction probability to influence population persistence (Fig. 2).
Specifically, our results suggest that freshwater species that cannot

PNAS Early Edition | 3 of 5

ECOLOGY



make overland movements, such as fish, sessile invertebrates, and
mollusks, may benefit disproportionally from overland trans-
locations (i.e., increasing the y-axis value in Fig. 2). Likewise,
eliminating these overland connections may be especially crucial to
slowing the spread of invasive species. More broadly, our results
underscore the importance of identifying and protecting critical
dispersal pathways when addressing region-wide population
declines such as those observed in many amphibians.

Methods

Field Data Collection. In each of two pairs of confluent streams in Shenandoah
National Park, Virginia, we individually marked salamanders of allage classes in
three 40-m reaches that were separated by 350-500 m either along the stream
corridor or across terrestrial habitat (Fig. 1). All research was performed under
appropriate Animal Care and Use Committee approval (University of Mary-
land #R-06-15). Each reach was surveyed using three temporary removal passes
in May, June, July, and September of 2007 and 2008.

Age Classification. Individuals were classified into three ages: larvae, juvenile,
and adult. Animals were assigned to either the juvenile or adult age class
based on the distribution of sizes: D. fuscus individuals were classified as
adults when their snout-to-vent length exceeded 36 mm, and D. monticola
individuals were classified as adults when their SVL exceeded 45 mm (49-51).

Multistate Modeling of Individual Capture Histories. Using multistate mark-
recapture modeling (52), we estimated the probabilities of within-network
versus overland, out-of-network movements. We used the Huggins for-
mulation of the closed, robust-design, multistate model implemented in
program MARK (53) to estimate survival (5;) and capture (p;) probabilities at
each site and transition probabilities (yF) among age-reach states. The
survival probability is the probability that an animal alive at time t survives
to time t + 1 and remains in the study system (i.e., does not die or perma-
nently emigrate), whereas the capture probability (p;) is the probability of
capturing a marked individual in one of three temporary removal passes
conditional on it being present in the sampled population at t.

We defined each state as a combination of age class and stream reach (52).
The transition probability yis, therefore, the probability that an individual
in state r (age a, in reach /,) at time tis found in state s (age class a,, ,in reach
l¢,4) in time t + 1, conditional on survival from t to t + 7 and presence in the
study system at t + 7. We investigated five models (Table 1) representing
different constraints on the estimation of transition probabilities, and
reflecting our hypotheses that stream salamander movement differed by
pathway (overland vs. in-stream) and location in time t. Sources of variation
in the age-reach transition probabilities (y¥) specify the type of movement
(no movement, upstream, downstream, or overland) and the type of age
transition (remain as larvae, remain juvenile, remain adult, transform from
larvae to juvenile, or recruit from juvenile to adult).

Our global model included the additive effects of stream reach, age class,
and sampling season as sources of variation in survival probabilities (S}); we
included stream reach, temporary removal pass, and sampling season as
sources of variation in capture probabilities (p,). Because of low capture
probabilities of larval individuals, we borrowed information across age classes
by assuming no age specificity within the closed-population removal model.
Recapture probabilities for secondary sampling occasions within each primary
occasion were constrained to zero to reflect our use of temporary removal
passes. All transitions (y) that were not structurally possible (e.g., from adult
to larvae; overland movement of obligatorily aquatic larvae) were fixed at
zero. Because all larvae were observed to metamorphose before July, larval
transition probabilities for July to September were fixed at zero.
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We used program U-CARE (54) to perform the goodness-of-fit test on the
global model. The global multisite test indicated some lack of fit in one of the
stream pairs, and an investigation of Test3.Sr indicated that the problem was
likely caused by transients. Transients were animals that were traveling
through the study area (or experienced a handling effect), which led to
extremely low probabilities of being present in future occasions. Within each
age class, we, therefore, estimated different survival parameters for the
time period immediately following initial capture versus subsequent periods.

We used a sequential modeling approach. We first found parsimonious
models (using small-sample Akaike’s Information Criterion (AlCc) to rank
models) for the closed-population capture probabilities and survival proba-
bilities. Next, we used the resulting parameterizations to investigate
hypotheses about stream salamander transition probabilities, which were
conditional on age transition (Table 1).

We expected transition probabilities for D. monticola and D. fuscus to be
similar, stemming from the similarity in life-history characteristics (55) (e.g.,
short larval period, close association with the stream channel, and over-
lapping body sizes within each life stage). To examine the evidence for such
similarities in the recapture data, we first modeled the capture histories,
including species—specific differences in movement probabilities for each
movement pathway (overland, upstream, and downstream). Second, we
compared this model against one specifying similar movement behaviors
between the species but allowing one species to have higher movement
probabilities overall. Third, we formally compared these hypotheses using a
likelihood ratio test between a model with species—pathway interaction and
a model with an additive effect of species. Finally, we tested whether or not
the rates were identical between the two species by specifying a model with
no species effect and testing this model against the additive model.

Simulation Model. To investigate the consequences of the observed dispersal
probabilities in dendritic metapopulations, we modified the model of ref. 56 to
conduct a simulation study in a fractal branching network of 15 habitat
patches. We investigated two different annual per-patch extinction proba-
bilities (0.01 and 0.1) and varied the within-stream and overland dispersal
probabilities. For our simulation of theoretical 15-patch dendritic networks,
each patch was considered to be of equal quality. For each model run, we
initialized full occupancy of all patches in the network and fixed the time-
specific extinction probability in each patch. We investigated two extinction
probabilities (0.1 and 0.01) and four movement probabilities (0, 0.1, 0.01, and
0.001). At each time step and after random extinctions of habitat patches
throughout the network, we allowed colonization of extinct patches through
one of three movement routes: (i) upstream, (ii) downstream (set equal to
upstream movement), and (iii) overland colonization from one of the two
closest neighboring patches within the same hierarchical level. Mortality of
dispersers was not considered explicitly in our simulations. The model was run
for a maximum of 10,000 time steps (or until full extinction of the network)
for all parameter combinations, and each combination was replicated 100
times. To plot our empirical dispersal probabilities with the simulation results,
we condensed our capture histories to two occasions (captured in 2007 or
2008). We fit a constant survival and capture probability model to these data,
allowing different transition probabilities (equivalent among age—class
transitions) for overland and within-stream dispersal.
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