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Small headwater streams are a common feature of many forested landscapes, and their integrity is considered critical to
the maintenance of water quality and biodiversity within broader drainage networks. Although riparian buffer zones
are often established to limit disturbance to stream ecosystems from human land use, various buffer zone management
strategies may provide effective protection to certain aquatic or semi-aquatic species while only encompassing a
portion of core habitat for other species. Thus, an improved understanding of species distributions within riparian
forests can be useful for predicting the overall effectiveness of various forest management practices. In this study, we
conducted area-constrained surveys for salamanders at 16 plots within terrestrial habitat. We then employed an
information-theoretic (AIC) approach to model selection to quantify the distribution of aquatic-breeding Ocoee
Salamanders, Desmognathus ocoee, within terrestrial habitat as a function of stream length, width, and/or proximity
within the surrounding landscape. Based on a mechanistic model for salamander counts, we estimated that 95% of
Ocoee Salamanders are distributed within 79 m of their stream of origin and that relative abundance should decline
exponentially with distance into terrestrial habitat. However, a simple model describing salamander counts as an
exponential decay with distance from the nearest stream received the strongest support overall, suggesting that this
may represent a good predictive model for the distribution of D. ocoee in terrestrial habitat. Due to the prevalence of
headwater streams and seeps which do not appear on topographic maps, protecting 95% of core terrestrial habitat
around all stream features would require protecting 59.3% of our study landscape. Models describing the spatial
distributions of semi-aquatic organisms within terrestrial habitat can be useful for providing spatially explicit density
estimates for species conservation or management efforts.

A
LL flowing waters are part of an intricately connect-
ed, hierarchical, dendritic network. The upper-most
reaches of these networks, where water first begins to

coalesce and flow over land, are called headwater streams and
can account for 60–80% of the total length of a drainage
network (Leopold et al., 1964; Benda et al., 2005). Headwater
streams contribute substantially to both the physical and
biological processes of stream networks, and their integrity is
considered critical to the health of the river network as a
whole (Vannote et al., 1980; Ward, 1989; Meyer and Wallace,
2001; Gomi et al., 2002; Lowe and Likens, 2005). Further,
headwater streams often harbor high biodiversity and unique
community assemblages (Meyer et al., 2007; Clarke et al.,
2008), which are ecologically linked to downstream ecosys-
tems through the movement of organisms (Pringle, 1997,
2001).

Despite their ubiquity across the landscape, headwater
streams are rarely delineated on topographic maps or spatial
data layers used to guide management activities (Hansen,
2001; Meyer and Wallace, 2001; Lowe and Likens, 2005).
Although riparian buffer zones are often established to
protect biodiversity and preserve the water quality and
geomorphology of stream systems, the level of protection
afforded to small, fishless headwaters varies with land
ownership and is generally more permissive than for
permanent, fish-bearing streams (Adams, 2007; Olson et al.,
2007). Riparian buffers around headwater streams are critical
for stabilizing air and water temperatures, maintenance of
soil moisture, and retention of nutrients and sediments
(Brosofske et al., 1997; Swank et al., 2001; Wilkerson et al.,
2006; Anderson et al., 2007). However, the width of riparian
forest protected around a headwater stream may serve

different functions for different species. For instance,
minimal riparian buffers may fully protect aquatic species,
but such a buffer may only encompass a portion of core
habitat for semi-aquatic species (Crawford and Semlitsch,
2007; Peterman et al., 2011). This is important to consider
when developing forest management guidelines since semi-
aquatic amphibians, especially stream salamanders, often
represent the dominant vertebrate taxa in low-order, head-
water streams (Hairston, 1987; Davic and Welsh, 2004;
Milanovich et al., 2015).

In many parts of the United States, semi-aquatic salaman-
ders can contribute considerably to terrestrial vertebrate
biomass (Davic, 1983; Peterman et al., 2008). As the
dominant vertebrate predator in many riparian habitats,
semi-aquatic salamanders are likely integral to the trophic
dynamics of riparian-aquatic food webs (Hairston, 1987;
Davic and Welsh, 2004; Keitzer and Goforth, 2013). These
salamanders vary in their use of terrestrial habitat away from
headwater streams, with larger species tending to remain
close to streams and smaller species often occurring more
than 100 meters into the forest (Hairston, 1949; Organ, 1961;
Petranka and Smith, 2005; Crawford and Semlitsch, 2007;
Bruce, 2011). The effects of riparian buffer width on semi-
aquatic salamanders are varied. In most studies, the abun-
dance of semi-aquatic species decreases as riparian buffer
width narrows (Peterman and Semlitsch, 2009; Peterman et
al., 2011; Olson and Burton, 2014; Olson et al., 2014).
However, because salamanders are relatively long-lived (.5
yrs; Castanet et al., 1996; Bruce et al., 2002), the effects of
riparian habitat loss may not be immediately apparent
(Olson and Rugger, 2007; Peterman et al., 2011). Longer-
term assessments of species responses have shown that
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species are likely to persist with limited riparian protection
while terrestrial habitat use and abundance are reduced
(Peterman et al., 2011; Olson et al., 2014).

The growing literature detailing species-specific and as-
semblage responses to riparian forest loss and alteration
clearly demonstrates the importance of these habitats to the
ecology and life history of amphibians generally, and semi-
aquatic salamanders specifically. Mechanistic and in-depth
assessments of how individuals are spatially distributed
throughout riparian forests can also be used to inform
management activities, and several studies have sought to
define the core terrestrial habitat of species by considering
density as a function of linear distance from streams (e.g.,
Vesely and McComb, 2002; Petranka and Smith, 2005;
Crawford and Semlitsch, 2007). In our study, we assess how
the abundance of a semi-aquatic salamander, Desmognathus
ocoee, is affected by stream size, stream length, and stream
proximity. Desmognathus ocoee is a member of the widely
distributed D. ochrophaeus complex and is found in the
southwestern Blue Ridge and Piedmont physiographic region
as well as the Appalachian Plateau of northeastern Alabama
(Lannoo, 2005). The relatively short larval period of D. ocoee
(7–10 months, depending upon elevation) has allowed this
species to exploit a variety of wetted habitats, including
seepages, springs, wet rock faces, and small streams (Lannoo,
2005). Despite this dependence upon water for reproduction,
D. ocoee are the most terrestrial of the stream-breeding
desmognathine salamanders (Petranka, 1998), and their
abundance and distribution away from streams tends to
increase with elevation (Hairston, 1987; Ford et al., 2002).
Because of their extensive use of terrestrial riparian habitats
adjacent to headwater streams and other wetted features on
the landscape, D. ocoee are an ideal species to mechanistically
assess how individuals are distributed throughout riparian
forest and to enumerate in greater detail the importance of
small, unmapped aquatic features on the landscape. Our
objectives in this study were to (1) illustrate a framework for
quantifying the terrestrial distributions of semi-aquatic
species; (2) assess abundance of D. ocoee in relation to (i)
distance from aquatic habitat, (ii) type of aquatic habitat, (iii)
total amount of aquatic habitat; and (3) make management
recommendations for headwater habitats that account for
the distribution of semi-aquatic salamanders throughout
riparian forests.

MATERIALS AND METHODS

In 2009, we established 16 terrestrial survey plots (25 3 25 m)
in the vicinity of Perry Gap on the Nantahala National
Forest, North Carolina, U.S.A. (approx. 35.10288N,
83.64578W). These survey plots were located in and around
four forest stands which had timber harvested according to a
two-aged regeneration harvest method between 2011 and
2013. We performed nighttime area-constrained searches of
each plot during the summers of 2009 (1–2 surveys/plot),
2010 (3 surveys/plot), 2011 (3–4 surveys/plot), 2012 (2–3
surveys/plot), 2013 (3 surveys/plot), and 2014 (3 surveys/
plot). Within years, each plot was visited at approximately
one-month intervals. All surveys were performed between
2130 and 0545 hr EST and typically lasted 1–2 hours per plot,
depending primarily on the number of salamanders cap-
tured. During these exhaustive area-constrained searches, we
attempted to hand capture all salamanders encountered but
did not disturb natural cover objects. Upon capture, we
marked each salamander’s unique capture location with a

numbered survey flag. All unmarked salamanders were
individually marked with Visual Implant Elastomer (North-
west Marine Technology, Shaw Island, WA) and returned to
within 5 m of their unique capture location, almost always 1–
3 nights after capture.

In this study, we used relative count data from these area-
constrained surveys to examine the extent of terrestrial
habitat use by the Ocoee Salamander, Desmognathus ocoee.
Specifically, we used catch-per-unit-effort (CPUE) as our
response variable in all analyses, which was calculated by
dividing the cumulative number of salamander captures at
each plot by the total number of surveys conducted before
timber harvest treatments were applied. Thus, CPUE repre-
sents the average count through time for each study plot.
Counts were averaged from all surveys in control plots (n ¼
4), while only captures from pre-harvest surveys were used to
derive CPUE for treatment plots (n ¼ 12). Because these
salamanders make migratory movements to aquatic habitat
for reproduction, obtaining unbiased abundance estimates
from mark–recapture models would require accounting for
this potential transience behavior (e.g., Clavel et al., 2008;
Conn et al., 2011). Further, such estimates can be sensitive to
correct specification of the transience process (Conn et al.,
2011). Lack of population closure among surveys also
precluded the use of repeated count analyses that account
for imperfect detection of individuals (e.g., Royle, 2004). Our
analyses are then predicated on the assumption that
abundance, rather than detection probability, varies in
relation to stream locations on the surrounding landscape.

To identify stream locations relative to our survey plots, we
exhaustively searched a minimum radius of 200 m around
the center of each plot during 2013 and 2014 (Fig. 1). All
streams were mapped using a handheld GPS unit (Garmin
GPSMAP 60CSx), and specific stream reaches were broadly
categorized according to their mean width (recorded in 0.5 m
intervals) as either a 1) Seep (generally 0.5–1 m wide), 2)

Fig. 1. Stream and seep locations relative to terrestrial survey plots.
Small squares show survey plot locations. Each panel is focused on the
survey plot shown in bold and depicts the circular area of 200 m radius
that was intensively searched for stream features.
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Small Stream (1–2 m wide), or 3) Large Stream (.2 m wide). A
small number of broad wet rock faces (n¼ 12) and areas near
springs with very shallow, slow-moving water (n ¼ 8) were
also categorized as seeps in spite of their greater width.
Mapped streams were later converted into a 1 m resolution
raster layer in ArcGIS 10.1 (ESRI, Redlands, CA) with each
pixel assigned a value of 0 (no seep or stream), 0.5 (seep), 1
(small stream), or 2 (large stream), representing the mini-
mum width for each stream classification.

Data analysis.—We fit models to describe counts (CPUE) of D.
ocoee as a function of stream locations in the surrounding
landscape (Table 1). First, we fit simple linear regression
models with exact distance to nearest stream or total stream
length within 50 m, 100 m, or 200 m of the plot center as
covariates (Table 1–‘‘Linear Models’’). We also considered a
single post hoc model which included exact distance to
nearest stream (m) as a predictor of CPUE according to a non-
linear exponential decay model (Table 1–‘‘Non-linear Mod-
el’’):

Ŷi ¼ ae�bxi

In this model, Ŷi represents the predicted CPUE at each survey
plot, i, and xi indicates the distance from the center of a given
survey plot to the nearest stream feature on the landscape.
The parameters a and b control the starting value and rate of
exponential decay and are estimated from the data.

Finally, we developed models with all streams within 200
meters potentially contributing to the observed counts of
salamanders (Table 1–‘‘Composite Models’’), with each 1 m
length of stream being weighted by both its size (stream
width in m) and its exact distance from the center of a given
survey plot.

Ŷi ¼
Xn

j¼1

vjae
�bxij

Here, Ŷi represents the predicted CPUE at each survey plot, i,
where the observed counts are assumed to be the sum of the
contributions from each 1 m stream section, j, within a 200
m radius. The expected number of salamanders contributed

by each 1 m stream section is weighted by a value, vj which
corresponds to stream size in meters (vj¼ 0.5 [seep], 1 [small
stream], or 2 [large stream]). The distance from each stream
section to the center of each survey plot, xij, also influences
the predicted CPUE according to an exponential decay
function. Again, the parameters a and b control the starting
value and rate of the exponential decay and are estimated
from the data. We also consider two modifications of this
basic model by using alternative weightings of streams
according to their size. In the first case, all streams are
assigned equal importance irrespective of their size (vj¼1 for
all 1 m stream sections). Alternatively, small streams are
assumed to contribute more salamanders to survey plots by
using the inverse of their width to weight their contributions
to salamander counts (vj ¼ 2 [seep], 1 [small stream], or 0.5
[large stream]).

All models were fit by maximum-likelihood estimation
using the ‘‘optim’’ function in program R (R Core Team,
2012) and assuming a normal error structure. We used
Akaike’s Information Criterion, adjusted for small sample size
(AICc), to rank the seven a priori models and single post hoc
model described above (Table 1). This allowed us to identify
the models best describing the distribution of D. ocoee
relative to streams in the surrounding landscape. We
calculated the DAICc value for each model, which indicates
the difference between each model and the best-supported
model in the candidate set. We also calculated Akaike
weights, x, which represent the probability that each model
is the best among the candidate models (Burnham and
Anderson, 2002). As a check of model assumptions, we
conducted a Shapiro-Wilk test and found that the distribu-
tions of residuals from our top a priori model and our sole post
hoc model were not significantly different from normal (P .

0.05). All data and R code for these analyses can be found on
the University of Missouri’s MOspace Institutional Reposito-
ry (https://hdl.handle.net/10355/48113).

RESULTS

From 2009–2014, we recorded a total of 1,520 captures of D.
ocoee in all terrestrial survey plots. These captures included
1,371 unique individuals, of which 1,251 were never
recaptured. The majority of the 120 recaptured individuals
were identified as males (n ¼ 79; 65.8%). Forty-four
individuals were last recaptured in the same year that they
were originally marked. Of the individuals recaptured over
multiple years, 38 were last recaptured in the first year after
marking, 15 in their second year, 14 in their third year, and
nine in their fourth year (i.e., recaptures spanned five years).
Five of the nine individuals with recaptures spanning five
years were first captured at a likely age of at least four years
(based on SVL . 40 mm; Bruce et al., 2002), indicating that
certain individuals in our study populations reach at least
eight years of age. Spatial location data of individuals within
survey plots was recorded between 2009 and 2013. In total,
49 between-year movement distances were observed, with
81.6% of these displacements being less than 7.5 m (Fig. 2).

To assess the terrestrial distribution of D. ocoee under
control conditions, we thinned our dataset to 968 captures
by excluding captures occurring after timber harvest in
treatment plots. Catch-per-unit-effort at each plot ranged
from 0 (1 plot) to 29.56 individuals (mean61 SD;
6.3668.43), and the center of each survey plot ranged from
6.4–141.1 m to the nearest stream or seep feature (mean61
SD; 66.31646.62 m). All proposed models relating abun-

Table 1. Proposed models describing abundance of Desmognathus
ocoee in terrestrial survey plots.

Model type Model name Covariate(s)

Linear 50 m Buffer Total stream length
within 50 m

Linear 100 m Buffer Total stream length
within 100 m

Linear 200 m Buffer Total stream length
within 200 m

Linear Distance to stream (A) Distance to the nearest
stream feature

Non-linear Distance to stream (B) Distance to the nearest
stream feature

Composite Seeps , Stream Distance and size of
each 1 m stream
section

Composite Seeps ¼ Stream Distance of each 1 m
stream section

Composite Seeps . Stream Distance and inverse-size
of each 1 m stream
section
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dance of D. ocoee to stream amount or proximity in the

surrounding landscape were better supported than an

intercept-only model (Table 2). In all models, predicted

abundance of D. ocoee was positively related to total stream

length or negatively associated with distance to stream

features (Table 3). The best-supported a priori model was a

‘‘composite’’ model, which formalizes the biologically rea-

sonable assumptions that 1) semi-aquatic salamanders in

terrestrial habitat do not necessarily originate from the

nearest stream and 2) two-dimensional dispersion of indi-

viduals into terrestrial habitat should result in nearer streams

making a greater relative contribution to local abundance.

The estimated exponential decay rate for this model was 0.04

(95% CI: 0.02–0.07), which led to the predictions that 80% of

individuals of D. ocoee are found within 43 m of their

breeding stream, 95% are found within 79 m, and 99% are

found within 122 m (Fig. 3). Although there was some

evidence for autocorrelation in CPUE among nearby sites,

there was no such tendency after explicitly accounting for

stream locations in the surrounding landscape (Fig. 4). The

three most parsimonious a priori models differed only in their

weightings of streams according to their width. This resulted

in little resolution among models, with the best-supported a

priori model assuming that seeps and small streams were

likely to support larger numbers of breeding individuals than
large streams.

Although it seems unrealistic to assume that semi-aquatic
salamanders in terrestrial habitat necessarily breed in the
nearest stream, especially when multiple streams are of
roughly equal proximity, our initial analysis confirmed our
expectation that terrestrial abundance should more strongly
depend on nearer streams than distant ones. This suggested
that a non-linear model describing salamander counts as an
exponential decay with distance from the nearest stream
could represent a reasonable predictive model for abundance
of D. ocoee in terrestrial habitat. The estimated exponential
decay rate for this post hoc model was 0.07 (95% CI: 0.04–
0.10). This model received the greatest support of all models
we considered, with a difference in AICc of 1.21 separating
the next model in our candidate set.

DISCUSSION

Although riparian buffer zones are often designated to
protect water resources and preserve habitat quality for
aquatic species, they may also function as core habitat or
dispersal corridors for both semi-aquatic and fully terrestrial
species (Semlitsch and Bodie, 2003; Olson et al., 2007). Many
aquatic-breeding amphibians are dependent on terrestrial
habitat for part of their life cycle (Petranka, 1998), and
optimization of forest management strategies for protection
of these species can be aided by a basic understanding of
their terrestrial distributions. In practice, however, species
often vary in the extent to which they use terrestrial habitat
(Vesely and McComb, 2002; Petranka and Smith, 2005;
Crawford and Semlitsch, 2007; Rittenhouse and Semlitsch,
2007), and these differences in the relative use of aquatic
versus terrestrial habitat may correspond with sensitivity to
riparian zone disturbance (Surasinghe and Baldwin, 2015).

Many studies describing the terrestrial distributions of
semi-aquatic species are based on relative count data and
assume that the probability of detecting individuals does not
vary with proximity to aquatic habitat. This may be an
unrealistic assumption if higher moisture or dense riparian
vegetation affect either animal activity patterns or survey
effectiveness. In our study, we found that plot-specific
recapture rates of marked individuals did not vary signifi-
cantly with distance to the nearest stream (Binomial GLM, P
¼ 0.76). This likely indicates that a similar proportion of the
population was sampled regardless of proximity to aquatic
habitat and that inferences made from average counts of
salamanders should largely reflect the underlying distribu-
tion of individuals in terrestrial habitat.

Fig. 2. Observed distances between sequential spatial locations of
individual D. ocoee across years (n ¼ 49). All observed locations were
within 25 3 25 m survey plots, which imposes an upper limit on
observable movement distances and should lead to some under-
representation of large inter-year movements.

Table 2. Ranking of models describing abundance of Desmognathus ocoee in terrestrial survey plots*.

Model type Model name K DAICc Model likelihood Weight

Non-linear Distance to stream (B) 3 0.00 1.00 0.44
Composite Seeps . Stream 3 1.21 0.55 0.24
Composite Seeps ¼ Stream 3 1.63 0.44 0.20
Composite Seeps , Stream 3 2.71 0.26 0.11
Linear 50 m Buffer 3 9.41 0.01 0.00
Linear 100 m Buffer 3 14.28 0.00 0.00
Linear 200 m Buffer 3 15.06 0.00 0.00
Linear Distance to stream (A) 3 16.13 0.00 0.00
Linear Intercept-only 2 20.87 0.00 0.00

* K¼ number of parameters in a given model, DAICc ¼ difference in AICc between each model and the best-supported model in the set,
Model likelihood ¼ e�DAICc/2, Weight ¼ Akaike weight (x) for each model
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To characterize terrestrial habitat use of semi-aquatic
amphibians, researchers have often sampled continuously
away from streams in order to relate observed densities to
distance from particular stream features (e.g., Vesely and
McComb, 2002; Petranka and Smith, 2005; Crawford and
Semlitsch, 2007). In our study, we collected count data from
scattered survey areas and compared models representing
relative abundance of D. ocoee as a function of stream length,
width, and/or proximity within the surrounding 200 m
landscape. As a generality, there was little support for simple
linear regression models with counts predicted by (i) distance
to nearest stream, (ii) stream length within 50 m, (iii) stream
length within 100 m, or (iv) stream length within 200 m. We
found considerably stronger support for several mechanistic
models which potentially allow all streams within 200 m to
contribute to salamander counts according to their size and
proximity. Although these models assume that semi-aquatic
salamanders in terrestrial habitat do not necessarily originate
from the nearest stream, the estimated exponential relation-
ship between distance to stream and abundance suggests that
the closest stream should contribute the greatest number of
individuals to adjacent terrestrial habitat. Finally, we consid-
ered a post hoc model representing relative abundance as a
simple exponential decay with distance from the nearest
stream feature and found that this model was slightly better
supported than any of our a priori models. Thus, when
distance to the nearest stream feature is known but all

aquatic habitat has not been georeferenced, a model
representing counts of D. ocoee as a negative exponential
function of distance to stream would likely provide useful
predictions of relative terrestrial densities.

Our results provided clear support for models that
described density of D. ocoee as an exponential decay
function with increasing distance from aquatic habitat.
However, the rate at which abundance decreases will likely
vary both among species and intra-specifically among sites.
Previous research by Crawford and Semlitsch (2007) found
that 42.6 m of riparian forest would encompass 95% of
terrestrial habitat for two semi-aquatic salamanders in the
southern Appalachian Mountains, but suggested that 92.6 m
should be protected to buffer against edge effects. A separate
study of streamside habitat use by semiaquatic Appalachian
salamanders proposed that a minimum of 30–35 m of
terrestrial habitat should be protected as core habitat
(Petranka and Smith, 2005), though the distribution of
individuals beyond this threshold could not be inferred due
to the sampling protocol. According to our top a priori model,
a distance of 79 m from a single stream feature would be
expected to encompass 95% of all individuals of D. ocoee.
Although Crawford and Semlitsch (2007) reported that 95%
of D. ocoee were captured within 9.7 m of streams during

Table 3. Maximum-likelihood estimates for model parameters*.

Non-linear models a 95% CI b 95% CI

Distance to stream (B) 232.06 (146.99, 342.81) 0.07 (0.04, 0.10)
Seeps . Stream 0.86 (0.31, 1.62) 0.04 (0.02, 0.07)
Seeps ¼ Stream 1.71 (0.66, 3.32) 0.04 (0.02, 0.08)
Seeps , Stream 4.01 (1.66, 7.64) 0.05 (0.03, 0.09)

Linear models b0 95% CI b1 95% CI

50 m buffer 13.60 (�1.99, 29.19) 0.60 (0.34, 0.86)
100 m buffer 7.13 (�14.00, 28.26) 0.17 (0.07, 0.27)
200 m buffer 2.17 (�21.91, 26.26) 0.05 (0.02, 0.07)
Distance to stream (A) 69.06 (39.48, 98.68) �0.56 (�0.93, �0.19)
Intercept-only 31.80 (10.54, 53.07) — —

* Model names correspond to those given in Table 1 and Table 2

Fig. 3. Predicted relative density of D. ocoee in relation to distance
from stream. The y-axis represents the proportion of individuals
expected at a given distance, such that the area under the curve equals
one.

Fig. 4. Empirical semivariogram illustrating autocorrelation of residuals
among sites, grouped by 250 m inter-site distance classes. Higher
semivariance represents a greater autocorrelation among residuals.
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night sampling, their sites tended to be at lower elevation,
and terrestrial habitat use of several semi-aquatic salaman-
ders has been shown to increase with elevation (Hairston,
1987; Ford et al., 2002; Petranka and Smith, 2005). Our
model-based estimates were also consistent with the fact that
the only survey plot with no captures of D. ocoee was located
at a distance of 137 m from a single wet rock face which
represented the nearest aquatic habitat. Small numbers of D.
ocoee were captured at two other sites of comparable distance
from aquatic habitat (132 and 141 m), demonstrating that
individuals of this species can occur at large distances from
aquatic habitat.

Despite their prevalence across many landscapes, headwa-
ter streams are often missing from topographic maps or
spatial hydrography data layers (Hansen, 2001; Meyer and
Wallace, 2001; Lowe and Likens, 2005). Although headwater
streams have been defined as streams with drainage basins
,100 ha (e.g., Clarke et al., 2008), Connette and Semlitsch
(2013) reported that a minimum drainage area of just 0.75 ha
seemed to best correspond with known stream locations on a
southern Appalachian landscape. In our study, we georefer-
enced 4,517 m of aquatic habitat within 200 m of our survey
plots and found that only 817 m (18.1%) of this stream
length was represented in the 1:24,000-scale National
Hydrography Dataset. Although these unmapped headwaters
were often small or intermittent, our salamander count data
provided weak evidence that the smallest seeps and streams
were a greater source of D. ocoee in terrestrial habitat than
larger streams. This is in concurrence with our personal
observation that shallow, rocky streams with slow-moving
water tend to have higher in-stream abundances of D. ocoee
than larger, channelized streams with fast-flowing water.
Furthermore, there was relatively little variation across sites
in terms of distance to nearest streams according to the
National Hydrography Dataset, while counts of D. ocoee
varied considerably among survey plots and in close
correspondence with the locations of previously unmapped
stream features. Although our inference may be limited by
the analysis of count data from just 16 survey plots, future
studies may provide further evidence for the disproportion-
ate influence of the smallest headwaters on the terrestrial
abundance of semi-aquatic salamanders.

Management implications.—Within our study area, D. ocoee
appears to be widely distributed in terrestrial habitat, and the
small inter-year movement distances of most recaptured
individuals (Fig. 2) suggest that at least some individuals
maintain stable, multi-year home ranges in terrestrial
habitat. After georeferencing all aquatic habitat within 200
m of our survey plots, we calculated that 59.3% of this area
falls within the observed 95% core terrestrial habitat for D.
ocoee (79 m). Protecting 95% core habitat and an additional
buffer of 50 m around all stream features (e.g., Crawford and
Semlitsch, 2007) would require restricting management
activities across 78.5% of this landscape. In practice,
however, most small headwaters receive much less protection
under current riparian management guidelines (Crawford
and Semlitsch, 2007; Olson et al., 2007). For semi-aquatic
species with nearly continuous distributions in terrestrial
habitat, focusing forest management strategies on protection
of high-density areas may be a practical, and possibly more
effective, alternative to substantial expansion of riparian
buffer zones. In these cases, models describing the distribu-
tions of semi-aquatic organisms within terrestrial habitat can
be useful for providing spatially explicit density estimates for

species of conservation or management interest. Further-
more, such an approach may allow management decisions to
be informed by the extent to which various riparian
management strategies maintain sufficiently large source
populations for future recolonization of harvested areas.
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