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Abstract The southern Appalachian Mountains have experi-
enced rapid human population growth rates since the 1980s.
Land used practices are shifting from rural to residential. The
majority of development has been low density, and is often
near biologically diverse areas such as National Forests and
National Parks. The long-term effects of urbanization in the
southeastern Appalachian Mountains are not clearly under-
stood and even less is known with respect to stream salaman-
der response to urbanization. In order to determine the tempo-
ral influence of exurban housing on southern Appalachian
streams we sampled 27 first- and second-order streams in
watersheds containing exurban developments ranging in age
from 4 to 44 years, along with eight forested streams, over the
course of two summers. We sought to determine if the relative
age of an exurban development related to occupancy and
abundance of southern Appalachian stream salamanders.
Age of exurban development and other watershed scale vari-
ables were not top predictors of salamander assemblages,
while local site variables such as salinity and undercut banks
predicted the abundance of several species of salamander. Our
results suggest local habitat improvements can be used to
better conserve salamanders and stream ecosystems in an in-
creasingly urbanized region.
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Introduction

As the global population increases, more people are moving
into urban areas and the size of these areas is increasing
(Mackun and Wilson 2011). The population of the United
States increased by 9.7% from 2000 to 2010, and 83.7% of
the population currently resides in urban areas (Mackun and
Wilson 2011). Due to land use change, previously forested or
agricultural area, especially forested hillsides, are being con-
verted to residential land (Weir and Bolstad 1998). The ma-
jority of this development has been at low housing densities,
particularly in the Southeastern U.S. (Mcdonald et al. 2010),
where population growth was 16.6% between 2000 and 2010
(Pollard and Jacobsen 2011). This form of residential devel-
opment is termed exurban development, because the propor-
tion of impervious surface within the watershed and housing
density are typically lower than thresholds associated with
urban environments, yet higher than rural regions (Theobald
2004). Exurban development is projected to increase in the
southern Appalachian Mountains in future decades (Weir
and Bolstad 1998, Theobald 2010), which may further jeop-
ardize many species and ecosystems. Even moderate levels of
development (<5% impervious surface) can lead to significant
alterations in stream ecosystems (Price and Leigh 2006,Walsh
et al. 2005).

The southern Appalachian Mountains represent an area of
the United States where exurban development is increasing
rapidly and the long-term effects are poorly understood
(Kirk et al. 2012). Low intensity urbanization can yield levels
of degradation similar to acute, major urbanization (Weaver
and Garman 1994), so simple assessments of impervious sur-
face may not always yield information on biological response.
Gagne and Fahrid (2010) found that as a low-density devel-
opment aged, the diversity and abundance of five wetland frog
species declined. In the same study only the gray tree frog was

* Nathan Weaver
nathan.weaver@dnr.ga.gov

1 Department of Forestry and Environmental Conservation, Clemson
University, 261 Lehotsky Hall, Clemson, SC 29634, USA

2 Present address: 132 Woodberry Dr., Athens, GA 30605, USA

Urban Ecosyst (2018) 21:97–105
DOI 10.1007/s11252-017-0694-x

mailto:nathan.weaver@dnr.ga.gov
http://crossmark.crossref.org/dialog/?doi=10.1007/s11252-017-0694-x&domain=pdf


found to increase in abundance after approximately 40 years
(Gagne and Fahrid 2010). A study of bird diversity in subur-
ban areas found that as residential developments aged, the
diversity of birds decreased as well; the newest housing de-
velopments typically had the highest bird diversity (Loss et al.
2001). As exurban developments age, the influences they ex-
ert on stream systems may decrease or increase depending
upon the specific mechanisms influencing biota. For example,
a potential stressor such as sedimentation is likely to decrease
as neighborhoods age; however, losses of riparian vegetation
or changes in stream chemistry may be maintained at a high
level or increase over time because of mowing, lawn care, or
road salt (Kelly et al. 2008). In turn, these changes can impact
stream-dwelling organisms in predictable ways (Walsh et al.
2005).

Lungless stream-dwelling salamanders (family
Plethodontidae) are an excellent candidate for monitoring
stream disturbances in the Southeastern U.S. Stream salaman-
ders are of high importance to Appalachian low-order, fishless
streams because they are the top predator in these systems
(Davic and Welsh 2004, Keitzer and Goforth 2013, Johnson
andWallace 2011) and contribute to stream nutrient dynamics
via nutrient recycling, standing crop, and retention (Keitzer
and Goforth 2013, Milanovich et al. 2015, Milanovich and
Hopton 2016). Stream salamanders can be useful indicator
species because populations are relatively stable and have
high abundance (Peterman et al. 2007), but respond quickly
to environmental change (Hairston 1986, Price et al. 2011,
2012). Additionally, stream salamanders undergo long-term
exposure to the negative influences of urbanization at various
life stages both on land and in the water, and as a result sala-
mander densities and species richness are known to be re-
duced by urbanization (Willson and Dorcas 2003, Barrett
and Guyer 2008, Price et al. 2011, 2012). Previous studies
indicate salamander abundance decreases with the amount of
impervious surface in the watershed (Willson and Dorcas
2003), due to increased flooding in urban streams (Barrett
et al. 2010a). Most knowledge on salamander response to
development has been derived from the Piedmont ecoregion
of the U.S. (Barrett and Price 2014), and very few studies have
focused on the Appalachian Mountains, which represent the
global center of biodiversity for this taxon (Surasinghe and
Baldwin 2015, Frisch et al. 2016).

The recovery trajectories of headwater streams and resident
salamander populations following exurban development are
unknown. Can such sites return to conditions similar to undis-
turbed sites over the long-term? Which key environmental
variables are most altered by residential development, and
do such alterations relate to the size or age of the develop-
ment? Following rapid growth and expansion of suburban
housing developments in the Appalachian Mountains
(McDonald et al. 2010), there is a need to answer these ques-
tions to better inform habitat- and species-specific

conservation plans in a biodiversity hotspot. In this study we
assessed the influence of several watershed-scale variables
(age of exurban development) and a suite of in-stream mea-
sures on the occupancy and abundance of five salamander
species. Based on previous research (reviewed in Barrett and
Price 2014), we predicted watershed-scale measures of distur-
bance would be most important in predicting salamander pres-
ence or abundance, and that the negative influences of devel-
opment would be exacerbated in older neighborhoods (Gagne
and Fahrid 2010).

Methods

Study area

This study took place within the Southern Blue Ridge
Ecoregion of North Carolina and Tennessee. Elevation in this
montane area is between 500 and 2000 m and the climate
ranges from temperate to boreal. Some areas of this ecoregion
exhibit the highest level of rainfall in the United States east of
the Cascades. This ecoregion contains more than 400 endemic
species of plants and animals, more than any other North
American ecoregion (The Nature Conservancy and Southern
Appalachian Forest Coalition 2000).

Site selection and landscape variables

Our goal was to identify as many sites as possible with similar
amounts of impervious surface that varied in the age of devel-
opment present within the watershed. Aerial imagery from
2014 was used to identify watersheds with exurban develop-
ment. After locating watersheds containing potential exurban
developments, a high resolution streams layer from the
National Hydrography Dataset was overlain with tax parcel
data from Sevier County, TN and Macon County/Jackson
County, NC. In ARCGIS 10.1 (ESRI 2011, Redlands, CA).
From this overlay, we were able to identify 80 potential fish-
less streams in watersheds containing only exurban develop-
ment (i.e. no agriculture, golf course, etc.) Attempts were
made to contact the property owners by phone or in person
to gain access to the sites, where we then investigated further
to determine stream size and development. After ground val-
idations we identified 27 first- or second-order exurban
streams. Eight additional streams were selected that contained
no impervious surface within their watershed, four in
Tennessee within the Great Smoky Mountains National Park
and four in North Carolina and the Coweeta Hydrologic
Laboratory (Fig. 1). All forested and exurban sites were pre-
viously logged, but with harvests that occurred more than
75 years ago.

We used tax parcel information to identify the age of
each individual structure within the watershed for each
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stream. These ages were then averaged to assign an age
for the exurban development, with the assumption that
roads would have been installed shortly before housing
construction. Exurban housing ranged in age from 4 to
42 years (mean = 25.99 yrs) across the 27 watersheds
with development. We calculated the percentage of imper-
vious surface coverage for each watershed by obtaining
2014 leaf off aerial imagery (0.65 m resolution) from the
counties containing our study areas. We hand-delineated
polygons around all impervious surfaces and calculated
the percent of the watershed they covered, which ranged
between 1 and 17% across our sites. We calculated dis-
tance to impervious surface using the Bnear^ tool in
ARCGIS 10.2 (ESRI 2011, Redlands, CA) by measuring
the distance from stream sample plots to the nearest edge
of an impervious surface polygon.

Field methods

From May–June, we made three visits to 35 sites in 2014 and
again in 2015. Upon our first visit to each study stream we
established a 45-m transect along the length of the stream,
which was then divided into three 10-m sections, each sepa-
rated by a 5-m section (Fig. 1). We sampled salamanders by
dip-netting in the entire wetted area of the 5-m sections in one
pass by a field team lined up perpendicular to the stream (Quin
et al. 2007). We also placed two leaf litter bags haphazardly in
each of the three 10-m sections to capture larvae (Pauley and
Little 1998, Nowakowski and Maerz 2009). Dip-netting was
performed on the first and second site visit, and leaf litter bags
were placed on the first visit and then checked on the second
and third visits during each year. Leaf litter bags were con-
structed using 2.54 cm (1 in. plastic mesh bags that are

Fig. 1 Sample locations
(salamander icons) were in Sevier
County, Tennessee (dashed) and
Macon County, North Carolina
(solid). Inset map shows the
sample design for each site
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0.09 m2 in size and filled with leaf litter from the riparian area.
During sampling occasions we recorded the number of cap-
tures and species for all salamanders. Analyses were per-
formed using the sum total of individual captures from a
stream via leaf litter bags and the total from dip netting during
a given visit. This approach led to four distinct counts in each
of the two seasons (two counts from leaf litter bags and two
counts from dip netting). The variation in counts allowed for
estimates of detection probability (see Analysis below for
details).

At each stream, we measured wetted width, maximum
depth, bank height, percent undercut banks, and composition
of streambed material within each 5-m section. We measured
streambed composition as percentage of sedimentation, peb-
bles, gravel, rock, and bedrock (to the nearest 5%). A YSI
Sonde 600R (YSI Ohio, USA) was used to measure water
pH, temperature, salinity, conductivity, and dissolved oxygen
(DO) in each of the 5-m sections once for each field season.
Each of the above in-stream measures were averaged to use in
the analysis.

We measured percent canopy cover three times in the mid-
dle of the stream using a densiometer on the first site visit
during the first field season. Along each of the 5-m sections,
we measured 10 m from the bank of the stream to establish a
50-m2 vegetation plot (Fig. 1). The plot was measured on the
right side of the first section, the left side of the second section,
and the right side of the third section.We estimated percentage
of ground covered by course woody debris, vegetation, and
bare ground (defined as rock or soil not covered by vegeta-
tion) within each plot to the nearest 5%. We considered any
fallen limb or tree larger than 10 cm to be course woody
debris. We estimated basal area within 0.40 ha (one acre) of
each section using a 10 BAF basal area prism. Basal area is an
estimate of average tree stem coverage within an area. These
values were averaged for the analysis.

Analyses

We used multivariate multiple regression to examine the influ-
ence of three watershed-scale variables (percent impervious
surface, age of exurban development, and distance to impervi-
ous surface) on a suite of uncorrelated (R < 0.7) local scale
response variables. We used Type I sum of squares for model
evaluation. When a watershed–scale variable was found to sig-
nificantly predict local factors (α < 0.10), we used least–squares
linear regression to identify specific bivariate relationships that
were statistically significant (α ≤ 0.05). We used a more liberal
α for the multivariate test because we considered this portion of
the analysis exploratory in nature. All linear models were run in
Program R (R Development Core Team 2005).

Differences in salamander assemblage structure across sites
were measured in terms of species-level occupancy and abun-
dance. We began the analysis by first standardizing all

covariates by calculating z-scores. Before evaluating the fac-
tors influencing salamander occupancy or abundance, the in-
fluence of three detection covariates were evaluated against a
null model of equal detection: the maximum air temperature
for the date of sampling, Julian date of sampling, and sam-
pling method (dip-netting or leaf litter traps). Once the best
covariate for detection was identified, we applied that variable
to subsequent models where occupancy was evaluated as a
function of one or more covariates. We modeled occupancy
and abundance as a function of three watershed scale and
eleven uncorrelated site scale covariates (site elevation plus
those variables listed in Table 1). Occupancy and abundance
covariates were initially evaluated as univariate models, and
then variables from top models (ΔAIC < 2.0) were combined
to test for additive and multiplicative interactions between
variables. We constructed each model such that it contained
four sampling occasions: two dip net and two leaf litter trap
samples. Because age of exurban development was irrelevant
for our eight forested sites, we first evaluated the influence of
age of exurban development by constructing candidate model
sets among the 27 sites with exurban development. For those
model sets where age of exurban development did not emerge
as a strong predictor of occupancy or abundance (ΔAIC < 4),
we then used all 35 sites for further evaluation of habitat fac-
tors influencing salamanders.

We ran single-season occupancy models using program
Presence (Hines 2006) for mud salamanders (Pseudotriton
montanus) because they had adequate detections to fit an occu-
pancy model, but insufficient capture numbers to estimate
abundance. Due to concerns over accuracy of species identifi-
cation for mud salamanders, we used only 2015 data in the
analysis. Occupancy is an instantaneous measure of the distri-
bution of a population within a focal region. Occupancymodels
allow for simultaneous estimates of covariates related to species
detection probability (p, a nuisance parameter) and species oc-
cupancy (ψ, the parameter of primary interest). At a site a spe-
cies may be present and detected, present but not detected, or
absent. Because the final two scenarios cannot be distinguished,
detection probability must be estimated. This is done by record-
ing detection and non-detection data across multiple site visits
during aperiod of time short enough to assume no colonization
or extinction across sites (Mackenzie et al. 2006).

For species with sufficient captures to generate parameter
estimates for abundance, we applied N-mixture abundance
models (Royle 2004) using the unmarked package (pcount
function; Fiske and Chandler 2011) in Program R (R
Development Core Team 2005). We analyzed the two field
seasons separately and report here on the results of two
single-season models for black-bellied salamanders
(Desmognathus quadramaculatus) and Blue Ridge two-lined
salamanders (Eurycea wilderae) because identification of these
species was certain, while only 2015 data were used for seal
salamanders (D. monticola). We applied abundance models
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using count data for four sampling occasions each season. N-
mixture abundance models estimate detection probability (p)
and site-level abundance (λ), and users are able to evaluate
the models where both of these parameters vary as a function
of covariates. Both occupancy and abundance models assume
that the population is closed during a season and that counts
between sites (streams) are independent.

Results

Local habitat response to landscape factors

Multivariate multiple regression revealed that local response
variables were not strongly predicted by landscape-scale fac-
tors; however, age of exurban development and impervious
surface had a marginally significant relationship to local-scale
measures (P = 0.06; Pillai Trace = 0.64 and P = 0.08; Pillai
Trace = 0.62 respectively). Subsequent bivariate linear models

evaluating the effect of age of exurban development on local
environmental measures revealed only one significant relation-
ship with age of development and two with impervious surface
(P < 0.05); both older developments and areas with more im-
pervious surface tended to have higher stream banks, and in-
creasing impervious surface increased salinity.

Occupancy and abundance models

The detection probability of mud salamanders was heavily influ-
enced by date of sampling, with detections increasing as the
season progressed. As a result of this effect, all models exploring
occupancy covariates for this species included Julian date as a
detection covariate. Several local-scale variables offered compet-
itive explanations of mud salamander occupancy probability
(Table 2). Themodelswith both lowΔAIC (< 2) and highmodel
weight (> 0.20) included DO, the percent of undercut bank, and
site elevation. Mud salamanders occupied streams at lower ele-
vation sites that had lower levels of dissolved oxygen (Fig. 2).

Table 1 Mean (and range) of environmental variables for each site, classified for all sites (n = 35) and only urban sites (n = 27) within the Blue Ridge
Mountain region of North Carolina and Tennessee. Values for development age, impervious surface, and distance to impervious surface are not shown
for the all sites columns as reference sites did not have values for these variables

Variable All Sites Urban Sites

Mean Range Mean Range

Watershed Scale Predictor Variables Development age N/A N/A 25.99 (4–42.4)

% Impervious Surface N/A N/A 8.31 (0.8–17.7)

Distance to Road N/A N/A 54.30 (1.89–419.3)

Local Scale Response Variables %Canopy Cover 89.34 (57.4–96.5) 88.14 (57.4–96.5)

% Course Woody Debris 7.70 (0–28.3) 5.74 (0–25)

Stream depth 9.15 (2.67–21.67) 9.69 (3.83–21.67)

% undercut banks 47.09 (11.67–82.5) 51.47 (27.5–82.5)

Stream bank height 26.91 (2.62–43.77) 28.37 (11.03–43.77)

% pebble 13.58 (1.67–25.83) 13.72 (1.67–25.83)

% gravel and cobble 44.31 (9.5–71.67) 40.06 (9.5–69.5)

salinity 0.028 (0–0.12) 0.034 (0–0.12)

% dissolved oxygen 93.37 (86.97–98.77) 92.37 (86.97–98.77)

Water pH 7.24 (6.81–7.97) 7.24 (6.81–7.97)

Table 2 Occupancy model results for 2015 data on mud salamanders (Pseudotriton montanus). Models were generated from sampling 35 streams
across western TN and eastern NC, USA. Models with a ΔAIC < 4 are shown. Detection covariate for each model was Julian date. DO = dissolved
oxygen; undercut = % undercut stream bank

Model ΔAIC AIC weight Beta (std. error) K Log-likelihood AIC

DO + elevation 0 0.29 −1.35(0.6)/ -1.01(0.52) 3 93.37 101.36

DO + depth 0.32 0.24 −1.31(0.56)/ -1.13(0.65) 3 93.69 101.69

Undercut + depth 0.49 0.22 1.32(06)/ -1.33(0.71) 3 93.86 101.86

DO + undercut 2.48 0.08 −0.98(0.61)/ 0.94(0.61) 3 95.85 103.85

DO 2.7 0.07 −1.37(0.57) 2 98.07 104.07

Undercut 3.64 0.05 1.38(0.6) 2 99.01 105.01
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They were also associated with sites that had a higher percentage
of undercut banks.

Detection probability of black-bellied salamanders was
highest when the dip-net method was used, so sampling
method was incorporated into all subsequent models of
abundance. The only well-supported model for black-
bellied salamanders was one in which abundance de-
creased with increasing salinity. This model had the most
support in both 2014 and 2015 (Table 3; Fig 3). Blue
Ridge two-lined salamander detection probability was al-
so highest when animals were sampled with a dip-net.
Subsequent models of abundance that included this detec-
tion covariate revealed different top explanatory variables
between years. In 2014 DO best predicted Blue Ridge
two-lined salamander abundance (negative relationship,
Fig. 3c), and in 2015 a model in which abundance in-
creased with percentage of impervious surface was the
best supported (Table 4, Fig. 3d). Seal salamander detec-
tion probability was a function of sampling method. None
of the covariates we evaluated in the 2015 data emerged
as better predictors of abundance than a null model in
which abundance was assumed to be equal across all sites.

Discussion

While abundance and occupancy of the salamander assem-
blages we sampled were not directly predicted by
watershed-scale variables, two of these larger-scale measures,
age of exurban development (across a range of 4 to 42 years)
and distance to impervious surface, marginally predicted
local-scale environmental variables. Nevertheless, further
evaluation of this relationship indicated only bank height in-
creased significantly with increasing amounts of impervious
surface and in older neighborhoods, possibly from long term
changes in hydrology, and that more impervious surface led to
higher salinity levels. Overall, these results indicate that the
mere presence of an exurban development (defined as
decentralized urban development with the level of impervious
surface in our study being below 20%) in Southern
Appalachia may not dramatically alter stream characteristics.
Our results show that certain actions like reduction in the use
of road salt can be taken to reduce the influence of an exurban
development on streams and salamander populations.

Although stream salamander abundance returns to pre-
disturbance conditions in 20–60 years after a timber harvest

Fig. 2 Plot of the top model for
occupancy of mud salamanders
(Pseudotriton montanus) in
western NC and eastern TN,
USA, which included both
elevation (plotted here at the
mean, 1st, and 3rd quartiles) and
dissolved oxygen (standardized
values are shown). X-axis values
are standardized, actual values
ranged between 85 and 100%
dissolved oxygen

Table 3 Abundance model results for the black-bellied salamander (Desmognathus quadramaculatus) in western NC and eastern TN, USA. The top
two models are shown. Sampling method (dip netting or leaf litter trap) was used as a detection covariate for all models

Model ΔAIC AIC Weight Beta (std. error) K Log-likelihood AIC

2014

Salinity 0 1 −0.94 (0.1) 4 −303.07 854.95

Elevation 37.21 0 0.58 (0.05) 4 −320.31 859.41

2015

Salinity 0 1 −1.02 (0.08) 4 −385.35 999.82

Depth 39.11 0 0.53 (0.03) 4 −361.19 1038.93
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(Demaynadier and Hunter 1995, Crawford and Semlitsch
2008, Homyack and Haas 2009), we did not find a similar
salamander recovery with time in exurban neighborhoods.
Timber harvest and housing construction both entail removal
of large quantities of vegetation and considerable erosion.
Changes in stream salamander assemblage following forest
harvest can be mitigated by forested buffers (Demaynadier
and Hunter 1995, Peterman and Semlitsch 2009); however,
buffers in urban areas have not been shown to limit the influ-
ence of riparian forest loss on stream salamanders (Willson
and Dorcas 2003). Age of exurban development never signif-
icantly predicted salamander abundance or occupancy, or
local-site habitat variables. This is likely related to key differ-
ences exhibited by exurban developments in the presence of
impervious surface. These surfaces represent a press distur-
bance, which leads to a cascading complex of stressors
(Burcher et al. 2007, Barrett and Price 2014). The ways in
which these stressors interact likely varies among watersheds
and species responses are not likely to be uniform. For exam-
ple, increasing salinity (likely from road salting) had negative
impacts on one salamander species, but did not appear as an
important predictor for others (Table 3; Fig. 3). Salinity,

among other stressors, would not exist in forested watersheds
managed for timber, so the ecological inferences that can be
transferred between these disturbance types is limited.

Variation in environments differentially influenced oc-
cupancy or abundance of our focal species. On average,
mud salamanders had a higher occupancy probability at
lower elevation sites. In addition to this factor, the species
was more commonly found at sites with a high percentage
of undercut banks. In the Blue-Ridge ecoregion mud sal-
amanders have been shown to tolerate disturbance, but
they appear to be less tolerant in the piedmont ecoregion
(Surasinghe and Baldwin 2015). In contrast, black-bellied
salamanders are thought to be indicators of less disturbed
habitat (Surasinghe and Baldwin 2015). Our top-ranked
models support this idea, and implicate salinity as the
driver of black-bellied salamander decline in exurban wa-
tersheds. Stream salinity in mountainous areas almost cer-
tainly increases due to the use of road salt in the winter.
Kelly et al. (2008) showed that up to 91% of salinity in
rural streams could be attributed to road deicing, and road
salt not only persisted beyond the application period, but
water salinity increased over time. Howard and Haynes

Fig. 3 Plots of the top abundance
model for black-bellied
salamanders for a 2014 and b
2015, and Blue Ridge two-lined
salamanders for c 2014 and d
2015. The black midline on each
plot is the mean abundance value,
while the outer gray lines
represent the 95% confidence
intervals. X-axis values are
standardized, actual values were
0–0.16 g/L, 86.9–98.8%, and 0–
17.7% for salinity, percent
dissolved oxygen, and percent
impervious surface respectively

Table 4 Abundance model results for the Blue Ridge two-lined salamander (Eurycea wilderae) in Western North Carolina and East Tennessee. The
top two models are shown. Sampling method (dip netting or leaf litter trap) was used as a detection covariate for all models

Model ΔAIC AIC Weight Beta (std. error) K Log-likelihood AIC

2014

DO 0 1 −0.31 (0.04) 4 −637.71 1283.43

Gravel and rock 23.42 0 −0.18 (0.03) 4 −551.94 1306.85

2015

% impervious surface 0 1 0.06 (0.01) 4 −685.97 1379.94

Gravel and rock 17.61 0 −0.17 (0.02) 4 −510.34 1397.56
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(1993) showed that only 45% of the salt applied to roads
each year escaped the watershed; remaining salt was
retained and slowly leaked out with the ground water.
Abundance relationships for Blue Ridge two-lined sala-
manders differed by year; however, in both years species
abundance increased with typical indictors of higher dis-
turbance (high % impervious surface and low DO). Black-
bellied salamanders may reduce abundance of Blue Ridge
two-lined salamanders in less disturbed habitats
(Crawford 2016); thereby explaining high abundance of
Blue Ridge two-lined salamanders in disturbed areas
where black-bellied salamanders are reduced.

Other studies have shown impervious surface to be a strong
negative influence on most salamander populations (Gagne
and Fahrid 2010, Barrett and Price 2014). Our results are
largely inconsistent with these studies. Most species we sur-
veyed did not show a strong response to impervious surface,
and Blue Ridge two-lined salamanders had higher occupancy
in areas with more impervious surface. Our data reveal the
prominent role local-scale measures of the environment can
play in setting occupancy and abundance for stream organ-
isms. It is possible that in steep–slope, low–order streams,
watershed-scale variables become less important and local-
scale habitat becomes the driving influence (Cecala et al.
2014; Frisch et al. 2016). Montane exurban developments
are typically found along ridge-lines and higher elevations,
and are more associated with streams. Because the influences
of land-use change become more important at larger spatial
scales (Roth et al. 1996), landmanagers and future researchers
should consider the size of the watershed when making man-
agement decisions. It is likely that there is a threshold for
percent impervious surface influence on salamander assem-
blages in streams surrounded by exurban developments, but
that that value is above our sample range (>17% impervious
surface). Management of larger streams, especially large
enough for fish, will most likely need to consider impervious
surface at thresholds much lower than 17% (Helms and
Feminella 2005). It is also important to acknowledge that there
is variation in occupancy and abundance even in forested sites
and that previous disturbance history may also be playing a
role in urbanized watersheds.

Conclusion

Our data align with other studies in that drivers to changes in
salamander assemblages are complex and non-singular
(Burcher et al. 2007, Barrett et al. 2010b, Barrett and Price
2014). Our data show that local habitat has a much stronger
influence on stream salamander populations than watershed-
scale variables such as age of exurban development and im-
pervious surface in montane regions. Land owners and devel-
opers who aim to maintain stream communities similar those

found in nearby forested sites should consider forested ripar-
ian buffers, maintaining heterogeneous stream substrate, and
reducing water salinity. The amount of impervious surface
within the watershed and the distance between impervious
surfaces and streams may indirectly influence salinity and
stream substrate (Howard and Haynes 1993; Kelly et al.
2008). We were only able to find a single study that evaluated
the ability of forested buffers to decrease stream salinity.
Results from this research suggested that buffers in the
streams evaluated did not protect streams from elevated ion
concentrations (Madden et al. 2007). Salinity could be re-
duced by limiting road salting to times of high use, such as
the holiday season in late November to early January, or in
areas with permanent residents. Working with homeowners’
associations and county governments may provide the easiest
way to develop management strategies for exurban neighbor-
hoods, as it would allow for multi-stakeholder development of
solutions over broad areas.
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