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Abstract: Although amphibians have relatively high rates of road mortality in urban areas, the conditions

under which traffic threatens the survival of local amphibian populations remain unclear. In the Sandhills

region of North Carolina (U.S.A.), we counted living and dead amphibians along two transects (total length

165 km) established on roads in areas with varying degrees of urbanization. We found 2665 individuals

of 15 species, and amphibian encounter rates declined sharply as traffic and urban development increased.

Regression-tree models indicated that 35 amphibians/100 km occurred on roads with <535 vehicles/day,

whereas the encounter rate decreased to only 2 amphibians/100 km on roads with >2048 vehicles/day.

Although mortality rate peaked at higher traffic levels (47% dead on roads with >5200 vehicles/day), the

number of dead amphibians was highest at low levels of traffic. This suggests that areas where amphibian

mortality is concentrated may actually contain the largest populations remaining on a given road transect.
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Tasas de Encuentro de Anfibios en Carreteras con Diferentes Cantidades de Tráfico y Urbanización

Resumen: Aunque los anfibios tienen tasas de mortalidad relativamente altas en áreas urbanas, las

condiciones bajo las cuales el tráfico amenaza la supervivencia de poblaciones locales de anfibios no son

claras. En la región Sandhills de Carolina del Norte (E.U.A.), contamos anfibios vivos y muertos a lo largo

de dos transectos (longitud total: 165 km) establecidos en carreteras en áreas con diferentes grados de

urbanización. Encontramos 2665 individuos de 15 especies, y las tasas de encuentro con anfibios declinaron

abruptamente a medida que incrementaron el tráfico y el desarrollo urbano. Modelos de árbol de regresión

indicaron que ocurrieron 35 anfibios/100 km con <535 vehı́culos/dı́a, mientras que la tasa de encuentro

disminuyó a solo 2 anfibios/100 km en carreteras con >2048 vehı́culos/dı́a. Aunque la tasa de mortalidad

fue máxima en niveles altos de tráfico (47% muertos en carreteras con >5200 vehı́culos/dı́a), el número

de anfibios muertos fue mayor en niveles bajos de tráfico. Esto sugiere que las áreas donde se concentra la

mortalidad de anfibios pueden contener las mayores poblaciones remanentes en un determinado transecto

de carretera.

Palabras Clave: anfibios, gradientes urbanos, mortalidad en carreteras, sapos, tráfico

Introduction

Among vertebrate groups, amphibians seem particularly
vulnerable to the effects of urbanization due to their need
for both terrestrial and aquatic ecosystems to complete
their life cycles (Semlitsch 2000; Hamer & McDonnell
2008). This dual dependency makes amphibians sensitive
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to degradation of either type of habitat, and ponds, wet-
lands, and streams in urbanized landscapes generally con-
tain fewer species or lower abundances of frogs, toads,
and salamanders (Willson & Dorcas 2003; Pellet et al.
2004; Rubbo & Kiesecker 2005; Pillsbury & Miller 2008).
Roads are one of the primary components of urban devel-
opment, and when amphibians must cross roads to breed
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or disperse the animals often experience high levels of
mortality (Ashley & Robinson 1996; Carr & Fahrig 2001;
Puky 2006).

It is unclear, however, when road mortality will cause
the decline of local amphibian populations, given the
high reproductive rates of certain species and the possi-
bility that density-dependent survivorship may compen-
sate for individuals killed on roads (Ashley & Robinson
1996; Hels & Buchwald 2001). The absence of dead am-
phibians along a stretch of road cannot be interpreted by
itself as a sign of secure local populations because several
different mechanisms could lead to low levels of road
mortality. According to conventional wisdom, few ani-
mals should be killed when vehicle traffic is infrequent.
Nevertheless, the absence of road-killed amphibians on
high traffic roads could mean the local population has
been depleted by road mortality, or that the animals are
intimidated by passing vehicles and do not attempt to
cross (Seiler & Helldin 2006). Fahrig et al. (1995) counted
the number of live and dead frogs and toads for six nights
along roads with three different levels of traffic. They
found that roads with the least amount of traffic have
the highest absolute number of live and dead amphib-
ians, even though the proportion of dead animals is at
a minimum on these roads. Their findings have yet to
be validated by similar investigations in other regions;
thus, it remains uncertain what areas of high amphibian
mortality on roads (Clevenger et al. 2003; Langen et al.
2009) reveal about the conservation status of amphibian
populations in a given area.

To address this knowledge gap, we sampled live and
dead amphibians in road transects along two gradients of
urbanization. We expected amphibian encounter rates to
decline as traffic and urbanization increased or as avail-
ability of aquatic habitats decreased. Such declines could
be sharp and nonlinear if threshold levels of urbaniza-
tion and habitat conditions yield rapid changes in the
demography of local amphibian populations. We also hy-
pothesized that relative mortality rates increase as vehicle
traffic increases, even as total (live and dead) encounter
rates fall. This follows from the expected negative rela-
tion between the frequency of passing vehicles and the
probability of an amphibian crossing the road success-
fully. We also tested whether amphibian encounter rates
on roads were significantly and positively related to de-
tection of frog and toad choruses along the road transects
(Fahrig et al. 1995).

Methods

Study Area

The original vegetation of the North Carolina Sandhills
(U.S.A.) consisted of savannahs of longleaf pine (Pi-

nus palustris), turkey oak (Quercus laevis), and wire-
grass (Aristida stricta) in the xeric uplands and dense

“pocosin” vegetation (with a mixed pine-hardwood
canopy) in the bottomlands and blackwater creeks dis-
secting the sand ridges (Wells & Shunk 1931; Sorrie et al.
2006). The longleaf pine ecosystem has high diversity of
herbaceous plants (Peet 2006) and reptiles and amphib-
ians (Means 2006). More than 97% of longleaf pine forests
have been destroyed (Varner & Kush 2004; Van Lear et al.
2005; Frost 2006). The Sandhills contains a large extent
of protected longleaf forest (approximately 100,000 ha),
but this forest is now increasingly surrounded by urban
development and other human activities.

Sampling Techniques

We drove at night (Shaffer & Juterbock 1994) along road
transects that traversed two clear gradients of urbaniza-
tion in the Sandhills (Fig. 1). The routes were designed
to capture a wide range of traffic, urbanization, and habi-
tat conditions. Average daily traffic ranged from a low of
20 to a high of 14,000 cars/day (North Carolina Depart-
ment of Transportation 2005). We established the length
of each transect (northern route, 75 km; southern route,
69 km) so that a round trip along one route could be
made in the approximately 4 h between dusk and mid-
night. The majority of the two transects consisted of 2-
lane paved roads. We did not survey busy highways with
posted speed limits of 89 km/h (55 miles/h) or higher
because these roads were unsafe to sample with our
methodology.

We surveyed the northern transect only in 2006
and 2008, whereas in 2007 we surveyed the north-
ern and southern transects in roughly equal proportions
(Supporting Information). Our sampling effort in 2008
was four nights (533 km) with heavy rainfall as part
of a mark-recapture study of toads. In 2006 (39 nights,
5752 km) and 2007 (46 nights, 10,371 km) we sampled
without regard to precipitation. To prevent biases asso-
ciated with the time that a given point along the transect
was sampled, we alternated randomly among a series of
standardized routes with different starting and stopping
locations. An additional 21 km of roads were added to the
northern transect in 2007 and 2008 to provide access to
intermediate points along the main stems of that transect.
Thus, the total length of the north–south transect was
165 km.

We drove the routes at a consistent speed of
48–56 km/h and tallied all living or dead amphibians en-
countered. Often it was not possible to identify frogs and
toads to the species level because live animals tended to
leave the road and dead animals were frequently unrecog-
nizable. We were able, however, to classify most amphib-
ians to the genus level without stopping the car, which
saved considerable time. In 2008 we stopped to capture
and identify every toad over 2 cm (snout vent length).
These more intensive surveys (which often took >6 h)
revealed that the similar morphology of the spadefoot
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Figure 1. Maps of the study region showing (a) the location of the road transects with respect to local urban

centers and protected areas, (b) the background gradient of average percent impervious surface calculated at a

1-km radius from each 30-m pixel, and (c) the location of the Sandhills region in North Carolina (black box).

(Scaphiopus holbrooki) and Anaxyrus (formerly Bufo)

spp. toads prevented accurate differentiation of these
two genera while in transit. Thus, for statistical analy-
sis, we combined all the toad data into a single value.
The remaining analysis groups included true frogs (Litho-

bates), tree frogs (Hyla and Acris), and total amphibians
(all species).

In 2007 and 2008 we recorded the locations of all cho-
ruses (one or more individuals) of calling frogs and toads
we heard along the routes while driving with our vehi-
cle windows down. In addition, we noted frog and toad
choruses we heard along the northern route during a pair
of 3-min point counts conducted in May and June 2007
for the purpose of surveying several species of nightjars
(Aves: Caprimulgidae) along the northern transect (one
point-count location at the midpoint of each 1-km seg-
ment of road).

Geospatial Analyses

We recorded amphibian locations as vehicle mileages
from adjacent intersections. We converted these loca-
tions into digital coordinates with ArcGIS software (ver-
sions 8.2–9.3; ESRI, Redlands, California). All potential re-
peat observations of the same dead animal (same species
or genus, same location, different trips) on a given night
were removed from the data. To enable calculation of
encounter rates, we broke the route into a series of 165
segments, each roughly 1 km long (range 800–1200 m).
We then divided the total number of animals of a given

group (e.g., tree frogs) observed on a segment by the to-
tal distance driven on that segment (number of one-way
trips ∗ length of segment). We calculated the rate of cho-
rus detection (combined across all frog and toad species)
by dividing the total number of detection episodes for
each road segment by the distance driven; point counts
were treated as a single traverse of the corresponding
road segment. In lieu of direct estimates of the apparent
size of each chorus, we treated the rate of detection of
frog and toad choruses as a rough index of the number of
calling males at ponds and wetlands along each section
of the route, reasoning that larger populations would be
detected more frequently.

We used ArcGIS to create traffic, urbanization, and
aquatic habitat variables that corresponded to each of
the road segments. The simplest predictor variable was
average daily traffic volume, which we derived for each
road segment with traffic data from the North Carolina
Department of Transportation (2005). We calculated the
remaining variables as average values for overlapping
buffer polygons established around each road segment
at 11 different radii (30, 250, and 500 m and 1, 2, 3, 4,
5, 6, 8, and 10 km). The four variables calculated at mul-
tiple extents included traffic density (a measure of road
density in which traffic on roads is taken into account;
Pellet et al. 2004), percent impervious surface (an index
of urban development; Morse et al. 2003), percent open
water (ponds and lakes), and percent wetlands.

Other researchers have documented that abiotic
and biotic features characterized across relatively large
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extents affect amphibian populations (Gibbs et al. 2005).
Thus, rather than constraining our analyses to a single
arbitrary radius (e.g., 1 km), we used a range of distances
(Pellet et al. 2004). The four variables measured at dif-
ferent extents were highly correlated (e.g., traffic and
urbanization), but we retained all the variables in their
original units to maximize the clarity of our results.

Statistical Analyses

Because our response and predictor variables were spa-
tially autocorrelated, we used an improved version of
the regression-tree methodology described by De’Ath and
Fabricius (2000) to analyze our amphibian encounter rate
data. Regression trees recursively split the response data
into increasingly homogenous groups. Each split was
based on a single division among one of the predictor
variables (e.g., average daily traffic >535 cars/day). The
method does not assume strict independence among the
data points and filters through large numbers of variables
to choose the best sets of predictors in the final tree.
The optimal-splitting procedure also forces the model
to identify thresholds or break points in the predictor
variables associated with the sharpest distinctions within
the response data. We could have used newer tree-based
methods (e.g., random forests and boosted regression
trees) or other nonparametric techniques (e.g., Spear-
man’s rank correlation and generalized additive models)
with our data (Walsh & Kleiber 2001; Prasad et al. 2006;
De’ath 2007; Elith et al. 2008), but we chose the sin-
gle regression-tree approach because its outputs remain
in the original units of the predictor variables and thus
results are easy to interpret.

Following De’Ath and Fabricius (2000), we changed
the RPART routine (Therneau & Atkinson 1997) in R (R
Development Core Team 2007) so that the tree-pruning
process (based on k-fold cross-validation) was repeated
200 times (each time k = 20), yielding a much more sta-
ble estimate of the most robust number of splits for the
final models. For each regression tree, we calculated the
apparent R2, which represented the amount of variation
explained by the pruned tree model for the complete data
set. Nevertheless, given the tendency of regression-tree
models to overfit the available data (De’Ath & Fabricius
2000), we considered the overall best model for a given
species group the regression tree with the highest cross-
validation R2 (x-val R2), which is an indication of how
much variance was explained on average by regression
trees formed from the k = 20 cross-validation subsets
with the same set of available predictor variables. To test
whether the optimally pruned models achieved higher
x-val R2 values than what would have been returned in
the absence of relations between the response and pre-
dictor variables, we also implemented a Monte Carlo sig-
nificance test (with 500 random permutations) for each
final tree (Manly 1997).

To examine the response of amphibian encounter rates
to increases in urbanization and decreases in aquatic habi-
tat availability, we fit regression trees for each of four
groupings of amphibian species with the full range of
45 variables. To enable comparison across the differ-
ent spatial extents and variable categories, we also fit
trees for each single predictor variable independently.
To test whether amphibian mortality rates increased as
a function of increasing vehicle traffic, we calculated
the percentage of dead animals among the total en-
counters for each group of species and ran regression-
tree models relating the mortality rates to the average
daily traffic on the road segments. Finally, we used
the same regression-tree methods to test whether the
encounter rate for total amphibians was significantly
and positively associated with the number of frog and
toad choruses we detected along the roads during the
surveys.

Results

Overview

We recorded 2665 live and dead amphibians of 15 species
on the road (Supporting Information). Our observations
included 2184 toads (2 spp. of Anaxyrus and Scaphio-

pus holbrooki), 236 tree frogs (5 spp. of Hyla and at
least 1 sp. of Acris), 230 true frogs (4 spp. of Lithobates),
1 Gastrophryne carolinensis (a microhylid), 2 red sala-
manders (Pseudotriton ruber), and 12 dead anurans that
could not be classified to the genus level. Most of the an-
imals we found are common, widespread species, such
as southern and Fowler’s toads (Anaxyrus terrestris and
A. fowleri), gray and green tree frogs (Hyla chrysocelis

and H. cinerea), and bull and green frogs (Lithobates

catesbeiana and L. clamitans). Generally, we found the
greatest number of amphibians on portions of the tran-
sects that passed through low-lying swamps and riverine
forests. Nevertheless, we recorded the highest encounter
rate for toads (94 animals/100 km) on an upland road seg-
ment that passed through a private farm with numerous
ponds. This farm was surrounded by forest within a large
expanse of state-owned land.

We also detected 1002 frog and toad choruses of 14
species in 2007–2008. Cricket frogs (Acris; n = 400), gray
tree frogs (n = 226), and green tree frogs (n = 174) consti-
tuted 80% of the total chorus detections, whereas only 59
choruses of Anaxyrus toads (36 A. terrestris, 23 A. fow-

leri) were heard along the routes. We heard three species
of frogs (Hyla andersonii, Pseudacris ornata, and Litho-

bates virgatipes) that were not otherwise detected on
the road during the surveys. Three other species (Litho-

bates palustris, L. sphenocephalus, and Scaphiopus hol-

brooki) that were seen on the road were not detected in
the chorus surveys.
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Figure 2. Encounter rates on

roads in 2007 relative to average

daily traffic for (a) total

amphibians (living and dead)

along the original 75 segments of

the northern transect, (b) total

amphibians along the 69 seg-

ments of the southern transect

(driven only in 2007) and the 21

segments of access roads (added

to the northern transect in 2007),

(c) dead amphibians along the

northern transect, and (d) dead

amphibians along the southern

transect and access roads. Each

point represents a single 1-km

segment of road.

The number of animals we found dropped from 28 in
2006 to 7 animals/100 km in 2007. The highest encounter
rates were in 2008 (64 animals/100 km), but in that year
we conducted surveys only on rainy nights. We focused
our regression-tree models on the combined 2006–2008
amphibian encounter rates for the northern route, which
was driven in all 3 years. Even though the magnitude of
encounter rates was different across years, the general
patterns of amphibian responses to the traffic and urban-
ization variables appeared similar across the northern and
southern routes in 2007 (Fig. 2).

Effects of Traffic, Urbanization, and Habitat

According to the regression-tree models, predicted toad
encounter rates declined steeply when average daily traf-
fic, traffic density, and impervious surface values were
above very minimal levels. The same steep negative rela-
tions were apparent for the total amphibian group, driven
by the preponderance of toads in the overall data. For
example, the single-variable model that related the total
number of amphibians to average daily traffic yielded an
optimally pruned regression tree with two splits (x-val
R2 = 0.39, p < 0.002; Fig. 3a). When average daily traf-
fic was <535 vehicles/day, the amphibian encounter rate
was predicted to be 35 animals/100 km driven, whereas

when traffic was above 2048 vehicles/day, expected am-
phibian encounter rate dropped to 2. Nearly identical
trees (but with higher x-val R2 values of 0.53 and 0.50, re-
spectively, p < 0.002) were returned in the traffic-density
(250 m radius) models for toads and total amphibians,
which provided the best overall regression trees for those
groups. The best impervious-surface regression tree for
total amphibians (x-val R2 = 0.44, p < 0.002), in contrast,
showed that the most amphibians (45 animals/100 km)
were found on roads segments with impervious surface
(3-km radius) values between 0.45% and 0.59%. Above
1.8% average impervious surface at that extent, how-
ever, the predicted encounter rate decreased to 4 ani-
mals/100 km.

According to the regression-tree models, tree frog and
true frog encounter rates both declined sharply in re-
sponse to increased levels of impervious surface along
the roads (best extent for each = 250 m). In the tree
frog model, which was the best overall for that species
group, encounter rates declined from 6 animals/100 km
when impervious surface (250 m) was <0.49% to 0.2 an-
imals/100 km when impervious surface was above 5.9%
(x-val R2 = 0.28, p < 0.002). In contrast, the frogs’
strongest relations with traffic density occurred at 5 km
for the true frogs (x-val R2 = 0.15, p = 0.002) and 6 km for
the tree frogs (x-val R2 = 0.13, p < 0.002). In both cases,
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Figure 3. Regression-tree model

results for (a) total amphibian

(living and dead) encounter rates

and (b) percentage of amphibians

that were dead when encountered,

both relative to average daily

traffic on the transect roads (gray

bars, values predicted by the

pruned regression trees; points,

combined [2006–2008] encounter

rates [a] or mortality rates [b] for

each of the 75 1-km road segments

of the northern route).

and in the similar models that were returned for average
daily traffic, the frog encounter rates showed a unimodal
response, with peaks at low to intermediate levels of
traffic.

The observed relations between encounter rates and
measures of aquatic habitat (open water, wetland) varied
considerably among groups and across the two variables.
In the open-water models with the highest x-val R2, toads,
tree frogs, and total amphibians responded strongly and
negatively to amount of water at fairly broad extents
(4–5 km). This result appeared to be related to the posi-
tive correlation between urbanization and the prevalence
of ponds and lakes at these larger extents. In contrast, the
best open-water model for true frogs showed a positive
relation at the 500-m extent (x-val R2 = 0.05, p = 0.014).
All the best wetland models indicated positive relations
between encounter rates and wetland coverage, and the
30-m wetland variable was the best overall model for true
frogs (x-val R2 = 0.24, p < 0.002), which indicated their
presence was best explained by the relative presence of
wetlands within the immediate vicinity of the roads.

At smaller extents (<1 km) the highest open-water and
wetland concentrations occurred along road segments
with low traffic density and low levels of urbanization.
Nevertheless, when we considered only data from areas
with few ponds and wetlands (e.g., wetland coverage
<1%), there was still a clear negative effect of traffic
density on amphibian encounter rate (Fig. 4).

Mixed-effect regression trees that incorporated urban-
ization and aquatic habitat variables were always outper-
formed (in terms of x-val R2) by the best single-variable
models. Nevertheless, the multivariable models often ex-
plained more of the variation in the full data set. For ex-
ample, the optimally pruned, full-model tree for total am-
phibians attained an apparent R2 of 0.79 (x-val R2 = 0.41,
p < 0.002) with three variables and four splits. According
to the splitting criteria from this model (Fig. 5), amphib-
ian encounter rates will rise to over 50 animals/100 km
on road segments with low traffic density at a broad ex-
tent (6-km radius), many wetlands (500 m), and moder-
ately low levels of impervious surface (2 km). In contrast,
roads with high traffic density and high levels of impervi-

ous surface are predicted to have encounter rates of <2
animals/100 km surveyed.

For a given variable and amphibian group, the per-
formance of the regression-tree models was fairly sta-
ble across the 11 different extents of the road-segment
buffers. The differences between amphibian groups were
much more pronounced than the differences between
extents. The closely linked toad and total amphibian mod-
els consistently had higher values of x-val R2 than models
for the other groups, particularly at extents >500 m.

Traffic and Amphibian Mortality Rates

According to our regression-tree results, mortality rates
(percentage of animals on each segment that were found
dead) for toads, true frogs, and total amphibians all
showed the expected positive relations with average
daily traffic. For example, in the regression-tree model for
total amphibian mortality rate, the percentage of dead an-
imals rose from 15% when average daily traffic was <885
vehicles/day to a high of 47% when traffic was >5200
vehicles/day (x-val R2 = 0.07, p = 0.008; Fig. 3b). Even
though the mortality rate increased as levels of traffic
increased, the encounter rate for dead amphibians was
highest on roads with low levels of traffic (e.g., <1000
vehicles/day) and peaked at 16.4 dead animals/100 km
on a road segment with 100 vehicles/day (Fig. 2c). In
contrast to the results for total amphibians, the model of
tree frog mortality showed a peak of just over 50% dead
tree frogs when traffic was 758–1365 vehicles/day (x-val
R2 = 0.09, p = 0.014). Above and below this narrow
range, mortality rates were lower. Model performance
was low for all of the mortality-rate regression trees due
to the high variance in the percentage of dead animals
among the different sections of roads.

Frog and Toad Encounter Rates and Chorus Detection

The combined 2006–2008 amphibian encounter rates for
the road segments along the northern route were signif-
icantly and positively associated with chorus detection
rates measured in 2007–2008 (Supporting Information).
According to the regression-tree model (two splits, x-val
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Figure 4. Total amphibian encounter rates on roads relative to traffic density at two different levels of wetland

coverage: wetlands below (low wetlands) and above (high wetlands) 1% within a 250-m radius of the 1-km road

segments. Traffic density was calculated by multiplying (for each road in the search radius, including the transect

road itself) the number of vehicles per day on the road by the area of the road (after conversion to a raster grid,

units = number of 30-m pixels), and then dividing the sum of these products by the total number of 30-m pixels in

the search radius.

R2 = 0.29, p <0.002), when chorus detection rates were
above 17 choruses/100 km surveyed, encounter rates for
total amphibians peaked at 52 animals/100 km.

Discussion

We found that the number of amphibian encounters on
roads decreased sharply as traffic and urbanization in-

creased. This relation was especially evident for toads
(Anaxyrus and Scaphiopus), which were the majority of
the amphibians we observed. The vulnerability of toads
to vehicle traffic has been well documented in previous
road-kill surveys (e.g., Van Gelder 1973; Orlowski 2007).
Surveys of ponds also reveal lower abundances of breed-
ing Anaxyrus (Tupper & Cook 2008) and Scaphiopus

toads (Nystrom et al. 2002) in urban, high-traffic areas.
We, however, are the first to quantify living and dead
amphibians on roads across a wide gradient of traffic

Figure 5. The optimally pruned

regression-tree model for total

amphibians generated with all

variables. Road segments for which

the listed splitting criterion is true

are represented at the left side of

each split. Numbers at the terminal

nodes are the predicted total (live

and dead) amphibian encounter

rate (amphibians/100 km) on road

segments that fall within the

conditions indicated (n, number of

segments). The relative length of the

branches indicates the amount of

variation explained by each split.

The impervious surface and

wetland splitting criteria are

expressed in terms of the land-cover

composition of road-segment

buffers at the 2-km and 500-m

buffer distances, respectively. See

caption of Fig. 4 for traffic density

units.
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levels and urbanization. We found that at traffic levels of
>2000 vehicles/day, few toads (live or dead) remained
on the road at night. This finding is consistent with the
empirical observations of Van Gelder (1973), who cal-
culated that 90% of adult toads in his study population
would be killed each year on a road with only 3600 vehi-
cles/day. Our observations lead us to believe that many
of the toads we encountered on the road transects on
summer nights were searching (or at least waiting) for
insects on the road surface, in agreement with Clarke
(1974). For the toads, higher levels of traffic and urban-
ization appeared to be associated with a 20-fold decline
in encounters, whereas where there were few ponds or
wetlands encounter rates decreased only by half.

The frog groups we encountered displayed negative
relations with traffic and urbanization that were similar
to those of toads, but the rates of decline for frogs did
not appear to be as great. For the most common frogs in
the Sandhills (bullfrogs, green frogs), this trend may be
explained by the year-round association of these species
with aquatic habitats (Rubbo & Kiesecker 2005). With lit-
tle need to cross roads on a regular basis, adult bullfrogs
and green frogs should be able to persist and breed in
urban ponds and lakes long after more terrestrial species
of frogs, toads, and salamanders are extirpated by traffic
mortality. Tree frogs typically use some form of upland
habitats in their life cycles, but according to our obser-
vations in the Sandhills, tree frogs tend to cross roads
more quickly than true frogs and much more quickly
than toads.

The best multivariable model for total amphibians
counterintuitively predicted that on low-traffic, high-
wetland road segments encounter rates will be highest
when impervious surface values are above 0.46%. Never-
theless, the maximum value of impervious surface (2 km)
within the eight segments of the tree node in question
was only 0.78%. This suggests to us that the peak in am-
phibian encounters on roads is occurring in rural envi-
ronments, where small amounts of human infrastructure
are likely associated with higher densities of human-made
farm ponds and associated breeding amphibians.

Our data suggest mechanisms that determine the fre-
quency with which road-killed amphibians are encoun-
tered in different areas. As also shown by Fahrig et al.
(1995) and Orlowski (2007), it appears that more dead
amphibians are found on roads with light traffic than on
roads with heavy traffic. Our results and those of Fahrig
et al. (1995) suggest this occurs because the total num-
ber of amphibians on the road is much higher on roads
with little traffic. In the Sandhills at least, total amphib-
ian encounters will be reduced considerably long before
the proportion of animals observed that are dead reaches
50%.

This finding may affect the interpretation of the re-
sults of road-kill surveys for amphibians. Roads segments
where dead amphibians are frequently encountered may

in fact represent the populations that are the least af-
fected (proportionally) by road mortality along a particu-
lar survey route, with the obvious exception being roads
with no traffic at all. Such populations are important
to protect from additional effects of increased vehicle
traffic or urbanization. Nevertheless, conservation pro-
fessionals should also consider the potential benefits of
highway-mitigation projects for amphibian populations
that already appear to be depleted due to excessive road
mortality, especially when rare species are involved and
breeding and foraging habitats are otherwise available.

One limitation of our use of road transects to survey
amphibians is that our results are expressed in terms
of the number of amphibians encountered on the road;
thus, they do not reflect directly patterns of local or re-
gional amphibian population density along the roads. It is
conceivable that amphibians living alongside busy roads
have either learned individually to avoid crossing roads
or have experienced selective pressure on behaviors that
reduce the tendency to cross roads (Dodd et al. 1989).
Amphibians and other vertebrates may also simply be de-
terred from crossing busy roads by a constant flow of
vehicles (Seiler & Helldin 2006; Bouchard et al. 2009).
Nevertheless, we found a close association between the
number of amphibians seen on the road and the num-
ber of frog and toad choruses heard adjacent to the road,
which suggests that road-based surveys can provide use-
ful information regarding the relative abundance of am-
phibians in road-side habitats. Fahrig et al. (1995) also
found that the number of amphibians on roads correlates
with an index of amphibian calling activity, and Seiler and
Helldin (2006) provides a list of other studies in which
data from road-kill surveys appeared to correspond well
with independent estimates of local or regional wildlife
abundance.

Detection rates of frogs and toads either on the road
or calling from roadside breeding habitats could be neg-
atively biased in urban areas by the aural and visual inter-
ferences imposed by vehicle traffic. Heavy traffic would
also tend to destroy quickly the remains of dead amphib-
ians, suppressing road-kill counts in urban areas. Traf-
fic volumes on most roads typically decline steeply as
night progresses (e.g., Fig. 1 in Hels & Buchwald 2001),
which suggests observation conditions may have been
more equalized across the urban gradient during our late
evening and early morning surveys. When we compared
amphibian encounter rates before and after the approxi-
mate midpoint of our nightly survey efforts (22:00), the
same negative relation with average daily traffic was ap-
parent in both early-evening and late-night conditions
(Fig. 6). This observation provides strong evidence that
the depletion effect of roads and urbanization on am-
phibians that we found is more than just an expression
of difficult survey conditions on roads with heavy traffic.

The strong correlation between traffic volume on
roads and the amount of surrounding urban development
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Figure 6. Total amphibian encounter rates

(2006–2008) relative to average daily traffic within

two time ranges: animals observed before and after

22:00. Each point represents the encounter rate for a

single 1-km segment of road.

prevented us from distinguishing which factor affected
the structure of local amphibian populations the most.
Roads with heavy traffic influence amphibian mortality
rates, but urbanization reduces the quantity and quality
of potential breeding and foraging habitats. Regardless of
the other impacts of urban development, we anticipate
that areas where roads exert effects (road-effect zones)
(Forman & Deblinger 2000) will at least be additive, such
that mortality will be doubled in habitats within a cer-
tain distance of two busy roads. It is conceivable that
overlapping road-effect zones could even have synergis-
tic (greater than additive) effects on local populations,
given the nonlinear trends in amphibian encounter rates
we documented in the Sandhills.

Severe drought conditions were present across much
of the southeastern United States during 2007, and the
lack of rainfall is the most obvious explanation for the
sharp decline in amphibian encounter rates we observed
between 2006 and 2007. Including the 2008 data from
surveys conducted only in the rain is unlikely to have
influenced the spatial pattern of amphibian encounter
rates because our survey effort in that year (as in the
2 previous years) was well balanced across the entire
northern transect.

There seemed to be a substantial difference in species
composition between amphibians on the road at night
(primarily toads) and amphibians detected breeding in
roadside aquatic habitats (primarily tree frogs and cricket
frogs). This discrepancy reflects that Anaxyrus toads in
the Sandhills region were largely finished breeding by
the time we began our summer surveys. The significant
positive association between toad encounter rates and
chorus detection for the summer-breeding frogs indicates
both groups likely share the same breeding habitats. We
expected observations of salamanders would be low be-
cause most salamanders in the Sandhills breed in autumn
and winter.

The bulk of the amphibians we encountered belonged
to generalist species capable of breeding in permanent

ponds in suburban areas. Even for these frogs and toads,
it appeared that light traffic (>2000 vehicles/day) and
low levels of urbanization (>1.8% impervious surface at
a 3-km radius) can lead to severe reductions in local abun-
dance along roads. In fact, we encountered no amphib-
ians at all on 3 of the most urbanized road segments we
surveyed, despite making >100 trips on warm summer
nights down these roads. On the basis of our results and
those of similar studies, it seems plausible that urban de-
velopment and road mortality can together account for a
sizeable portion of the declines in amphibian abundance
that have been noted in urbanizing regions around the
world.
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