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ABSTRACT
The worldwide decline in amphibian populations may be a harbinger of ecosystem degradation.
Wetland and stream restoration may counter amphibian population declines by increasing habitat
quality, area, and connectivity. Among the causes of amphibian declines, habitat loss and
fragmentation are some of the most influential mechanisms contributing to species extinction.
Connectivity between streams and riparian wetlands are not only important for stormwater and
water quality management, but are also essential for the conservation and management of
amphibians. Even with the dramatic expansion of stream and riparian wetland restoration projects
nationwide, post‐restoration monitoring of the effectiveness of restoration rarely includes
assessment of wildlife populations. Assessment of population declines and restoration success
requires long‐term monitoring. However, long‐term amphibian population studies are relatively
few in North America and particularly lacking in North Carolina. The effects of integrated stream
and wetland restoration on frogs and toads in the North Carolina Piedmont were analyzed, focusing
on the Duke University Wetland Center Stream and Wetland Assessment Management Park
(SWAMP). Anuran communities were compared in restored and reference riparian wetlands using
drift fence and pitfall trap arrays along with auditory surveys. A total of 100 individual amphibians
and eight species were detected in traps between summer 2010 and summer 2011. Ten species
were detected with auditory monitoring, including three species heard but not seen. Mann‐Whitney
tests were used to assess differences among amphibian abundance at restored and reference sites.
Mantel tests were used to assess dissimilarity of sites based on species composition. Neither
relative abundance nor species richness estimates were significantly different among restored and
reference sites, although community composition did differ by restoration status. Differences in
community composition did include overlap, however, and future monitoring based on the protocol
established in this study should reveal population trends over time. In addition to the SWAMP
project’s specific goal of improving water quality, the restored streams and adjacent wetlands are
also supporting frog and toad populations similar to those in natural riparian wetlands.
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INTRODUCTION
Background: Amphibians
Amphibians are increasingly being used as models for studying environmental
change (Hopkins 2007, Beebee 1996). Sensitivity to impaired water quality and
temperature, along with other environmental disturbances, makes amphibians good
indicators of surrounding ecosystem health (EPA 2002). For example, as ectotherms,
amphibians are particularly sensitive to external temperatures. Loss of amphibian species,
likewise, may be a harbinger of ecosystem degradation or habitat disturbance (Dodds
2002). Amphibians are therefore increasingly being used as indicators of the functionality
of restored wetland ecosystems (Petranka et al. 2003, Petranka and Holbrook 2006).
Conservation of amphibians is contingent upon preservation or restoration of habitat
structure and function.
Discoveries of amphibian species have dramatically increased in recent years, but
have unfortunately coincided with a massive decline in amphibian populations worldwide
(Alford and Richards 1999, Houlahan et al. 2000, Young et al. 2001, Stuart et al. 2004).
Amphibian declines have been attributed to a variety of causes, including habitat loss and
fragmentation (Green 2005, Halliday 2005), exposure to UV radiation (Pounds 2001,
Peterson et al. 2002), infectious diseases such as the devastating chytridiomycosis (Berger
et al. 1998), invasive predator fish species, impaired water quality, and global climate
change (Rohr and Madison 2003, Daszak et al. 2005). In North Carolina, the primary threat
to amphibians is the loss of quality habitat (Dorcas et al. 2007). In addition to degradation
from upstream development, amphibian habitat also faces fragmentation from
development and roads. Amphibians require wetland habitat for breeding sites, and upland
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habitat where many species live during the year, and corridors between the two. Loss of
habitat area, quality, and connectivity threatens species with extinction, especially those
with particular habitat requirements. Frogs and toads (anurans) in the North Carolina
Piedmont require both aquatic and terrestrial habitat to complete their life cycles. To move
between aquatic and terrestrial habitats, amphibians are required to cross the roads that
fragment their habitat, and are thus subject to road kills. Amphibians are thus affected by
habitat fragmentation, proximity to roads, and traffic volume, along with impaired water
quality and prolonged drought. Although determining the causes of amphibian declines
may be complex, restored wetlands and streams should be evaluated as a potential counter
to amphibian declines due to habitat loss.
Human development, such as urbanization, agriculture, and timber harvesting, affects
streams and wetlands by increasing habitat fragmentation and degradation, increased
stormwater runoff from impervious surfaces, increased nutrient loads, and changes in
channel morphology that disconnect streams from their floodplains and alter aquatic
habitat (Hashisaki 1996, Bash and Ryan 2002, Saunders et al. 2002). Thus, many riparian
wetlands have been lost.
To address these concerns, which are characteristic of the more than 30% of rivers
listed as impaired in the U.S. (USEPA 2002), many stream and wetland projects have been
implemented nationwide, with goals of restoring functions such as water quality and flood
storage. Wetland restoration is undertaken, in part, to offset losses of the approximately
50% of wetlands in the conterminous United States that have been drained since European
settlement, primarily in transition to agricultural land use (Tiner 1984). However, many of
the restoration projects are fragmented, and isolated from other sites, and most of them are
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not monitored extensively, if at all, for their effectiveness (Bernhardt et al. 2005).
Moreover, post‐restoration monitoring of the effectiveness of restoration rarely includes
assessment of wildlife populations. However, at SWAMP and elsewhere in the Piedmont of
NC, previous graduate research projects at the Duke University Wetland Center have
included the effects of stream and wetland restoration on turtles, birds, and
macroinvertebrates (Winton 2011, Nowalk 2010a, Still 2009).
Of the current total of 6,578 known species of amphibians (frogs and toads,
salamanders, and caecilians), 90 have been detected in North Carolina, including some
federally endangered species (AmphibiaWeb 2009). Assessment of amphibian population
declines and restoration success relative to amphibians requires long‐term monitoring.
Neither population declines nor prioritization for preservation or restoration of wetlands
and streams for amphibian conservation can be assessed without sufficient inventory data.
Long‐term studies of North American amphibian species and their population trends are
relatively few (but see Semlitsch et al. 1996, Cortwright 1998, Meyer et al. 1998, Petranka
et al. 2003). Previous studies have documented some amphibian species capable of
colonizing recently restored wetlands in western NC and in other states and countries (e.g.,
Semlitsch 2000, Lehtinen and Galatowitsch 2001, Petranka and Holbrook 2006, Petranka et
al. 2007), but very few studies have been done in the North Carolina Piedmont, and this is
the first study of amphibians in the Duke University Wetland Center’s Stream and Wetland
Assessment Management Park (SWAMP). To detect declines in the future, it is necessary to
have a baseline for population studies.
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Background: SWAMP
Unlike the many stream and/or wetland restoration projects that are isolated and
disconnected, the SWAMP project is unique because of the integrated design. SWAMP
integrates multiple restoration phases, including multiple tributaries of the same stream
along with offline riparian wetlands (Figure 1). At the time of this writing, Restoration
Phases I, II, III, and IV have been completed, with a new Phase V in the planning stages. The
connectivity of restoration phases within SWAMP was designed to increase the
functionality of all restoration phases to a greater level than any single phase could
accomplish individually. This watershed‐level, integrated, multi‐phase design is one of the
first of its kind. Additionally, the SWAMP project directly addresses watershed restoration
strategies for the 303(d) listed streams in Jordan Lake.

SWAMP Restoration Phases
! BR1

! WT6
! WT2

! WT1

! WT4

! WT3
! DS1 ! WT5

PHASE 4
STREAM AND
FLOODPLAIN
RESTORATION

!

Figure 1. Locations and types of restoration phases in SWAMP. Pink dots mark water
quality sampling locations. Map courtesy of the Duke University Wetland Center.
Phase 1: PRECONSTRUCTION
STREAM CHANNEL
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Another innovative feature of SWAMP is the anabranching design of Restoration
Phase IV. In contrast to the single channel with the “ideal meandering river form” that
serves as the archetypal reference reach (Walter and Merritts 2008), anabranching refers
to “the division of a single, meandering stream channel of flowing water into multiple
offshoot channels that spread across a floodplain” (Nowalk 2010). Although anabranching
is innovative as a restoration approach, small anabranching channels that braided across
the floodplain, along with heavily vegetated wetlands, are thought to have been dominant
prior to the mill damming associated with European settlement (Walter and Merritts
2008). More specifically, when Piedmont forests were cleared for agriculture and mill dams
were built, an important corollary was the widespread burial of hydric floodplain soils
beneath 20 to 30 inches of alluvium, with erosion from upland areas dating back to colonial
settlement (Walter and Merritts 2008). The Walter and Merritts (2008) research,
incorporated into the design for Phase IV, has important implications for designing stream
restoration based on reference reaches. In SWAMP, the offshoot channels form riparian
wetlands that provide aquatic habitat throughout the year. The anabranching design
includes a low‐berm offline wetland design to increase stream‐floodplain connectivity
while maintaining the flow of the main stream channel.
Another problem associated with mill dams was the channel incision that resulted
from dam breaching (Walter and Merritts 2008). Increased urbanization, with associated
impervious surfaces, has intensified this problem by leading to increased storm runoff
velocity and channel incision, some of the typical characteristics of urban stream syndrome
(Walsh et al. 2005). The loss of the stream‐floodplain connection reduces the frequency of
overbank flow, which reduces retention time of floodwater on floodplains and has the
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effect of limiting not only water quality functions, but also wildlife habitat for semiaquatic
organisms like amphibians.
Frequent flooding is vital for both water quality functions and amphibian habitat,
particularly for those species that rely on temporary wetlands for breeding. However, in
typical stream restorations, the interaction between streams and their floodplains is not a
main priority, as the depressions left by former stream channels are poor replacements for
the functional backwater swamps once found in riparian systems throughout the Piedmont
(Walter and Merritts 2008). When restored, many streams are typically designed to flood
every 1 to 2 years (Rosgen 1994), although data are lacking on the effectiveness of the
geomorphic approach from the perspective of ecosystem functioning and biodiversity
(Bernhardt and Palmer 2007).
SWAMP is particularly relevant to amphibians for its potential to offer increased,
high‐quality habitat—and counter habitat loss, which is one of the main drivers of
amphibian declines in North Carolina (Dorcas et al. 2007). SWAMP provides a model not
only for other water quality improvement projects, but also for stream and wetland
restorations that include amphibian habitat provision as a goal.
OBJECTIVES
The purpose of this study was to survey recently restored and reference riparian
wetlands to accomplish the following: (1) To determine if amphibians have colonized
recently restored riparian wetlands, and if so, to provide a baseline estimate for species
richness and abundance, (2) To evaluate whether the integrated stream and wetland
restoration of Sandy Creek at the SWAMP site supports amphibian communities similar to
those at Mud Creek, an unaltered reference site, (3) To evaluate whether there are
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differences based on restoration design, (4) to establish baseline data as well as long‐term
monitoring protocols to evaluate wetland restoration in terms of preservation of
amphibian abundance and biodiversity, and (4) to provide a first step in determining the
role of integrated stream and wetland restoration in amphibian conservation in the North
Carolina Piedmont.
MATERIALS AND METHODS
Study Area
This study was conducted in Durham County, in the North Carolina Piedmont
region. Durham County is a political boundary, which is typically the case for management.
However, it was also important to look at an ecological boundary, such as a watershed. The
Sandy Creek and Mud Creek watersheds were selected for this study because of the
extensive stream and wetland restoration projects in Sandy Creek developed by the Duke
University Wetland Center. The SWAMP is located within the Duke Forest and the
floodplain of Upper Sandy Creek. This portion of Upper Sandy Creek has a drainage area of
approximately 480 ha (1,200 acres) that includes part of Duke University‘s West Campus.
Specifically, the floodplain wetlands within the riparian zones of three streams were
selected for this project: two streams that have been restored as part of the SWAMP project
in the Upper Sandy Creek watershed (Phase I and Phase IV), and Mud Creek as a reference
location (Table 1, Figure 2).
Table 1. Sampling locations. GPS coordinates refer to the centers of drift fence arrays.
Site name
Sandy Creek, SWAMP Phase IV
Sandy Creek, SWAMP Phase IV
Sandy Creek, SWAMP Phase I
Sandy Creek, SWAMP Phase I
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Plot
1
2
3
4

Restoration type
Anabranching
Anabranching
Priority 1
Priority 1

°N
35.98757
35.98743
35.99088
35.99072

°W
78.9425
78.94233
78.94248
78.94228

9

Mud Creek
Mud Creek

5
6

Reference (none)
Reference (none)

35.99279
35.99339

78.97181
78.97166

Figure 2. Locations of the three streams selected for this study are outlined in bright blue.
The green dots represent the drift fence array centers. The Mud Creek watershed is
outlined in brown, and the Sandy Creek watershed is outlined in yellow. The light blue
represents the National Wetland Inventory wetlands, and the light green represents the
500‐year floodplain and tributaries. Major roads are shown in black.
Mud Creek neighbors Sandy Creek to the west and is thus geographically similar.
Although Mud Creek has one primary stream channel, the presence of a beaver dam
upstream of the sampling sites has created smaller, anabranching channels and floodplain
wetlands, including vernal pools. The DUWC has historically used Mud Creek as the
reference stream for water quality studies in Sandy Creek because it is primarily forested
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and has never been restored. Mud Creek serves as a good reference reach considering the
realistic situation of urbanization present in Durham County, which on the whole has over
58% impervious cover. Forest cover dominates the Mud Creek watershed, with only
12.22% developed, and with only 6.12% impervious cover, whereas the Sandy Creek
watershed is 42.65% developed, and has an impervious cover of 21.27%, based on GIS
analysis of NC GAP land cover data (Appendix A).
Upper Sandy/New Hope Creek was selected for restoration in part because of its
designation as a state Natural Heritage Program Priority Area (NCDENR 2001). Sandy
Creek and Mud Creek are headwaters of the Jordan Lake Watershed (Cape Fear River
Basin), which serves as a drinking water supply for the surrounding area. Because
headwater streams are essential in controlling downstream water quality (Alexander et al.
2007), restoration of streams in the Upper New Hope Creek Arm of Jordan Lake was
undertaken primarily to address issues of impaired water quality, coupled with high
volume and velocity storm runoff. High nitrogen (N) and phosphorous (P) concentrations,
along with high sediment load and coliform bacteria, have impaired water quality in the
Upper Sandy Creek watershed, in the headwaters of the Cape Fear River Basin. The
restoration was initially designed to address these issues. However, another benefit of
stream and floodplain restoration is the increase in potential habitat for wildlife species.
Prior to restoration, the Sandy Creek tributary at Phase I was in a degraded state
(Figure 3). Construction on Phase I began in late 2003 and was completed in 2005. Stream
channel restoration reconnected the stream with its floodplain, fostering biogeochemical
transformations of nutrients to improve downstream water quality (Figure 4).
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Figure 3. Phase I prior to restoration. Photo courtesy of DUWC.

Figure 4. The restored stream of Phase I. Photo courtesy of DUWC.
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Construction began on Phase IV in March 2009 and was finally completed in
November 2010. Prior to restoration, the creek was in a degraded state, including deep
channel incision, erosion, and sedimentation (Figure 5). The purpose of the restoration was
to recontour the stream in an anabranching fashion to reconnect the stream with its
floodplain (Figure 6). By reconnecting the stream with its floodplain, and connecting Phase
IV with SWAMP’s three earlier phases, the project goals included improving stream flow,
replenishing the water table, and preventing sedimentation, to maximize watershed‐level
water quality improvements.

Figure 5. Phase IV prior to restoration. Photo courtesy of DUWC.
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Figure 6. Phase IV post‐restoration. Photo courtesy of DUWC.
Field Sampling Design
Passive traps such as pitfall and funnel traps, combined with drift fences, have
demonstrated effectiveness in determining the spatial and temporal distribution and
abundance of amphibians (Willson and Gibbons 2010). Passive traps were selected for
fieldwork over active traps in an effort to minimize observer bias and standardize
collection procedures for statistical analysis. All observations were by the author, a single
observer, which also minimizes error due to observer bias. This method allowed
comparison across different study areas, as well as between seasons. The combination of
pitfall traps (large plastic buckets buried in the ground) along with funnel traps was
recommended as the most effective method to capture high numbers of a majority of
species (Willson and Gibbons 2010). Based on a literature review, pitfall and funnel traps
used in conjunction with drift fencing (“drift fence arrays”) were deemed to be best for
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catching the greatest diversity of species and for statistical analysis, yielding the “best
assessment possible of the entire amphibian community” (Willson and Gibbons 2010).
Arrangement of traps in a standardized array allowed comparison of captures statistically
across treatments, where the sets of traps served as the sampling units in statistical
comparisons (Willson and Gibbons 2010). This method allowed replicates within a given
area.
Drift fence arrays were designed and created in June 2010 based on the literature
review. Factors of time, money, and personnel availability were also taken into
consideration. A total of six Y‐shaped arrays, each with three arms, were installed, for a
total of 18 pitfall traps and 18 funnel traps. Each of the arrays was arranged with two of the
arms open toward the stream, and the third pointing away, perpendicular to the stream.
Each of the stakes adjacent to the pitfall traps was labeled to ensure correct identification
of trap locations (A=upstream, B=downstream, C=perpendicular). This also allowed
determination of one trap’s capture rate compared to another. The number of amphibians
captured was expressed as total captures and also as the rate of captures per trap. This
number is a factor of density and movement of animals within the sampling area, and the
probability that trapped animals will not escape (Willson and Gibbons 2010).
To create the drift fence arrays, metal flashing and silt fencing were arranged with
120° angles between each of the three arms in each array (Figure 7). The arrays’ center‐
points were within the randomly selected grid cells identified with GIS (described below).
Small trenches were dug using a shovel and pickaxe, and in each of the trenches, three 5‐m
lengths of galvanized steel flashing were buried at a depth of 4‐6 centimeters in the soil.
For increased stability, one 10‐m length of flashing was bent at its center into two arms,
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and overlapped with the third 5‐m arm of flashing at the center. Wooden stakes 0.5 m high
were used to stabilize the flashing, and duct tape and a staple gun were used to adhere silt
fencing above the flashing, with all fencing at a height of 0.5m.

Figure 7. A drift fence array, showing the silt fencing, metal flashing, wooden stakes, and
one of three funnel traps at the center. Pitfall traps are located at the ends of each of the
arms, not shown here (See Figure 8).
Holes were dug for the insertion of pitfall traps (24‐gallon plastic buckets) at the
end of each of the arms. The tops of the pitfall traps were made flush with the surface of the
soil (Figure 8). The pitfall traps were located such that animals moving along the drift fence
were directed into the pitfall traps. The drift fencing bisected the pitfall traps on all ends of
the arrays, such that animals moving along the ground from any direction would be
intercepted and land in the pitfall. Pitfall trap lids were placed at an angle over the
openings to provide some shade and protection from desiccation and predation. Following
flooding events that displaced a majority of the funnel trap buckets, rocks were located and
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placed in the bottom of the buckets to both weigh them down if the water table rose, and to
allow any captured animals an “island of safety” during storm events. Double‐ended funnel
traps were constructed out of aluminum window screening and placed in a triangular
pattern at the center of the array, so that the ends of each of the funnel traps were touching
separate arms.

Figure 8. Pitfall trap at end of drift fence arm. Note the bucket is level with the soil surface.
Lid is not shown here, but was in place between sampling events.
Field installation of traps and fencing was completed between June and July 2010.
Due to construction continuing in Phase 4, however, one of the drift fence arrays with
associated traps was relocated in December 2010. Traps were opened for the
commencement of sampling once the arrays for all sites were complete. Sampling of traps
began in July 2010 and continued on a daily basis through September 2010. Sampling
continued on a weekly basis through October 2010 and resumed in March 2011. Traps
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were opened each evening between 5 and 7 pm and checked the following morning. Time,
temperature, wind, weather, and days since last rainfall were recorded for each sampling
event. When traps could not be monitored, lids were secured over the pitfall traps and
small screens were placed in the funnel trap ends to close them. To improve chances of
capturing tree frogs, PVC pipes were installed in September 2010 as part of a mentoring
project for a high school student.
When individuals were found in the traps, each was given a unique ID based on the
nearby stream, plot number, trap type, and trap location. This ID was written on a large
index card on which the individual was photographed and measured. Individuals were also
weighed using a portable balance, to the tenth of a gram. Species, mass, snout‐urostyle
length (SUL), stage, and sex (if possible to determine) were recorded for each. To identify
individuals, at least six photographs of each were taken: dorsal, ventral, cranial, caudal,
right lateral, and left lateral views (Ferner 2010). Individuals were subsequently released
on‐site. This process of “pattern mapping” was used instead of using more permanent,
invasive, and/or harmful mark‐recapture techniques such as toe clipping, skin dyeing, or
tagging. Data were entered into an Excel spreadsheet following each day of sampling. Each
individual was given its own photo album for re‐identification. Individuals with the same or
very similar body measurements were then compared photographically, and if patterns of
spots, warts, stripes, or other markings were identical, the individual was counted as a
recapture.
In addition to species relative abundance data, data on a suite of additional variables
were collected in the field or analyzed after returning from the field. These included air
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temperature, weather conditions, drought severity, vegetation types, presence of potential
predators (e.g., fish, snakes), proximity to roads, and presence of other wetlands.
Auditory monitoring
Auditory monitoring was conducted to determine site occupancy and establish a
baseline to which future monitoring may be compared, for the purpose of addressing
population change over time. While manual calling surveys (MCS) typically capture the
peak calling times for most species, Bridges and Dorcas (2000) found that some species’
peak calling times are outside of the typical sunset to 1:00 am window (such as Southern
Leopard Frogs), and recommended using automated recording systems (ARS) to allow
consistent sampling for extended time periods with minimal disturbance to calling
anurans, and to detect temporal variation in anuran calling behavior. Compared to MCS, the
ARS approach requires less time and personnel, but is more costly.
An ARS was selected for auditory monitoring of amphibian populations. The ARS
approach allowed one person to place the recording device, the Song Meter (model SM2,
Wildlife Acoustics), in a different location each night, and to record at regular intervals
from sunset to sunrise. The back of the Song Meter platform was screwed into a 1‐ft2
wooden board. Holes were drilled in the four corners of the board and small ropes were
strung through the holes and tied on the other side of the tree (Figure 9). The Song Meter
was placed as discreetly as possible to avoid public curiosity or tampering. Temperature
data were also downloaded from the Song Meter’s internal temperature sensor.
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Figure 9. Example of SongMeter placement on a Northern Red Oak.
Auditory monitoring began in July 2010 and continued through June 2011. The Song
Meter was programmed to record 30 minutes after sunset until sunrise based on the GPS
coordinates of each location. The first 10 minutes of each hour were recorded, pausing the
last 50 minutes. The typical MCS would include 5 minutes of monitoring at each site,
beginning 30 minutes after sunset. 10‐minute intervals throughout the night were deemed
sufficient based on the MCS protocol. This was ideal both for saving memory card space,
and for practical purposes of listening to all of the recordings of each night’s sampling.
Noise‐cancelling headphones were used to listen to each of the recordings, which
were uploaded onto a computer using a memory card reader. For each 10‐minute interval,
rain duration was recorded to the minute. Wind intensity was estimated. For anuran calls,
the species, call time, and relative frequency were recorded. Based on the NAAMP protocol,
a 1 was assigned if only individuals were calling, a 2 was assigned if multiple voices were
overlapping but individuals could still be distinguished, and a 3 was assigned if so many
voices were heard that individuals could not be distinguished.
Frog and toad species identifications were based on recorded calls and bolstered
through periodic manual calling surveys. Any calls heard during the day (after sunrise and
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before sunset) were also recorded in the field. To learn the frog and toad calls of North
Carolina, The Frogs and Toads of North Carolina book and audio CD (Dorcas et al. 2007)
were an invaluable resource. These calls were studied beginning November 2009.
Sampling Site Selection
GIS was utilized in site selection and analysis of spatial differences between
sampling locations. Descriptions of further geospatial analyses are located in Appendix A.
Within each of the three selected streams, a 30 m buffer area on either side of the stream
was selected as the study area boundaries for sampling site selection. These areas were
then divided into 10mx10m quadrats using ArcMap. Hawth’s Tools were used to randomly
select six potential sites for each of the streams, with three on each side. Site selection in
Phase IV is used as an example (Figure 10).

Figure 10. Drift
fence array site
selection
methods. Phase
IV is shown
here as an
example.
Sampling sites
were randomly
selected from
within the
30‐m buffer on
either side of
the stream.
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GPS coordinates for the corners of the randomly selected sites were used to locate
them in the field. Sites for drift fence arrays were selected among the three random sites on
each side of the stream based on meeting the following criteria: at least 90 m2 of level
ground or only a very slight slope, locations of trees and roots not interfering with digging
holes for pitfall traps, and having comparable soil moisture and vegetation structure.
Sampling locations for Mud Creek were within the 500‐year floodplain and within
boundaries of National Wetlands Inventory (NWI) Freshwater Forested/Shrub floodplain
wetlands. Sampling locations for Phase 1 of Sandy Creek were within the 500‐year
floodplain, while those of Phase 4 were within 50m of the 500‐yr floodplain boundary.
Sampling locations for Phase 1 and Phase 4 were not within NWI wetlands, likely because
they were recently restored and thus not counted in the inventory.
The Song Meter was placed near each of the drift fence arrays to facilitate
comparison of species seen and those heard. The study area boundaries for the placement
of the Song Meter included a portion of the Mud Creek watershed upstream of Cornwallis
Rd and the project boundaries of the SWAMP site. Song Meter placement was determined
within each 10mx10m zone by selecting an appropriate tree to which to attach the Song
Meter’s supportive wooden board. In the future, the Song Meter study area boundaries may
be expanded further to yield a more complete picture of species distributions throughout
the year.
Statistical analyses
Statistical analyses were conducted using either R statistical software (R
Development Core Team 2009) or Microsoft Excel. Samples of amphibians captured in
traps were considered independent for two reasons. First, the distances between the
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arrays at Phase I, Phase IV, and Mud Creek, respectively, were greater than the mean
maximum dispersal distances for amphibians in the study area (Semlitsch and Bodie 2003).
This means that amphibians found at one location were unlikely to be found at another
over the course of the season. Samples of amphibians captured in traps on a given day were
independent because it was not possible for a given animal to be in more than one trap.
Secondly, the photographic pattern mapping and body size measurements of each animal
were used to account for potential recaptures, in case the same animal was found on
subsequent days. Although the samples were considered independent, the data were not
normally distributed due to the high number of zeros (Figure 11). In addition, the sample
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Figure 11. Histogram of field counts of amphibians seen in traps.
Therefore, not all assumptions for the t‐test were met. The Mann‐Whitney test, the
nonparametric counterpart to the ttest for two independent samples, is more powerful
than the ttest when all ttest assumptions are not met (Hampton and Havel 2006). The null
hypothesis of the Mann‐Whitney test is that the samples were drawn from populations
with an identical median. One‐sided Mann‐Whitney tests were conducted to determine if
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median amphibian relative abundance and species richness were significantly different
(and if so, in what direction) between Restoration Phase I and Phase IV, Phase I and Mud
Creek, and Phase IV and Mud Creek, respectively. Abundance was calculated for each site
by summing the number of amphibians captured regardless of species. Observed species
richness for each site was determined by counting the number of species captured or heard
at each site.
The Poisson distribution is used to predict probabilities of the occurrences of
independently occurring rare events, or in other words, when count data include a high
number of zeros. A generalized linear model, using the Poisson distribution, used
restoration category as the predictor variable and count (abundance) as the response
variable. Abundance of all amphibians (regardless of species) at restored and reference
sites were compared using several metrics: (1) total captures per trap‐night, (2) total
captures per trap, and (3) total captures per pitfall trap (since 97% were found in pitfall
traps). The Poisson distribution was calculated using the following expression:
p(x) = (xbarx * exbar)/x!
where p(x) is the probability of (x) occurrences per unit and (xbar) is the sample
mean. The sample mean (xbar) was calculated by dividing the number of occurrences by
the number of sampling units. The sampling units were (1) 45 trap‐nights, (2) 60 traps, and
(3) 18 pitfall traps, respectively. For each of these metrics, the expected occurrences were
calculated by multiplying p(x) by the number of sampling units. Expected occurrences were
then compared to values observed in the field. If the observed occurrences in the field
closely follow the expected occurrences, this indicates that the distribution of amphibians
throughout the habitat is random. However, if the expected and observed occurrences do
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not match well, the distribution may not be random and other environmental factors may
be influencing the results.
Additionally, the Poisson regression was calculated on a species‐by‐species basis.
For each species, the total number of captures was divided by the number of restoration
categories. These sample means were then used to calculate the probability of occurrence
and compare the expected and observed values. The expected probabilities of each species
occurring at least once in each area were summed to calculate a value for predicted species
richness. This value was then compared to species richness observed in the field.
The Mann‐Whitney tests and Poisson distributions compared numbers of animals
and species among sites with different restoration categories. Mantel tests were used to
compare species composition among sites. Mantel tests are statistical tests used to
compare distance matrices. The Bray‐Curtis compositional dissimilarity matrix measures
ecological distance. To compare differences in species composition across sites, a
compositional dissimilarity matrix was calculated using the Bray‐Curtis distance and
evaluated with a Mantel test, using the ecodist package and methods (Goslee and Urban
2007) in R statistical software (R Development Core Team 2009). The Mantel test tested
the hypothesis that the degree of dissimilarity in sampling sites (restored vs. reference)
corresponds to the degree of dissimilarity in amphibian species compositions. This allowed
quantitative comparison of species composition at Phase I, Phase IV, and Mud Creek.
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RESULTS
Field Sampling
A total of 99 frogs and toads and one salamander were captured and released on site
between July 2010 and June 2011. Out of a total of 45 trap nights, animals were found in
traps on 22 subsequent mornings, or approximately 50% of the time. Following intensive
sampling in summer 2010, trap monitoring continued less frequently through fall and
winter 2010‐2011, with no animals located between November 2010 and February 2011.
Sampling success resumed in March 2011 and continued through June 2011. The total
excludes two recaptures, with 100 unique individuals. Of the 100, 61 were found in Mud
Creek, 23 at Restoration Phase I of Sandy Creek, and 16 at Phase IV (Figure 12). Most
animals were found in pitfall traps. Only two were found in funnel traps, including one
recapture, and two were found in PVC pipes.
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Figure 12. Total number of individual animals seen in traps per site. Each site includes one
drift fence array, with pitfall and funnel traps, along with four PVC pipes.
Of all species found in traps in all sites, American toads (Bufo americanus) were by
far the most abundant, followed by Fowler’s toads (Bufo fowleri), Green frogs (Rana
clamitans), Bullfrogs (Rana catesbeiana), Eastern narrowmouth toads (Gastrophryne
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carolinensis), Green treefrogs (Hyla cinerea), Pickerel frog (Rana palustris), and Southern
dusky salamander (Desmognathus auriculatus) (Figure 13a). Cope’s gray treefrogs (Hyla
chrysoscelis) were seen at Phase IV and heard at all sites, but were not found in traps.
Additionally, upland chorus frogs (Pseudacris feriarum) and spring peepers (Pseudacris
crucifer) were heard at all sites but not seen (Table 2).
American toads (B. americanus), Fowler’s toads (B. fowleri), and Green frogs (R.
clamitans) were found in pitfall traps at all sites. Bullfrogs (R. catesbeiana), Pickerel frog (R.
palustris), and dusky salamander (D. auriculatus) were only found at reference sites. The
Eastern narrowmouth toads (G. carolinensis) were only seen at Phase I. Green treefrogs (H.
cinerea) were found at Phase I and Phase IV, but not at the reference sites (Figure 13b).
American toads (B. americanus) constituted the majority of the differences in observed

10
0

5

Relative Abundance

15

abundance between the reference and restored sites (Figure 13 c).

BUAM

BUFO

DEAU

GACA

HYCI

RACA

RACL

RAPA

Species

Figure 13a. Box plots of relative abundance of amphibians seen in traps, by species. BUAM=
Bufo americanus, BUFO= Bufo fowleri, DEAU= Desmognathus auriculatus, GACA=
Gastrophryne carolinensis, HYCI=Hyla cinerea, RACL=Rana clamitans, RAPA=Rana palustris.
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Figure 13b. Total number of individuals of each species seen at each location. Bars from left
to right represent the total, total at Phase IV, total at Phase I, and total at Mud Creek.
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Figure 13c. Box plots showing relative abundance of Bufo americanus (left) and all species
(right) at restored and reference sites. B. americanus was the most abundant species and
drove the trends for all amphibian abundance. PIV=Sandy Creek Phase IV, REF=Mud Creek,
SCI=Sandy Creek Phase I.
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Table 2. Species seen in traps and/or heard at each location.
Species
B. americanus

B. fowleri
G. carolinensis
R. catesbeiana
R. clamitans
R. palustris
H. cinerea
H. chrysocelis
P. feriarum
P. crucifer
D. auriculatus

Location
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek
Phase IV
Phase I
Mud Creek

Restoration type
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference
Anabranching
Priority 1
Reference

Seen
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
No
No
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
No
No
No
No
No
No
No
No
No
No
No
Yes

Heard
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
N/A
N/A
N/A

At Phase I, three species of toads and two frog species were found in the traps:
American toad (B. americanus), Fowler’s toad (B. fowleri), Eastern narrowmouth toad (G.
carolinensis), Green frog (R. clamitans), and Green treefrog (H. cinerea). These included 12
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adults and 11 juveniles, based on snout vent length (SVL). Along with species seen,
auditory monitoring also revealed the presence of Cope’s gray treefrogs (H. chrysocelis),
upland chorus frogs (P. feriarum), spring peepers (P. crucifer), and bullfrogs (R.
catesbeiana).
At Phase IV, four species were detected in the pitfall traps: American toads (B.
americanus), Fowler’s toads (B. fowleri), and Green frogs (R. clamitans), and one Green
treefrog (H. cinerea) in a PVC pipe. Nine were adults and seven were juveniles, based on
SVL. In addition to these four species, Cope’s gray tree frog (H. chrysocelis), upland chorus
frogs (P. feriarum), spring peepers (P. crucifer), and bullfrogs (R. catesbeiana) were
detected with auditory monitoring. Cope’s gray tree frogs (H. chrysocelis) were also spotted
in the field, but not counted in totals as they were detected outside of traps.
At Mud Creek, the 61 individuals found included American toads (B. americanus),
Fowler’s toads (B. fowleri), Green frogs (R. clamitans), bullfrogs (R. catesbeiana), one
Pickerel frog (R. palustris), and one southern dusky salamander (D. auriculatus). Twelve
were fully‐grown adults, while the remaining 49 were juveniles or young adults. Including
the Cope’s gray tree frogs that were heard in the audio recordings, a total of five species
were found at Mud Creek.
Other animals such as snakes, skinks, and small mammals were captured in the
pitfall traps, while spiders and a few butterflies were caught in the funnel traps. As all traps
were in or on the soil surface of the floodplains, these traps were best suited for capturing
animals that primarily move along the ground. Despite frequent sampling efforts, the PVC
pipes were minimally successful, with only two green treefrogs utilizing the pipes. Field
sampling results are summarized in Table 3.
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Table 3. Summary of field sampling results.
Total trap nights
Total trap nights with amphibians in traps
Trap nights with trap results in Phase I
Trap nights with trap results in Phase IV
Trap nights with trap results in Reference
Phase I species seen in traps
Phase IV species seen in traps
Reference species seen in traps
Total species seen in traps
Phase I individuals seen in traps
Phase IV individuals seen in traps
Reference individuals seen in traps
Total individuals seen in traps
Phase I species heard with Song Meter
Phase IV species heard with Song Meter
Reference species heard with Song Meter
Total species heard with Song Meter

45
22
11
10
15
5
4
6
8
23
16
61
100
9
8
8
10

Statistical Analyses
The Mann‐Whitney test compared relative abundance among restored and
reference sites. Whether comparing restoration Phase I to Phase IV, Phase I to the
reference, or Phase IV to the reference, no significant differences were found (Table 4).
None of the test statistics were high enough to reject the null hypothesis; either Ua or Ub
would have to have exceeded 273 for a two‐tailed test or 262 for a one‐tailed test, both at
the α=0.05 level (Hampton and Havel 2006). There were no significant differences in
abundance between sites, based on data organized as captures per trap.
Table 4. Mann‐Whitney test results. None of the test statistics (Ua or Ub) were high enough
to reject the null hypothesis that the sample medians are identical.
Comparison
Phase I vs. Phase IV

Ua
239

Ub
161

Reject H0?
No

Phase I vs. Reference

211.5

188.5

No

Phase IV vs. Reference

242

158

No
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The Poisson distribution was used to compare expected probability of occurrence to
observed occurrences, based on observations per trap‐night, observations per trap, and
observations per pitfall trap. The expected and observed values did not closely correspond
for any of these three measures of amphibian abundance. The expected values were
normally distributed, whereas the observed values were right‐skewed (Figure 14).
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Figure 14. Frequency of amphibian occurrences based on three different metrics. The
Poisson distribution was used to calculate the expected occurrences (probabilities).
The Poisson distribution was also used to predict species richness based on
probability of occurrence calculated for each species. These probabilities were based on
amphibians seen in traps. The predicted species richness was 5.119, or approximately 5
species. This value closely approximates the mean, median, and mode species richness
observed in the field (4.3, 4.5, and 5, respectively).
The Mantel test comparing species composition by site resulted in the following
values: Mantel’s r = 0.156; p = 0.027; lower limit = 0.068, upper limit = 0.246. Since p<0.05,
this indicates that the null hypothesis that environmentally dissimilar sites do not have
dissimilar species compositions is rejected. In other words, ecologically distant sites
support different species compositions.
Although the community of amphibian species was not observed to be the same at
all sites, the species richness was not significantly different among sites for species seen or
species heard, respectively (Figure 15).

Catherine Anderson

33

Seen
Heard

10
9
8
7
6
5
4
3
2
1
0

Plot 1
Plot 2
Plot 3
(Phase IV) (Phase IV) (Phase I)

Plot 4
Plot 5
Plot 6
(Phase I) (Reference)(Reference)

Figure 15. Observed species richness: total number of species seen and heard per plot.

DISCUSSION
Field Sampling
The results indicate that the restored riparian wetlands are providing habitat for
some amphibian species, several of which were also found at the reference sites. This study
has provided baseline estimates of species richness based on trap and auditory data, and
abundance based on trap data. Although call frequency was estimated based on the
SongMeter recordings, the presence‐only data were considered more robust.
Field observations and statistical tests allowed evaluation of whether integrated
stream and wetland restoration at the SWAMP site supports amphibian communities
similar to those at Mud Creek, the reference site, and any differences based on restoration
design. The Mann‐Whitney test results indicate that the amphibian abundance in restored
riparian wetlands is not significantly different from the reference wetlands, suggesting that
the restored wetlands support similar abundances of amphibians to the reference site. This
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indicates that the restored streams and wetlands in SWAMP are supporting similar
populations of amphibians.
With time, the abundance in the restored sites may increase further. Because the
populations at Sandy Creek Phase I and especially Phase IV have not had as much time to
establish as those at Mud Creek, population numbers are expected to increase with time.
Further years of surveying should be done to monitor population trends and detect any
declines. Mud Creek has had the longest time to establish as it has never been restored,
Sandy Creek Phase I restoration was completed in 2005, and Phase IV is the most recently
completed. Because observed species richness and abundance was not significantly
different among sites, it is likely that as time passes, the populations of newly restored sites
will increase if habitat quality remains the same or increases. In other studies, colonization
of restored wetlands happened after many months or even years (e.g., Lehtinen and
Galatowitsch 2001, Petranka et al. 2007), but in this case, amphibians were present in the
restored sites even just a few months after construction was completed. This is promising
for future population trends.
Although the relative abundance was observed to be higher at Mud Creek, American
toads alone make up 67% of all individuals found at Mud Creek. The counts of other species
were similar enough that the overall differences between restoration categories were not
significant. Therefore, the American toad numbers appear to be driving the trend of Mud
Creek’s overall greater observed abundance. Within the sample of American toads found at
Mud Creek, most of them were found on the west side of the main stream channel, which is
on the side of the stream downstream from a flooded beaverdam area that supports a stand
of bald cypress (Taxodium distichum) trees, and includes a number of vernal pools when

Catherine Anderson

35

the water table is high after heavy rains. American toads prefer to breed in ephemeral
woodland pools and shallow backwaters of rivers, such as those found at Mud Creek and
those that are part of the anabranching design at Phase IV. In addition, a majority of the
American toads were juveniles, suggesting that the traps intercepted young metamorphs as
they emerged from a nearby breeding site. American toads are a common species that
breeds from February to August and were found at all sites. Adults were encountered even
outside of the breeding season, but the vast numbers of juveniles were observed from
March through August.
Fowler’s toads and Green frogs were also found at all sites. Fowler’s toads were less
common than American toads, as they typically breed in permanent water. They have
adapted to many habitats including farm ponds, as they are fish‐tolerant, but they also
breed in temporary floodplain wetlands. Fowler’s toads typically breed from April through
July. Green frogs are common and found throughout the state. They are generalists and can
breed in any aquatic habitat, throughout the spring and summer.
The results of the Mantel test indicate that when ecological distance between sites is
compared based on species composition, environmentally dissimilar sites have dissimilar
species compositions. In other words, the species compositions at each restored phase or
reference site were distinct. These results likely stemmed from the species that were only
found at one or two out of the six sampling plots. Although abundance and species richness
were similar across all sites, the species that those numbers represented varied more
significantly. Three out of the eight species seen in traps were found at all sites, whereas
the other five were much less common, including two species with only one individual
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representative, three species that only occurred at reference sites, and two species that
were only seen at restored sites. Thus there was only 37.5% species composition overlap.
Bullfrogs, the pickerel frog, and the dusky salamander were only seen at the
reference sites. However, bullfrogs were heard at the restored sites, especially near larger
bodies of water. Similar to Green frogs, bullfrogs are ubiquitous throughout the state and
while native to North Carolina, have become invasive in other states and countries. They
can breed in any aquatic habitat, including permanent bodies of water, throughout the
spring and summer (Dorcas et al. 2007).
Although pickerel frogs occur throughout the state of North Carolina, only one
pickerel frog was observed during the study. While pickerel frogs prefer to breed in
ephemeral woodland pools, they may also use permanent water bodies, swamps, ditches,
and backwaters of streams and rivers. Adult pickerel frogs are more likely to be found
along streams, and they can travel far from water. They typically breed from February to
early April (Dorcas et al. 2007). The pickerel frog was found was found after the author
decided to experiment with including a wet bandana in the bottom of the pitfall traps as a
source of moisture on hot summer days. The Pickerel frog was found beneath the bandana,
suggesting this as a good strategy for providing moisture and shelter for amphibians
trapped in pitfall buckets. Other studies have utilized floating sponges as “rafts” (e.g.,
Gibbons et al. 2006) but the bandanas may provide another source of protection from heat,
predators, and desiccation.
Dusky salamander populations have experienced dramatic decline since the 1970’s,
with the primary threat being loss of headwater and floodplain wetlands (Mitchell and
Gibbons 2010). Although the relative rarity of the one southern dusky salamander in this
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study is not sufficient to determine local population trends, future monitoring should be
done. The presence of one salamander, along with evidence of other salamanders in Mud
Creek and the Duke Forest in general (personal observation, Duke Forest Practicum),
suggests that the study design was not effective in sampling salamanders. The dusky
salamander was found on the inside wall of the bucket, suggesting others may have been
able to easily escape, but as it is primarily a Coastal Plain species, it is possible that the
population in Durham County is indeed small. An alternative method for future salamander
surveys could be cover object searches.
The presence of species that were only found at restored sites but not at reference
sites—Green treefrogs and Eastern narrowmouth toads—suggests that the restored sites
are providing habitat for certain species that may not be present at Mud Creek. This may be
due to the presence of wetlands nearby that provide a more permanent source of water.
However, this statement should be further strengthened with additional years of study.
The presence of Green treefrogs in restored sites includes use of the PVC pipes (one
in Phase I and one in Phase IV) and one pitfall trap (Phase I). Although the PVC pipes were
minimally successful during the study period, they did provide visual evidence for green
treefrogs at the restored sites. In the future, they may be increasingly occupied.
Alternatively, there may already be sufficient habitat that the majority have no need to seek
alternate refugia. The presence of Eastern narrowmouth toads at Phase I of Sandy Creek is
likely due to the proximity to the wetland cells at Phase III, along with the nearby high
marsh/low marsh study sites. Although these wetlands were not directly sampled, the Song
Meter audio along with field observations provided auditory evidence of Eastern
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narrowmouth toads in the Phase III wetlands, along with Green frogs, Cope’s gray
treefrogs, Green treefrogs, American toads, and Fowler’s toads.
Species richness was higher based on auditory surveys than trapping surveys. This
suggests that the trapping methods employed may not have been suited for those
particular species. However, by the nature of the discipline, ecological field studies are
almost always confronted with the challenge of incomplete data sets. That is, incomplete
data collection is the rule rather than the exception (Dobbs 2010). Treefrogs, upland
chorus frogs, and spring peepers may have been able to climb out of the pitfall traps using
their sticky pads, although their large absence in pitfall traps is more likely due to behavior
or seasonality. For example, treefrogs inhabit trees and are thus less likely to encounter
terrestrial traps. Additionally, spring peepers are rarely seen in the summer months, as
they are most active from November to April. However, the auditory data provided
evidence for species present, which is valuable information for future surveys and
monitoring.
DIRECTIONS FOR FURTHER STUDY
Future research could determine other environmental or anthropogenic conditions
that function as explanatory variables for the observed differences in species composition.
For example, habitat connectivity is considered a potential factor in successfully restoring
amphibian populations to the levels seen at the reference site. Identifying, protecting, and
restoring functionally connected wildlife corridors is essential for conservation (Dodd
2010). Other potential predictor variables that were observed in the field but not analyzed
quantitatively include presence/absence of fish predators, vegetation types, exposure to
UV radiation (canopy cover), water level (hydroperiod), wetland area, other dispersal
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barriers, and distances to other wetlands. In addition, GPS points at Song Meter locations
provided species presence points with potential applications in species occupancy
modeling.
CONCLUSIONS AND IMPLICATIONS
This study demonstrates that restored riparian wetlands in the Duke Wetland
Center’s SWAMP site are providing habitat for some of the amphibian species found at
reference sites, as well as other species not found at reference sites.
Restored and reference wetlands are not significantly different in terms of
abundance, but have dissimilar species compositions. Although relative abundance
appeared to be higher at reference sites, the difference was not statistically significant. In
addition, species richness was comparable across restored and reference sites, even though
Phase IV has been only recently restored, and Phase I restoration was completed in 2005.
As time passes, assuming habitat quality is maintained, populations at the restored sites
will likely increase and new species may colonize, depending on their dispersal capabilities.
The methods employed in this study are repeatable and provide a baseline for
future monitoring. This research provides a first step in determining the role of stream and
wetland restoration in amphibian conservation in the North Carolina Piedmont. In
addition, this study emphasizes the importance of streams and riparian wetlands being
functionally connected, from the perspective of amphibian ecology, to further support the
water quality benefits that the Wetland Center has demonstrated.
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APPENDICES
A. GIS Analysis of Core Amphibian Habitat in Durham County, North Carolina:
Threats and Habitat Loss
Abstract
Riparian buffer is not only important for water quality management, but is also essential
for the conservation and management of amphibians. Sensitivity to water quality and
temperature makes amphibians good indicators of ecosystem health. Loss of amphibian
species, likewise, may be a harbinger of ecosystem degradation or habitat disturbance.
Discoveries of amphibian species have dramatically increased in recent years, but have
unfortunately coincided with a massive decline in amphibian populations worldwide.
Among the causes of amphibian declines, habitat loss and fragmentation are some of the
most influential mechanisms contributing to species extinction. Terrestrial habitats
surrounding wetlands and streams, particularly riparian zones, are being increasingly
recognized as important for stormwater and water quality management. Many states have
regulations for minimum riparian buffer widths, as well as minimum distances from
wetlands where development is permitted. However, the current buffers of 15‐30m are
inadequate to protect essential habitat for amphibians and reptiles. Instead, amphibians
require core aquatic habitat, aquatic buffers, core terrestrial habitat, and terrestrial buffers
to complete their life cycles and account for edge effects. This study examined the land
cover and threats from roads within these zones for core wetland and core stream habitats
in Durham County, North Carolina. Overall, the amount of forest and wetland cover
decreased with increasing distance from the core aquatic habitat, and the threats
increased. This study has important implications for species with critical thresholds for
habitat requirements, beyond which they may be threatened with extinction.
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Background: Riparian Buffers
Another advantage of SWAMP and Mud Creek as relevant to amphibians, along with
water quality and quantity, is the presence of extensive riparian buffers. Terrestrial
habitats surrounding wetlands and streams, particularly riparian zones, are being
increasingly recognized as important for stormwater and water quality management.
Many states have regulations for minimum riparian buffer widths, as well as minimum
distances from wetlands where development is permitted. For example, in the piedmont of
North Carolina, there are several watershed protection programs that require riparian
buffers to be a minimum width, measured perpendicular to the stream channel. The Jordan
Lake Rules, for example, require a minimum 50‐foot buffer. However, such rules are not in
place for the entirety of Durham County. Even where the rules are in place, and even where
enforced, the 50‐foot buffer (or approximately 15 meters), may not be sufficient to
adequately address water quality issues. The scientific community generally acknowledges
that terrestrial or riparian buffers of 30 to 60 m wide serve as effective protection of water
resources (e.g., Phillips 1989, Davies & Nelson 1994).
However, adequate intact buffer is not only important for water quality
management, but is also essential for the conservation and management of semiaquatic
species (Semlitsch and Bodie 2003). Terrestrial habitats adjacent to wetlands and streams
are used by a broad variety of taxa, including amphibians, reptiles, birds, and mammals
(Rudolph & Dickson 1990, McComb et al. 1993, Darveau et al. 1995, Hodges & Krementz
1996, Semlitsch 1998, Bodie & Semlitsch 2000). Semiaquatic species—amphibians and
reptiles—rely on both aquatic and terrestrial habitat for important life history functions.
Amphibian species in particular rely on wetlands and other aquatic habitats to breed and
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lay eggs during short, distinct breeding seasons, and on terrestrial uplands to nest or
overwinter and complete their life cycles (Madison and Farrand 1998, Semlitsch and Bodie
2003). The majority of amphibians spend their lives moving through the ecotone between
aquatic and upland habitats.
Roads and other impervious surfaces affect amphibians through direct barriers to
dispersal and road kills, and indirect impacts of impaired water quality and the potential of
large volumes of storm runoff in a short period of time to wash away egg masses or
tadpoles in pools within streams. Previous studies have documented the effects of road
traffic, particularly traffic intensity, on amphibian species, with consistently negative
effects (Forman 2000, Carr & Fahrig 2001, Fahrig et al. 2005). Some studies have taken a
road‐centered approach, measuring distances from roads that affect amphibian
populations (e.g., Forman 2000), while others take a habitat‐centered approach, measuring
distances away from core habitat where threats are experienced (e.g., Carr & Fahrig 2001).
This study takes a habitat‐centered approach based on the recommendations of Semlitsch
and Bodie (2003; Table 1). Instead of the 50‐ft (~15m) buffers currently regulated in some
areas, Semlitsch and Bodie (2003) argue instead that the appropriate terrestrial buffer
surrounding wetlands and streams should consist of three zones (Figure 2):
(1) Terrestrial zone immediately adjacent to aquatic habitat,
(2) Terrestrial zone encompassing core terrestrial habitat defined by semi‐aquatic
focal group use (Note: this is necessary habitat, not just part of the buffer), and
(3) Terrestrial buffer designed to protect core terrestrial habitat from edge effects
associated with surrounding land use (50m recommended, Murcia 1995).
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From Semlitsch and Bodie (2003)
While this study focuses on amphibians, it should be noted that the mean minimum
and mean maximum values for core terrestrial habitat used for amphibians also would
support reptile populations (Table 1).
Table 1. Mean minimum and maximum core terrestrial habitat for amphibians and reptiles,
represented as linear radii extending outward from the edge of aquatic habitats. From
Semlitsch and Bodie (2003).
Group
Frogs
Salamanders
Amphibians
Snakes
Turtles
Reptiles
Herpetofauna
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Mean minimum
(m)

Mean maximum
(m)

205
117
159
168
123
127
142

368
218
290
304
287
289
289
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Objectives
The objectives of this study were primarily to quantify the amount, extent, and distribution
of riparian buffer surrounding core aquatic habitat. Within each of the recommended
protection zones, a second objective was to compare the forest/wetland cover (based on
land cover data) and the threats (based on road distances and traffic volumes) to
completion of amphibian life cycles.
Methods: Study Area
The GIS analysis focused on the Sandy Creek and Mud Creek watersheds as well as
the entire Durham County. Because Sandy Creek and Mud Creek are located upstream of
Jordan Lake, these watersheds are subject to the Jordan Lake Rules, which were adopted in
2009 to reduce the amount of upstream pollution (15A NCAC 02B .0267). These Rules
state that:
“(a) This Rule shall apply to activities conducted within, or outside of with impacts
upon, 50‐foot wide riparian buffers directly adjacent to surface waters in the Jordan
watershed (intermittent streams, perennial streams, lakes, reservoirs and ponds),
excluding wetlands.
(b) Wetlands adjacent to surface waters or within 50 feet of surface waters shall be
considered as part of the riparian buffer but are regulated pursuant to 15A NCAC
02H .0506.”
These Rules were the basis for the 15m buffer in the Geographic Information Systems (GIS)
analysis, described below. This serves to compare the legal reality with the ecological ideal.
The other numbers for core habitat and buffer were based on Semlitsch and Bodie (2003).
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Methods: GIS Analyses
All analyses were done using ArcGIS 9.3. All data were projected in NAD 1983 UTM
Zone 17N. The buffering tool was used to create buffer polygon layers for wetlands and
streams in Durham County. These distances were based on Semlitsch and Bodie (2003) as
previously discussed. Stream and wetland buffers were analyzed separately, using zonal
statistics and zonal geometry tools.
A Con statement was used to create a layer of only areas classified as forests or
wetland vegetation. Each buffer layer was then analyzed for the proportion of area made
up by forests and wetlands, taken as a proxy for habitat. The same procedure was done for
other land uses as well, but only the forest and wetland data were further analyzed. The
land cover data were analyzed for the entire Durham County and for the two watersheds of
interest, Sandy Creek and Mud Creek. Also, the percent impervious area was calculated for
each of these watersheds. These values were calculated to present more general land cover
characteristics of the larger study area.
A more thorough analysis was done for the threats to survival or dispersal at each
distance away from core aquatic habitat. Euclidean distances from roads, railroads, and
trails were calculated and reclassified into threat classes. Subsequently, point data for
traffic volume were interpolated and reclassified as another threat, based on previous
historresearch (Fahrig et al. 2005). Finally, all threat layers were added together and
reclassified on a 0 to 100 scale. Euclidean distance threat classes were based on the
following sources:
1. 0‐200m strongest (Houlahan and Findlay 2003)
2. 200‐365m strong (Forman 2000)
3. 365‐810m moderate (Forman 2000)
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4. 810‐2000m weaker (Houlahan and Findlay 2003)
5. 2000‐3000m still present (Houlahan and Findlay 2003)
6. >3000m negligible (Houlahan and Findlay 2003
The traffic volume shapefile contained points where traffic volume was measured
every year from 2002‐2008 from a total of 40,955 stations. Seven hundred and twelve of
these stations occurred in Durham County. Some points for some years contained a value
of zero. A value of zero indicated that no data was available for that year. Traffic volumes
were represented as Annual Average Daily Traffic (AADT) Volume. The data from 2007
were the most recent, most complete data set. In the case of zero data, the value from the
most recent previous year available was used in place.
GIS Results
Based on analysis of the forested and wetland areas within each of the proposed
zones of protection, the proportion of the total area was classified as forested or wetland
decreases with increasing distance from the core wetland habitat and from the core stream
habitat (Table 2, Table 3).
Table 2. Areas and proportions of forested and wetland area within each of the proposed
zones of protection from the core wetland habitat.
Proposed Zone of Protection
Minimum riparian buffer protected
Aquatic Buffer
Core Habitat
(mean min. amphibians)
Core Habitat
(mean max. amphibians)
Core Habitat
(mean max. frogs only)
Terrestrial Buffer (> 290m)
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Distance from
core wetlands
(m)
15
60
159

Total Area
(ha)
8,632
14,243
28,295

Total forested &
wetland area
(ha)
6125
9566
17538

Percent
of total
70.96%
67.16%
61.98%

290

45,998

27464

59.71%

368

54,658

32315

59.12%

50

5,724

3225

56.34%
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Table 3. Areas and proportions of forested and wetland area within each of the proposed
zones of protection from the core stream habitat.
Proposed Zone of
Protection

Distance from core
stream (m)

Total Area
(ha)

15

Minimum riparian buffer
protected
Aquatic Buffer
Core Habitat
(mean min. amphibians)
Core Habitat
(mean max. amphibians)
Core Habitat
(mean max. frogs only)
Terrestrial Buffer
(beyond 290m)

3,317

Total forested &
wetland area
(ha)
2543

Percent
of total
76.67%

60
159

13,270
34,417

9557
22042

72.02%
64.04%

290

57,314

34249

59.76%

368

66,541

38960

58.55%

50

6,325

3241

51.24%

While the proportional area of forested and wetland area decreased with increasing
distance from the core wetland and stream habitat, the threatened area and mean threat
values increased, on the whole, with distance from core wetland habitat. This suggests that
the areas farthest from the core wetland habitat (but still within core terrestrial habitat)
are the most threatened. However, the increase in threat was not as substantial as the
decline in forest cover (Table 4).
Table 4. Areas, proportions, and mean threats from roads, railroads, trails, and traffic
volume within each of the proposed zones of protection from the core wetland habitat.
Proposed Zone of
Protection
Minimum riparian buffer
protected
Aquatic Buffer
Core Habitat
(mean min. amphibians)
Core Habitat
(mean max. amphibians)
Core Habitat
(mean max. frogs only)
Terrestrial Buffer (> 290m)
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Distance
from core
wetland (m)
15

Total
Area
(ha)
3,317

Threatened
area (ha)

Percent

83.21%

Mean
threat
value
45.75

Threat
standard
deviation
16.35

7183

60
159

13,270
34,417

12251
24982

86.01%
88.29%

45.97
46.34

16.70
16.92

290

57,314

40834

88.77%

47.01

17.17

368

66,541

48449

88.64%

47.30

17.28

50

6,325

5055

88.32%

48.71

17.73
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The core habitat surrounding streams showed slightly different results. Although
the numbers have a small range, the core stream habitat appears to be the most threatened
closer to the stream, and less threatened within the terrestrial buffer (Table 5). However,
the threats and the forest/wetland cover do not sum to 100%. Therefore, the threats
extend beyond the boundaries of the ‘developed’ cells, as can be expected from the manner
of classifying threats as Euclidean distances or interpolated traffic volumes that extend
beyond their original sources.
Table 5. Areas, proportions, and mean threats from roads, railroads, trails, and traffic
volume within each of the proposed zones of protection from the core stream habitat.
Proposed Zone of
Protection
Minimum riparian buffer
protected
Aquatic Buffer
Core Habitat
(mean min. amphibians)
Core Habitat
(mean max. amphibians)
Core Habitat
(mean max. frogs only)
Terrestrial Buffer
(beyond 290m)

Distance from
core stream
(m)
15

Total
Area (ha)

Threatened
area (ha)

Percent

92.10%

Mean
threat
value
49.57

Threat
standard
deviation
18.59

3,317

3055

60
159

13,270
34,417

12210
31506

92.01%
91.54%

49.16
48.52

18.31
17.98

290

57,314

52296

91.24%

48.46

17.97

368

66,541

60582

91.05%

48.52

18.04

50

6,325

5681

89.83%

48.90

18.44

Land use/land cover data were reclassified from the North Carolina GAP analysis
dataset, and the proportions of each land use/land cover within the Sandy Creek and Mud
Creek watersheds were calculated. Impervious areas data were obtained from Durham
County, and the proportion of impervious areas within the total areas of Sandy Creek and
Mud Creek watersheds were calculated. This analysis revealed that the Mud Creek
watershed has a higher proportion of wetlands, forests, open water, and agriculture than
the Sandy Creek watershed, which has a higher proportion of developed land, and a slightly
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higher proportion of barren land. The Sandy Creek watershed was classified as 42.65%
developed, and with a percent impervious cover of 21.27%, while the Mud Creek
watershed was classified as 12.22% developed, and with only 6.12% impervious cover.
Mud Creek serves as a good reference reach considering the realistic situation of
urbanization present in Durham County, which on the whole has over 58% impervious
cover (Table 6).
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Table 6. Proportions of land cover classes and impervious surface area in the Sandy Creek
and Mud Creek watersheds, based on reclassified and original NC GAP analysis data.
General
Land Cover Classification
Open water
Wetlands
Forested
Agriculture/Cultivated
Developed
Barren

Sandy Creek

Mud Creek

0.74%
2.44%
39.68%
14.45%
42.65%
0.05%

1.07%
4.36%
55.71%
24.60%
14.22%
0.04%

Total Area (km2)
Impervious surfaces (%)
Detailed
Land Cover Classification

17.8578
21.27%
Sandy Creek
Area
Percent
(ha)
of total
11907
0.74%
130086
8.10%
7533
0.47%
65934
4.10%
301401
18.76%
187515
11.67%
195291
12.16%

14.8014
6.12%
Mud Creek
Area
Percent
(ha)
of total
14256
1.07%
198369
14.87%
9234
0.69%
89505
6.71%
136890
10.26%
27459
2.06%
26325
1.97%

36531
729
37827
172368
42039
157383
50139
30780
891
2673
891
139806
21060
13851
1606635

39528
486
52569
247941
41958
148392
47466
35559
0
1053
0
159813
50220
7047
1334070

Open Water
Coniferous Cultivated Plantation
Successional Deciduous Forest
Agricultural Fields
Residential Urban
Urban Low‐Intensity Developed
Urban High‐Intensity Developed and
Transportation Corridor
Agricultural Pasture/Hay, Natural Herbaceous
Barren (bare rock and sand)
Piedmont Xeric Pine Forests
Piedmont Dry‐Mesic Pine Forests
Piedmont Xeric Woodlands
Piedmont Dry‐Mesic Oak and Hardwood Forests
Piedmont Deciduous Mesic Forest
Xeric Pine‐Hardwood Woodlands and Forests
Piedmont Ermergent Vegetation
Riverbank Shrublands
Floodplain Wet Shrublands
Dry Mesic Oak Pine Forests
Piedmont Mixed Bottomland Forests
Piedmont Oak Bottomland and Swamp Forests
Total
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2.27%
0.05%
2.35%
10.73%
2.62%
9.80%
3.12%
1.92%
0.06%
0.17%
0.06%
8.70%
1.31%
0.86%
100.00%

2.96%
0.04%
3.94%
18.59%
3.15%
11.12%
3.56%
2.67%
0.00%
0.08%
0.00%
11.98%
3.76%
0.53%
100.00%
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Figure #. Core amphibian habitat and buffers surrounding NWI wetlands: Sandy Creek and
Mud Creek. Analysis based on Semlitsch and Bodie (2003).

Figure #. Core amphibian habitat and buffers surrounding USGS streams: Sandy Creek and
Mud Creek. Analysis based on Semlitsch and Bodie (2003).
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Figure #. Threats based on traffic volumes on Durham roads, data from NCDOT.

Figure #. Euclidean‐distance based threats from roads, railroads, and trails (left). Overall
threats to amphibians based on threats analyzed in core wetland habitats (right).
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GIS Discussion
Based on analysis of the forested and wetland areas within each of the proposed
zones of protection, the proportion of the total area was classified as forested or wetland
decreases with increasing distance from the core wetland habitat and from the core stream
habitat. These results indicate that the full habitat requirements of amphibian species are
likely not being met. Moreover, as the areal cover of forest and wetlands decreased with
increasing distance from the core stream or wetland, the threats from roads, railroads,
trails, and traffic volume increased. While this finding might be expected in a developed
area, it has major implications for amphibian species that require the core habitat in its
entirety, not just a fraction of it.
This study emphasizes the importance of riparian buffers, at a minimum, and
suggests that current management of aquatic habitat should be amended to incorporate the
life history needs of sensitive amphibian species. Among the causes of amphibian declines,
habitat loss and fragmentation are some of the most influential mechanisms contributing to
species extinction (Ehrlich 1988). For species requiring particular habitat area and quality,
this is particularly important.
According to Semlitsch and Bodie (2003), the data they report “reflect the size of
terrestrial habitats that are biologically necessary for the conservation of amphibian and
reptile diversity at individual wetlands.” However, “it is not known how protecting
different amounts of terrestrial habitat affects the population persistence of any species or
how habitat quality…might influence that decision.” While the analysis was based on radial
extent of varying buffer distances, the habitats used at different life history stages of
different species are most likely not evenly distributed (Semlitsch and Bodie 2003).
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Although the figures used in this analysis should account for a majority of species, there is,
of course, no “one‐size‐fits‐all” value (Dodd 2010). The size of necessary buffer zones will
vary by species and community. While some species may not travel far from their breeding
sites, many routinely travel greater than 500m from the breeding sites, and the level of
protection discussed in this study would be insufficient without the presence of wildlife
corridors (Semlitsch and Bodie 2003, Dodd 2010). Moreover, the specific habitat
requirements are known for some species, but definitely not all. For example, highly
aerated pools along small streams, or caves for thermal refuges, are known to be
specifically required habitat for some species. Green frogs, yellow‐legged frogs, and
pickerel frogs require specific overwintering sites, and gopher frogs require mammal
burrows as thermal & predatory refuges. However, even species such as the American toad
that are described as generalists may not be generalists at all life stages (Semlitsch and
Bodie 2003).
Previous studies have found measurable effects of forest cover and roads with
increasing distance from core wetland or stream habitat. For example, Homan et al. (2004)
measured forest cover in radial distances from breeding ponds of spotted salamanders and
wood frogs of 30m, 100m, 300m, 500m, and 1000m. Using piecewise regression, Homan et
al. (2004) identified critical thresholds at the 100‐m and 300‐m spatial scale for
salamanders, and the 300‐m spatial scale for frogs. Using binomial change‐point tests,
however, the thresholds occurred at all spatial scales, with percent forest cover required
increasing with spatial scale for spotted salamanders and decreasing with spatial scale for
wood frogs (Homan et al. 2004). These results indicate the importance of knowing the
critical thresholds of all sensitive species if habitat conservation is a priority.
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Similarly, Porej et al. (2004) quantified the landscape composition extending from
200m to 1 km from a core wetland and found that the presence of wood frogs, tiger
salamanders, and red‐spotted newts were positively associated with the amount of forest
within the core zone and the broader zone, negatively associated with the cumulative
length of road length within 1 km of the site, and negatively associated with linear distance
to the five nearest wetlands, respectively. These and similar analyses can also be done with
the available data in this study, and provide the groundwork for amphibian‐centered
fieldwork.
Management Implications
Based on the GIS analysis and previous research, the current buffers of 15‐30m are
inadequate to protect essential habitat for amphibians and reptiles. Instead, Semlitsch and
Bodie (2003) and Dodd (2010) recommend increasingly strict management practices with
increased proximity to the core aquatic habitat. Only certain activities should be allowed in
each zone of protection. This and previous research should guide policymakers on
developing stratified habitat zones with increasing protection or management intensity.
Management of aquatic and terrestrial habits as a unit instead of two separate pieces is
essential to protecting the biodiversity of semiaquatic species.
Assumptions of the analysis
A major assumption of this analysis was that all wetlands and streams in the
available data serve as core aquatic habitat for amphibians. It should be noted that the
smallest area for any of the water bodies in the available data was 93.86 m2, and for raster
analyses the cell size was 30m, indicating a 900m2 area per cell. While this resolution may
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be appropriate for species with large dispersal distances, many of the areas serving as core
habitat for individual amphibians may be much smaller. Therefore, any individual polygon
defined as a core wetland may not be functionally connected in reality.
Proximity to roads, railroads, and trails, along with traffic volumes, were considered
threats to amphibian survival and analyzed at the watershed level. Although a useful
analysis would be to compare the watershed‐level threats to those at the scale of the 30m
riparian buffer zones surrounding each of the streams in the study area, the resolution of
the available data was not appropriate for this analysis.
Future research
Of the buffers that became contiguous polygons through dissolving all boundaries,
the next step would be to analyze which of those ‘patches’ of potentially connected habitat
area are actually connected, and which are most threatened. Identifying, protecting, and
restoring functionally connected wildlife corridors is essential for conservation (Dodd
2010). Further analysis could also include impervious surfaces at the level of the buffers.
GIS Data Sources
Many data layers for Durham County were provided by Edward Cherry, Geographic
Information Systems Coordinator,City of Durham‐Public Works, Stormwater Services, and
provided by Greg Schuster, Open Space Land Manager, Durham County. Created by City of
Durham Public Works Department, GIS Workgroup. Access to these files was courtesy of
Katie Rose Levin.
NCDOT. Traffic volume shapefile was downloaded from the NCDOT Traffic Survey Group at
http://www.ncdot.org/doh/preconstruct/tpb/traffic_survey/.
NC GAP land cover was downloaded from http://www.basic.ncsu.edu/ncgap/.
National Wetlands Inventory data from
http://www.fws.gov/wetlands/Data/DataDownload.html
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U.S. Fish and Wildlife Service. September 25, 2009. Classification of Wetlands and
Deepwater Habitats of the United States. U.S. Department of the Interior, Fish and
Wildlife Service, Washington, DC. FWS/OBS‐79/31. U.S. Fish and Wildlife Service,
Division of Habitat and Resouce Conservation, Washington, D.C.
15A NCAC 02B .0267. JORDAN WATER SUPPLY NUTRIENT STRATEGEY: PROTECTION OF
EXISTING RIPARIAN BUFFERS. http://portal.ncdenr.org/web/jordanlake/7
B. Photos of amphibians seen in this study
Note: the Pickerel frog escaped before I could photograph it.

American toad

Fowler’s toad

Eastern narrowmouth toad

Southern dusky salamander
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Green frog

Bullfrog (juvenile)

Green treefrog
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