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EFFECTS OF RIPARIAN BUFFER WIDTH ON STREAM SALAMANDER

POPULATIONS IN THE SOUTHERN APPALACHIAN MOUNTAINS

William E. Peterman

Dr. Raymond E. Semlitsch, Thesis Supervisor

ABSTRACT

Amphibians are often considered indicators of biological health, but populations
worldwide have been declining over the past two decades. These declines have raised
concerns about land use and the condition of the environment. Direct anthropogenic
changes to the landscape such as fragmentation, conversion, and resource extraction have
led to extensive habitat losses, which have been cited as the major cause of observed
declines. Amphibians are particularly sensitive to habitat alterations as many species
depend upon both aquatic and terrestrial habitats for completion of complex life cycles.
In order to address the imperative of amphibian declines and to conserve amphibian
populations, it is essential that we first define and protect essential habitat.

Salamanders are integral to the ecology of the headwater ecosystems they inhabit,
where they are the most abundant vertebrates with biomasses exceeding that of small
mammals and breeding birds. It has been speculated that the southern Blue Ridge
physiographic province is the center of North American salamander diversity, the
majority of these salamanders are found in close association with headwater stream

habitats, and have biphasic life cycles consisting of an aquatic larval stage and a



terrestrial adult stage. The success and prolificity of salamanders in the Appalachians is
highly dependent upon riparian forests and the microclimate therein.

One the most pervasive threats to riparian habitat is timber harvesting. Current
regulations require a minimal riparian buffer to be retained along headwater and low
order streams to mitigate the effects of logging. These measures are likely inadequate
based upon the known biology of salamanders and the environmental changes that ensue
riparian forest removal. Salamanders in the Appalachian region have been extensively
studied, but the majority of research assessing the impacts of logging has focused on
terrestrial species that are not dependent on stream habitats for egg deposition or larval
development. I have collected data on both larval and adult salamanders in headwater
streams in western North Carolina to determine the impacts of even-aged timber harvest
on salamander populations and to assess the efficacy of riparian buffers in ameliorating
these effects.

My data show that larval two-lined salamanders are negatively impacted by
increased stream sedimentation following riparian logging and that increasing the riparian
buffer around the stream reduces sedimentation effects while larval black-bellied
salamanders were not significantly affected by riparian treatments. Adult and juvenile
salamanders dependent on terrestrial habitat were also affected; seal salamander densities
were significantly higher in streams with little to no riparian buffer while Ocoee
salamanders were significantly less abundant. I also showed that it is unlikely that
salamanders will persist or thrive for more than a season or two in logged forests due to a

significant deterioration in body condition of Ocoee salamanders in logged riparian areas.
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My results indicate that current riparian forest conservation measures are inadequate to

preserve either larval or adult salamander populations.
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Chapter 1

INTRODUCTION

Amphibians are often considered indicators of ecosystem integrity and biological health
(Southerland 1986; Welsh & Droege 2001; Welsh & Ollivier 1998), but populations
worldwide have been declining over the past two decades. These declines have raised
concerns about land use and the state of the environment (Blaustein et al. 1994; Houlahan
et al. 2000; Stuart et al. 2004). Direct anthropogenic impacts upon the landscape such as
fragmentation, degradation, conversion, and resource extraction have led to extensive
habitat losses, which have been cited as the major cause of observed declines (Lannoo
2005; Semlitsch 2000). Amphibians are particularly sensitive to habitat alterations as
many species depend upon both aquatic and terrestrial habitats for completion of complex
life cycles (Semlitsch 2000). In order to address the imperative of amphibian declines and
to conserve amphibian populations, it is essential that we first define and protect essential
habitat.

The southern Appalachian Mountains harbor an exceptional amphibian diversity,
which is predominated by salamanders. It has been speculated that the southern Blue
Ridge physiographic province is the center of North American salamander diversity
(Bruce et al. 2000). Salamanders are integral to the ecology of the headwater ecosystems
they inhabit (Davic & Welsh 2004), where they are the most abundant vertebrates with
biomasses exceeding that of small mammals and breeding birds (Burton & Likens 1975;

Peterman et al. 2008). The majority of these salamanders are found in close association



with headwater stream habitats, forming assemblages that are comprised of five to nine
species from the genera Desmognathus, Eurycea, Gyrinophilus, and Pseudotriton. These
stream salamanders are of the family Plethodontidae (subfamily Spelerpinae) and most
have biphasic life cycles consisting of an aquatic larval stage and a terrestrial adult stage
(Dodd 2004; Petranka 1998).

Riparian zones along streams play an important role in regulating the ecological
functions of both aquatic and terrestrial habitats, including the moderation of air and
water temperatures, maintenance of soil moisture, and retention of sediments and
nutrients from runoff (Brosofske et al. 1997). Stream salamanders have an intimate
association with the riparian habitat and microclimate surrounding headwater streams
(Hairston 1987). Crawford and Semlitsch (2007) reported that mean core terrestrial
habitat use by stream breeding salamanders can extend up to 42.6 meters from headwater
streams, and alterations to this habitat are known to negatively impact both aquatic larval
and terrestrial adult salamander populations (Olson et al. 2007; Welsh & Ollivier 1998).
When affected by riparian modification, salamander populations may exhibit one or more
of several possible responses, including population declines (Ash 1997; Herbeck &
Larsen 1998; Perkins & Hunter 2006; Petranka et al. 1993), modified movement patterns
(Johnston & Frid 2002), increased competition (Hairston 1980), changes in growth and
fitness (Beachy 1997; Lowe et al. 2004), or changes in genetic diversity (Curtis & Taylor
2003; Stiven & Bruce 1988). It is widely accepted that terrestrial salamanders are
sensitive to upland forest alterations (Harpole & Haas 1999; Johnston & Frid 2002; e.g.,
Petranka et al. 1993; Reichenbach & Sattler 2007) and that salamanders requiring streams

for aquatic larval development are susceptible to human development and impervious



surfaces (Miller et al. 2007; Price et al. 2006; Willson & Dorcas 2002). Salamanders have
been studied extensively in the southern Appalachians (Ash 1997; Johnson & Wallace
2005; e.g. Petranka et al. 1993), but critical evaluations of logging practices and their
effects on stream breeding salamander species are conspicuously absent from the
literature. Land development and natural resource utilization trends are unlikely to
change, highlighting the need to find a balance that allows for continued land use while
preserving the integrity and function of the ecosystem.

Headwater streams are a prevalent feature of southern Appalachian landscapes
that are readily impacted by riparian land uses. Headwaters are estimated to account for
at least three-quarters of the stream and river channel length in the eastern United States
(Meyer & Wallace 2001), and include first and second order streams (Meyer et al. 2003).
Headwaters serve important ecosystem services including flood control, sediment
retention, water purification, cycling of nutrients and transfer of energy to downstream
ecosystems, and support of biological diversity (Gomi et al. 2002; Meyer & Wallace
2001; Vannote et al. 1980; Ward 1989). Current stream-riparian management guidelines
typically have been developed around fish that inhabit higher order streams and rivers
(Naiman et al. 2000), but this restricted scope leaves the more prevalent headwater
systems vulnerable, ultimately threatening the biological integrity of downstream, fish-
bearing waterways (Lowe & Likens 2005). Forest Service guidelines for southern
Appalachian streams require a 30 foot (~9 m) buffer for headwater through second-order
streams and a 100 foot (~30 m) buffer for streams third-order and larger. The actual
effectiveness of these riparian buffers for salamanders is questionable considering that

terrestrial habitat use of stream breeding salamanders can extend up to 100 m from the



stream edge (Crawford & Semlitsch 2007) and edge effects can penetrate and alter the
microclimate of uncut forest at least 30 m from clear cut edges, and up to 80 m in dry
years (Brosofske et al. 1997; deMaynadier & Hunter 1998; Marsh & Beckman 2004).
Further, aquatic habitats are negatively impacted by the loss of riparian forests, which can
result in influxes of sediments, increased water temperatures, and decreased nutrient
inputs (Gomi et al. 2006; Swank et al. 2001).

Human populations will continue to grow, further stressing and impacting
headwater-riparian ecosystems. In order to mitigate the long-term impacts that
anthropogenic land uses will have, we must identify and understand the mechanisms
behind salamander habitat use and population abundances. With this critical information,
the most deleterious effects of riparian land use on salamander populations can be
identified, paving the way for informed and scientifically based measures toward riparian
land use regulation reform. To this end, I have quantified larval salamander populations,
assessing their relative abundance in relation to riparian buffer width and habitat
characteristics. I have also quantified juvenile and adult salamander density in relation to
riparian buffers to test specific hypotheses regarding the fate of salamanders following
even-aged timber harvest. This data was augmented with experimental caging of
salamanders at each site to measure direct effects of riparian habitat loss on growth and
body condition. From these studies, I make conclusions regarding the efficacy of current
U.S. Forest Service regulations and forestry practices in maintaining healthy headwater

stream systems in terms of their salamander populations.
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Chapter 2

IMPACTS OF EVEN-AGED TIMBER HARVEST ON LARVAL SALAMANDERS
AND THE EFFICACY OF RIPARIAN BUFFERS IN MITIGATING POPULATION

DECLINES

Abstract

Headwater streams are an important and prevalent feature of the eastern North American
landscape. These streams provide a wealth of ecosystem services and support tremendous
biological diversity, which is predominated by salamanders in the Appalachian region.
Salamanders are ubiquitous throughout the region, contributing a significant biomass that
supports ecological and ecosystem processes. One of the greatest threats to salamanders
is loss of headwater-riparian habitat through timber harvest. In this study, we measured
larval salamander populations at five headwater streams that were logged with different
riparian buffer widths. By sampling larval salamanders using leaf litter bags, we assessed
the impacts of even-aged timber harvest on aquatic larval salamander abundances. Data
were analyzed using an information-theoretic approach, which revealed that two-lined
larvae decreased in abundance as stream sedimentation increased and riparian buffer
width decreased while black-bellied salamanders were unaffected by riparian treatments.
We found that retention of a 9 m buffer was effectively no different than complete
removal of all riparian forest with regard to environmental variables or salamander

abundance. No differences were observed between the 30-m buffer treatment and uncut
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control treatments, but our data represent initial larval responses that may change with

succession.

Introduction

Headwater streams (first and second order) are a prevalent feature on the
landscape and are estimated to account for at least three-quarters of the stream and river
channel length in the eastern United States (Meyer et al. 2003; Meyer & Wallace 2001;
Appendix A). Headwaters provide important ecosystem services including flood control,
sediment retention, water purification, cycling of nutrients and transfer of energy to
downstream ecosystems, and support of biological diversity (Gomi et al. 2002; Meyer &
Wallace 2001; Vannote et al. 1980; Ward 1989). Many of these processes are facilitated
by, or dependent on intact riparian zones, which are also important for moderation of air
and water temperatures, maintenance of soil moisture, and retention of sediments and
nutrients from runoff (Brosofske et al. 1997; Stoddard & Hayes 2005; Swank et al. 2001;
Wilkerson et al. 2006).

Numerous taxa including fish, birds, small mammals, reptiles, and amphibians
have an intimate association with headwater streams, riparian forests, and the processes
therein (Burbrink et al. 1998; Hairston 1987; Iwata et al. 2003; Jones et al. 1999;
Maisonneuve & Rioux 2001; Shirley & Smith 2005). Salamanders are an especially
prolific amphibian in headwater habitats of eastern North America where they are the
most abundant vertebrate organisms (Burton & Likens 1975). Southern Appalachian
salamanders form assemblages that are comprised of five to nine species from the genera

Desmognathus, Eurycea, Gyrinophilus, and Pseudotriton. All of these genera are stream
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dependent salamanders of the family Plethodontidae and have biphasic life cycles
consisting of an aquatic larval stage and a terrestrial adult stage (Petranka 1998).
Salamanders comprise a significant biomass within headwater habitats where they are
integral to ecosystem processes (Burton & Likens 1975; Davic & Welsh 2004; Hairston
1987; Peterman et al. 2008; Wyman 1998). As such, salamanders have been
recommended as indicators of stream quality and ecosystem integrity (Southerland et al.
2004; Welsh & Droege 2001). Despite the acknowledged importance of salamanders,
little attention has been given to stream breeding salamanders with regards to
anthropogenic land uses. Timber harvest is a land use that results in temporary loss of
forests and can negatively impact aquatic habitats (e.g., Jackson et al. 2007; Swank et al.
2001; Wilkerson et al. 2006).

It is widely accepted that terrestrial salamanders are sensitive to upland forest
alterations (Ash & Bruce 1994; Johnston & Frid 2002; e.g., Petranka et al. 1993) and that
salamanders requiring streams for aquatic larval development are susceptible to human
development and impervious surfaces (Miller et al. 2007; Price et al. 2006; Willson &
Dorcas 2002). However, the impacts of managed logging on stream salamanders within
riparian zones has largely been ignored, receiving only minimal consideration on the west
coast (Jackson et al. 2007; Olson & Weaver 2007; Rundio & Olson 2007; Stoddard &
Hayes 2005; Vesely & McComb 2002) while populations in eastern forests have been
largely unstudied (but see Crawford 2007). This is of particular concern in the
Appalachian region where logging to various extents has pervaded for decades (Brown

2000).

12



When affected by riparian zone modification, salamander populations may exhibit
one or more of several possible responses, including population declines (Ash 1997;
Herbeck & Larsen 1998; Perkins & Hunter 2006; Petranka et al. 1993), modified
movement patterns (Johnston & Frid 2002), increased competition (Hairston 1980),
changes in growth and fitness (Beachy 1997; Lowe et al. 2004), or changes in genetic
diversity (Curtis & Taylor 2003; Stiven & Bruce 1988). Salamanders have been
extensively studied in the southern Appalachians, but there has been no critical
evaluation of how logging practices affect stream breeding salamander species. Rapid
land development and natural resource utilization trends are unlikely to change,
highlighting the need to find a balance that allows for continued land use while
preserving the integrity and function of ecosystems.

The purpose of our research was to evaluate the effectiveness of forested riparian
buffers in preserving stream salamander populations following recent even-aged timber
harvest events. Specifically, environmental variables and the relative abundance of larval
salamanders were measured at headwater streams with riparian forest buffers of varying
widths. We used regression analyses with an information-theoretic approach to determine
the environmental and habitat variables that most affected salamander populations and to
determine the efficacy of riparian buffers in mitigating the impacts of even-aged timber

harvest along headwater streams.
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Methods

Study Area

Five southern Appalachian headwater streams were monitored. These streams drained
small watersheds (<10 ha) within the Wayah Ranger District, Nantahala National Forest,
Macon County, North Carolina, U.S.A. (Fig. 1). These sites were logged using a 2-age
shelterwood harvest (even-aged timber harvest), where a few mature trees were left for
regeneration purposes. Logging resulted in one of four riparian zone alterations: 0 meter
forest retained (complete upland forest harvest), 9 meter forest retained, 30 meter forest
retained, and control (no upland forest removal). Five streams were monitored; one 0-m,
one 9-m, one 30-m, and two Controls. Logging occurred on both sides of the stream and
extended for 200 meters parallel to the stream and 200 m perpendicular to the streams
(Fig. 2). Logging of the 0-m and 9-m sites occurred between October 2005 and May 2006

and logging of the 30-m site occurred between June 2006 and September 2006.

Sampling Protocol

To sample the in-stream salamander populations each stream was divided into three 40
meter sampling blocks that consisted of four 10 meter subsections; each block was
separated by 40 meters (Fig. 2). Two control streams, one 0-m buffer, one 9-m buffer,
and one 30-m buffer stream were monitored from May to August 2007, but only the 0-m,
9-m, and Control-1 streams were monitored in 2006. Salamanders were captured using
leaf litter bags (Pauley & Little 1998; Waldron et al. 2003) made from 1.9 cm?
polypropylene mesh. To make a leaf litter bag, mesh was cut to 75 x 75 cm squares and

packed with dry leaf litter. The corners of the mesh were then pulled together and secured
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with plastic cable ties (Waldron et al. 2003). Sixteen bags were systematically distributed
throughout each sampling block and a total of 48 leaf litter bags were deployed at each
study site. Bags were checked weekly in 2006 and bi-weekly in 2007 by shaking them
over a white tray. Water and sediments collected in the trays were then poured through a
15 x 20 cm baitnet. All captured salamanders were identified to species, measured for
total length (TL), snout-vent length (SVL), weighed, marked, and released at the point of
capture. Salamanders were weighed using a digital balance accurate to 0.001 grams (My
Weigh, model GemPro 250), measured to the nearest 0.01 mm using digital calipers
(Storm, model STO3C301) and then marked by clipping the tip of the tail fin of larval
Blue Ridge two-lined salamanders (Eurycea wilderae) or clipping a toe on black-bellied

salamanders (Desmognathus quadramaculatus).

Environmental Data

Environmental variables were measured at 15 sample points, each spaced 10 m apart
within sampling blocks. Percent canopy coverage was estimated from the center of the
stream using a spherical crown densiometer. Sedimentation was quantified as the
percentage of surface sediment covering the streambed, and was measured using a 50 x
50 cm quadrat that was divided into 25 equal-sized square sections. Leaf litter mass was
estimated by measuring the wet-weight of drained leaf litter and other organic debris
collected from within a 0.25 m” area at the aquatic-terrestrial interface using a 2 kg
Pesola”™ spring scale. Course woody debris was visually estimated on a five point scale
with 0 defined as no coarse woody debris and 4 defined as extensive woody debris

spanning the width of the stream. Water temperatures were collected hourly from one
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location in the middle of the 200 m study stream using HOBO® data loggers (Onset,
model UA-002-64). Grade, bank slope, elevation and aspect of each stream were all

measured using 10-m digital elevation data in ArcGIS (ESRIL, v. 9.1).

Data Analysis

To assess salamander abundance in relation to riparian forest modification and
environmental variables, an information-theoretic approach to model selection was used
(Burnham & Anderson 2002). The information-theoretic approach allows one to select a
"best" model and to rank the remaining models and its use is suggested for observational
studies where other hypothesis testing methods may lead to data dredging and over-fitted
models (Burnham and Anderson 2002). Fourteen a priori models incorporating
uncorrelated habitat variables (Table 1) were developed to test hypotheses predicting
stream salamander abundance. These a priori models were developed based on published
literature on the effects of riparian forest modification as well as pilot data collected in
2006. The 14 predictive models are (1) Null (intercept only); (2) Litter (wet-weight mass
of leaf litter, log transformed); (3) Sediment (percent stream bed sedimentation, arcsine
transformed); (4) Depth (depth of stream measured in millimeters); (5) Width (wetted
width of stream measured in meters); (6) CWD (coarse woody debris, amount of woody
debris); (7) Buffer (width of riparian forest surrounding stream); (8) Date (sampling
period); (9) Block (subsection of salamander collection, a measure of upstream vs.
downstream); (10) Site ( includes buffer and block parameters); (11) Site Effect (includes
buffer and sediment parameters); (12) Microhabitat (includes litter, CWD, and sediment

parameters); (13) Stream Profile (includes litter, CWD, sediment, width and depth
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parameters); (14) Global Model (includes all parameters: buffer, sediment, depth, litter,
CWD, block, date).

In order to select the model that best described salamander abundance, Akaike's
information criterion (AIC) was used. For each model, we calculated the corrected AIC
(AIC,) value, which measures model fit while correcting for small sample sizes
(Burnham & Anderson 2002). All AIC, values were calculated from loglinear
regressions with a negative binomial distribution (all larvae and two-lined salamanders)
or Poisson distribution (black-bellied salamanders) using the generalized linear model in
SPSS (v. 15.0). All candidate models were ranked according to their AIC, value, with the
best model having the smallest AIC, value (Burnham & Anderson 2002). We then
calculated AAIC,, which is the difference of each model from the best fit model within
the model set. As a general rule, AAIC, values less than two suggest substantial evidence
for the model, values between 4 and 7 indicate that the model has considerably less
support, whereas AAIC, greater than 10 indicates that the model is unlikely (Burnham &
Anderson 2002). To determine the weight of evidence for each model, Akaike weights

(w;) were calculated (Burnham & Anderson 2002).

Results

In 2007, a total of 1,402 larval salamanders (1,262 two-lined salamanders and 140 black-
bellied salamanders) were captured (Fig. 3). Spring salamanders (Gyrinophilus
porphyriticus) were also captured, but in numbers too small for data analysis. Larval two-
lined salamanders were most abundant at the 30-m and control streams, with very few

captures occurring in the highly disturbed 0-m and 9-m sites. This trend was not seen in
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black-bellied salamanders as they were equally abundant at all sites. Similar capture
proportions among sites were observed in both 2006 and 2007 (Table 2). The Control-1
site had a greater proportion of the two-lined salamander captures, while black-bellied
salamander captures were relatively similar among sites; capture proportions did not
differ among years (Table 2). Though the frequency of sampling differed between years,
the relative proportion of two-lined salamander and black-bellied salamander captures
among sites and between years is consistent. As such, we feel confident that our
methodology and results are expressive of the trends experienced by salamanders at each
of these treatments. Average leaf litter and percent canopy cover were lower at the 0-m
and 9-m buffer streams, while percent sedimentation and coarse woody debris (CWD)
were greater than at the 30-m buffer or control streams (Table 3). Mean stream
temperatures were substantially greater at the 0-m and 9-m buffer streams.

Of the fourteen a priori models assessing the abundance of larval salamanders,
the site effect model that included the buffer and sediment parameters was the best
predictor (Table 4). The Global model was a significant fit to this data, but sediment was
the only significant continuous parameter. In the Global model, all riparian modifications
were compared to the 0-m stream. The 30-m treatment was the only stream that differed
significantly in the Global model (Table 5), but both the 30-m and the control treatments
were significantly different from the 0-m treatment in the best supported Site Effect
model. From the beta estimates it can be seen that sediment has a negative effect on the
presence of larvae while increasing the riparian buffer to 30 meters or more had a

positive effect on overall larval abundance.
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The Site Effect model, which includes treatment buffer parameter and the
sediment parameter, was also the best supported model for predicting the presence of
larval two-lined salamanders (Table 6). In looking at the parameter estimates for this
model, sediment again had a negative affect on larval presence while increasing the
buffer width beyond 9 meters results in significantly more two-lined salamanders (Table
7).

The presence of black-bellied salamanders at our study streams was best predicted
by the date of the sample period and by sampling block, which is a relative measure of
upstream versus downstream (Table 8). Both of these single parameter models had
considerable support and both parameters were significant in the Global model (Table 9).
These parameters had a negative influence on black-bellied salamander abundance,
indicating that more larvae were encountered later in the sampling season and that more

larvae were encountered in upstream reaches.

Discussion

Long-term studies in the Appalachian Mountains have documented the impacts of even-
aged timber harvest on headwater streams and their invertebrate communities (Stone &
Wallace 1998; Swank et al. 2001), which included in increased sedimentation, changes in
nutrient cycling, and shifts in functional benthic feeding groups. Perhaps most significant
of these findings is the long-term retention of sediments that were introduced to the
stream following logging (Swank et al. 2001). Of the parameters included in our a priori
AIC model selection, sediment was the only significant habitat variable that predicted a

decrease in overall larval salamander and two-lined salamander abundance (Table 5,
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Table 7). Increases in sedimentation were most evident at the 0-m and 9-m streams, while
the 30-m and control streams showed relatively lower sediment levels (Fig 1, Table 2).
Two-lined salamander populations were also significantly greater at the 30-m and control
streams that had larger riparian buffers, reduced sedimentation, lower water temperatures,
and more allochthonous inputs (Table 2, Table 7). Increased sedimentation is likely
detrimental to larval two-lined salamanders because they are dependent on small
interstitial spaces amongst the streambed cobble for refuge (Smith & Grossman 2003).
The loss of refugia could make two-lined salamanders more susceptible to predation from
larger heterospecific salamander larvae such as spring salamanders and black-bellied
salamanders (Beachy 1994).

Though not a significant parameter in predicting two-lined salamander
abundance, allochthonous leaf litter inputs are integral to headwater stream ecology and
have been shown to be an important bottom-up limitation on the growth, abundance,
biomass, and production of two-lined salamanders (Johnson & Wallace 2005). The
authors also noted a dietary shift in larvae following allochthonous exclusion, suggesting
that the diet of larval two-lined salamanders is intimately tied to benthic invertebrate
communities of allochthonously supported headwaters. As such, larval two-lined
salamander populations may be exposed to multiple stressors following riparian logging.

Larval black-bellied salamanders did not show the same responses to the riparian
logging treatments as two-lined salamanders. Black-bellied salamanders did not appear to
be immediately affected by any of the measured environmental variables included in a
priori habitat models (Table 8), and abundance of black-bellied salamanders was

relatively equal among the five study streams (Fig. 1). The significant parameters
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affecting black-bellied salamander populations were date and block (Table 9); more
black-bellied salamanders were captured later in the collecting season and more were
captured in upstream reaches than in downstream reaches. There is no apparent
explanation for the date effect in black-bellied salamander abundance. It is possible that
they exhibit a behavioral shift later in the active season whereby they change refugia
and/or prey base. It cannot be excluded that black-bellied salamanders were not
artificially drawn to leaf litter traps due to the increased prey abundance that resulted
from colonization by benthic invertebrates and larval two-lined salamanders. The
observed greater abundance of black-bellied salamanders in upstream reaches has been
described by Bruce (1985), who noted that black-bellied salamanders tended to breed in
the upper reaches of headwaters. Though variation in abundance of black-bellied
salamanders was not observed among buffer treatments as it was in two-lined
salamanders, they are likely not immune to the long-term impacts of even-aged timber
harvest. Unlike two-lined salamanders that are highly terrestrial as adults, black-bellied
salamanders are predominantly aquatic. As such, black-bellied salamanders are likely
more resilient to proximate post-cut logging effects.

A complete loss or reduction of riparian habitat will likely affect two-lined
salamander populations in the adult life stages more than black-bellied salamanders. The
long-term synergistic effects of both aquatic larval and terrestrial adult life stages being
negatively impacted by logging are unknown for either species. Crawford (2007) showed
that all stream salamanders, including two-lined salamanders, were significantly less
abundant in even-aged forest stands less than 40 years in age as compared stands that

were more than 40 years old. Though black-bellied salamanders were not included in
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Crawford’s (2007) study, Stiven and Bruce (1988) reported decreased abundances of
black-bellied salamanders in recently cut plots, and they also showed losses of genetic
diversity that correlated with historical land uses.

Our research and its findings represent a brief snapshot of what will be an
ongoing successional process. If similar sedimentation dynamics measured by Swank et
al. (2001) are realized at our experimental streams, larval two-lined salamanders
populations may be depressed due to sedimentation for up to 20 years, though it is
important not to assess the long term responses of salamander populations to logging
strictly in terms of the larval life stage. As previously discussed, it is import to assess the
impacts of logging across all life stages so that the long-term demographic impacts of
forestry are clearly understood. Recovery of salamander populations to pre-harvest levels
is likely dependent on multiple factors that include flushing of sediments from the stream
bed and forest succession in the riparian habitat, which will provide increased canopy
coverage, increased allochthonous inputs, and stabilize both aquatic and riparian
microclimates.

Current U.S. Forest Service regulations require a 30 foot (~9 m) buffer around
headwater and low order streams. Riparian logging increases the sedimentation of
downslope waterways (Gomi et al. 2006; Swank et al. 2001), so if the purpose of these
riparian buffers is to mitigate the impacts of land uses such as even-aged timber harvest
and to preserve the health and function of headwater-riparian ecosystems, then it is clear
that the current regulations requiring a 9 m buffer around first and second order
headwater streams is insufficient. Our results showed no appreciable difference between

the 0-m treatment with no riparian buffer and the 9-m buffer treatment with regards to
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two-lined salamanders abundance (Fig. 1), which were most affected by an increase in
sedimentation (Table 7). Though sedimentation was slightly reduced as a result of the 9-
m buffer (Table 2), the reduction was insufficient to maintain larval two-lined salamander
populations at a level equivalent to or greater than those measured at the 30-m or control
treatments (Table 7). Habitat and abundance measures for the 30-m treatment did not
differ from the control treatments, but it must be reiterated that data presented here were
collected following the first year of logging. Long-term effects manifested through
reduced adult populations or reduced riparian habitat use may not be realized
immediately. Edge effects are an ever-present concern when dealing with the
effectiveness of buffers. The distance that altered microclimate conditions can penetrate a
forest vary (discussed in Olson et al. 2007). There is evidence that headwater streams
themselves may help to buffer the effects of microclimate changes within 10 m of the
stream (Anderson et al. 2007), but microclimates will vary beyond this. In their review of
riparian forestry on amphibian populations, Olson et al. (2007) suggest buffers of 40-100
m. These buffers are sufficient to preserve the majority of aquatic-riparian dependent
species such as salamanders, but also allow logging to occur in upland habitats. For the
Appalachian region, Crawford and Semlitsch (2007) recommended preserving 42.6 m for
core terrestrial salamander habitat with an additional 50 m buffer to ameliorate edge
effects (92.6 m total).

Land use involving natural resource extraction is unlikely to change in the near
future. In order to progress and coexist with natural ecosystems that we are dependent
upon, compromises must be made. It is important that we recognize the importance of

headwater streams in providing ecosystem services that we depend upon and the integral
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role that salamanders play in headwater stream ecology. We have shown that current
regulations are insufficient to maintain headwater stream function and retain biodiversity.
Though the 30-m riparian buffer assuaged the effects of even-aged timber harvest in the
short-term, such a buffer is unlikely to maintain a salamander assemblage similar to one
unaffected by logging in the long-term (Crawford 2007; Crawford & Semlitsch 2007). In
order to find an adequate riparian buffer that balances ecosystem health and function with
human utility, future research needs to assess the long-term impacts of even-aged timber
harvest in relation to riparian buffers, monitoring both larval and adult life history stages

through multiple generations.
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Table 2. Comparison of larval salamander captures in 2006 and 2007. Capture numbers
cannot be directly compared between years due to differences in sampling frequency and
methodology. The relative proportion (percent) of total larval captures among these sites

can be compared between years.

2006 2007
Species Site Count  Proportion Count  Proportion
E. wilderae 0-m 137 25.75 72 22.78
9-m 146 27.45 73 23.10
Control-1 249 46.80 171 54.12
Total 532 100.00 316 100.00
D. quadramaculatus 0-m 51 29.82 25 29.41
9-m 58 33.92 26 30.59
Control-1 62 36.26 34 40.00
Total 171 100.00 85 100.00
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Table 4. A priori regression models predicting the presence of all larval salamanders
within five experimental streams in the Nantahala National Forest, North Carolina, USA.

The Global model fit the data (x> = 103.895, df =9, P < 0.001, n = 300).

Model -2 Log Likelihood  K* AlC? AAICS o
Site Effect 732.35 5 1474.90 0 0.89
Buffer 736.15 4 1480.43 5.53 0.06
Global 730.33 11 1483.58 8.681 0.01
Site 735.52 3 1481.24 6.334 0.04
Stream Profile 755.47 6 1523.22 48.317 0.00
Microhabitat 761.77 4 1531.67 56.769 0.00
Sediment 771.46 2 1546.97 72.067 0.00
Depth 777.46 2 1558.96 84.055 0.00
Litter 780.67 2 1565.37 90.469 0.00
Null 782.33 1 1566.67 91.771 0.00
Block 781.55 2 1567.14 92.242 0.00
CWD 782.26 2 1568.57 93.664 0.00
Width 779.95 2 1563.94 89.038 0.00
Date 782.22 2 1568.81 93.908 0.00

“Number of parameters estimated in each model
b Akaike’s Information Criterion adjusted for small sample size

“The difference between the AIC value for a given model and the AIC value of
the best approximating model for each data set

“Akaike weights. Probability that the current model (i) is the best-approximating model
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Table 5. B estimates and 95% confidence intervals for parameters in the a priori Global
model predicting larval salamander presence. The Global model includes six continuous
environmental variables and one categorical site variable (Buffer). Significant parameters

are those whose confidence intervals do not include zero.

Parameter S Lower 95% C.1. Upper 95% C.I.  Significance’
Intercept -0.065 -0.347 0.218 0.652
>100-m Buffer 0.209 -0.077 0.496 0.152
30-m Buffer 0.276 0.084 0.468 0.005
9-m Buffer -0.092 -0.409 0.225 0.570
0-m Buffer 0* - - -
Date 0.003 -0.011 0.017 0.682
Block -0.006 -0.012 0.001 0.091
Litter -0.017 -0.071 0.038 0.544
CWD 0.005 -0.034 0.044 0.796
Sediment -0.007 -0.011 -0.002 0.003
Depth 0.001 -0.001 0.003 0.561
Width 0.005 -0.026 0.036 0.753

“No parameter estimate because this was the value that the significance of the other
buffer categories were based on.

b0 <0.05
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Table 6. A priori regression models explaining presence of larval Eurycea wilderae
within five experimental streams in the Nantahala National Forest, North Carolina, USA.

The Global model fit the data (x> = 126.793, df =9, P < 0.001, n = 300).

Model -2 Log Likelihood  K* Alc? AAIC S o/
Site Effect 692.09 5 1394.37 0 0.93
Buffer 696.16 4 1400.46 6.09 0.04
Global 690.46 11 1403.85 9.471 0.01
Site 695.85 3 1401.90 7.528 0.02
Stream Profile 722.39 6 1547.06 152.687 0.00
Microhabitat 730.30 4 1468.74 74.369 0.00
Sediment 741.60 2 1487.23 92.856 0.00
Depth 748.13 2 1500.30 105.929 0.00
Litter 752.14 2 1508.31 113.939 0.00
Null 753.93 1 1509.88 115.504 0.00
Block 753.53 2 1511.10 116.726 0.00
CWD 753.84 2 1511.71 117.337 0.00
Width 750.80 2 1505.64 111.261 0.00
Date 753.93 2 1511.91 117.531 0.00

“Number of parameters estimated in each model
®Akaike’s Information Criterion adjusted for small sample size

“The difference between the AIC value for a given model and the AIC value of
the best approximating model for each data set

Ukaike weights. Probability that the current model (i) is the best-approximating model
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Table 7. B estimates and 95% confidence intervals for parameters in the a priori Global
model predicting larval Eurycea wilderae presence. The Global model includes six
continuous environmental variables and one categorical site variable (Buffer). Significant

parameters are those whose confidence intervals do not include zero.

Parameter S Lower 95% C.1I.  Upper 95% C.I.  Significance’
Intercept -0.142 -0.458 0.174 0.378
>100-m Buffer 0.327 0.001 0.653 0.049
30-m Buffer 0.393 0.168 0.618 0.001
9-m Buffer -0.084 -0.450 0.283 0.655
0-m Buffer 0* - - -
Date 0.000 -0.015 0.015 0.994
Block -0.005 -0.012 0.002 0.163
Litter -0.023 -0.083 0.038 0.464
CWD 0.003 -0.040 0.045 0.905
Sediment -0.007 -0.012 -0.003 0.002
Depth 0.001 -0.001 0.003 0.515
Width 0.007 -0.028 0.041 0.705

“No parameter estimate because this was the value that the significance of the other
buffer categories were based on.

ba<0.05
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Table 8. A priori regression models predicting abundance of larval Desmognathus
quadramaculatus within five experimental streams in the Nantahala National Forest,

North Carolina, USA. The Global model fit the data (x2 =17.619,df=9,P=0.040,n=

300).

Model -2 Log Likelihood ~ K* AlC? AAICS o
Date 267.21 2 538.47 0 0.61
Block 267.90 2 539.85 1.381 0.31
Global 260.77 11 544.45 5.983 0.03
Site 267.14 3 544.49 6.024 0.03
Null 273.08 1 548.16 9.698 0.00
Sediment 272.42 2 548.89 10.422 0.00
Width 272.77 2 549.58 11.115 0.00
Litter 272.79 2 549.62 11.155 0.00
CWD 273.04 2 550.13 11.662 0.00
Depth 273.07 2 550.18 11.713 0.00
Microhabitat 272.61 4 552.75 14.285 0.00
Buffer 272.32 4 552.77 14.3 0.00
Site Effect 271.89 5 553.98 15.513 0.00
Stream Profile 271.96 6 556.20 17.735 0.00

“Number of parameters estimated in each model
b Akaike’s Information Criterion adjusted for small sample size

“The difference between the AIC value for a given model and the AIC value of
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the best approximating model for each data set

‘Akaike weights. Probability that the current model (i) is the best-approximating model
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Table 9.  estimates and 95% confidence intervals for parameters in the a priori Global
model predicting larval Desmognathus quadramaculatus presence. The Global model
includes six continuous environmental variables and one categorical site variable

(Buffer). Significant parameters are those whose confidence intervals do not include zero.

Parameter S Lower 95% C.I.  Upper 95% C.I.  Significance’
Intercept -0.481 -2.772 1.811 0.681
>100-m Buffer -0.247 -1.964 1.470 0.778
30-m Buffer -0.341 -1.525 0.842 0.572
9-m Buffer -0.402 -2.185 1.382 0.659
0-m Buffer 0* - - -
Date 0.211 0.089 0.334 0.001
Block -0.083 -0.134 -0.031 0.002
Litter 0.012 -0.315 0.339 0.944
CWD 0.105 -0.205 0.416 0.506
Sediment -0.016 -0.056 0.025 0.450
Depth 0.005 -0.015 0.025 0.623
Width -0.007 -0.250 0.235 0.952

“No parameter estimate because this was the value that the significance of the other
buffer categories were based on.

b0 <0.05
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Figure 1. Map of eastern United States with inset depicting the Nantahala National
Forest in light gray and the Wayah Ranger District within the national forest in dark gray.

The star indicates the relative location of study streams within the ranger district.
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Figure 2. Diagram of the 0-m study site showing designated sampling blocks. Numbered
blocks are 40 m stretches of stream; each block was further subdivided into four 10 m
subsections. Within each 10 m subsection, 4 leaf litter bags were systematically placed in

association with the best larval habitat.
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Figure 3. Number of larval Eurycea wilderae and Desmognathus quadramaculatus
captured in 2007 at each site. Sediment is the mean percent surface sediment measured at

each site.
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Chapter 3

EFFECTS OF EVEN-AGED TIMBER HARVEST ON STREAM SALAMANDERS:

SUPPORT FOR THE EVACUATION HYPOTHESIS

Abstract

Salamanders are the predominate vertebrate in the Appalachian region where they
contribute to ecological processes. The greatest diversity of salamanders occur in
riparian-headwater habitats, which are increasingly threatened by land uses such as even-
aged timber harvest. The ultimate fate of salamanders following logging is unclear, but
three main hypotheses exist: (1) mortality hypothesis; (2) retreat hypothesis; and (3)
evacuation hypothesis. There is little empirical evidence for any of these hypotheses,
though recent studies suggest that evacuation may follow logging. In this study we
evaluated the impacts of even-aged riparian timber harvest on stream breeding
salamanders. We measured species responses in terms of terrestrial habitat use, growth
and survival in the riparian habitat, as well as changes in density within the headwater
stream. We found that salamanders significantly reduced their terrestrial habitat use
following riparian logging and that salamanders are unlikely to persist in highly modified
riparian habitats as we measured significantly reduced body conditions at these sites.
Further, we have direct evidence that salamanders evacuate the riparian habitat following
intensive riparian logging; adult and juvenile salamander densities were significantly
greater at these streams. Our data show that salamander populations are negatively

affected by even-aged timber harvest, with evacuation from logged habitat providing a
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mechanistic explanation for population declines. Long-term impacts of these responses

are unknown in regard to population persistence or future recovery.

Introduction

Human populations worldwide have been steadily increasing, putting greater demands on
the earth’s resources (Vitousek et al. 1997). These demands have been realized in many
forms, such as urbanization, agriculture, and forestry, (Vitousek et al. 1997), which have
altered the landscape and are ultimately threatening biodiversity and depleting natural
resources (Tong & Soskolne 2007). One of the most prominent activities on the
landscape is forestry (Benhin 2006), which can disrupt the continuity of forested
ecosystems. Intact ecosystems provide a myriad of valuable services to both natural and
human-dominated landscapes (Vitousek et al. 1997).

Headwater streams are a facet of healthy ecosystems, providing important
services such as natural flood control, recharge of groundwater, recycling of nutrients,
maintenance of biological diversity, and sustenance for the biological productivity of
downstream waterways such as rivers, lakes and estuaries (Meyer et al. 2003).
Headwaters can account for more than 70% of the total stream length on the landscape
(Meyer & Wallace 2001; Naiman et al. 2005, Appendix B). The prevalence and
importance of headwater systems have been largely overlooked in policy and protection
of these habitats (e.g. Adams 2007; Olson et al. 2007), which are currently being
threatened and altered by various forestry practices.

Headwater habitats flowing through forested regions of North America are

susceptible to logging is logging, which threatens the services provided by headwater
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systems (Adams 2007). Only recently have researchers begun to critically evaluate
headwater stream processes in relation to riparian forest alteration (reviewed in Olson et
al. 2007), but thus far the emphasis has been on the Pacific Northwest of the United
States (Adams 2007). The current focus on research and policy development in the
Northwest is not indicative of the prevalence or significance of headwaters in this region
as the Appalachian Mountain region of the eastern United States is equally traversed by
lotic waterways (Meyer & Wallace 2001).

The majority of stream-riparian management guidelines have been developed
around the resources and needs of fish species (Naiman et al. 2000), but this restricted
scope leaves the more prevalent headwater systems vulnerable, ultimately threatening the
biological integrity of downstream, fish bearing waterways (Lowe & Likens 2005).
Where fish fail to exist, amphibians often thrive (Hopey & Petranka 1994; e.g. Kats &
Sih 1992; Nislow & Lowe 2006), and headwater streams are no exception. Headwaters
throughout the Pacific Northwest and Appalachia are generally fishless waterways and
harbor numerous endemic amphibians, of which salamanders are the most abundant and
speciose representatives (Petranka 1998). The biomass of salamanders has been estimated
to exceed that of birds and small mammals in headwater-riparian ecosystems (Burton &
Likens 1975; Peterman et al. 2008), and the significance of this biomass in ecological
processes cannot be overlooked (Davic & Welsh 2004; Wyman 1998). Many
salamanders have complex life histories, depending upon aquatic habitats for
reproduction and larval development and riparian habitats for foraging and over-

wintering (Ashton & Ashton 1978; Barbour et al. 1969; Petranka 1998). The life history
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traits of salamanders make them viable candidates for monitoring the health and integrity
of ecosystems (Southerland et al. 2004; Welsh & Droege 2001).

Despite the importance of salamanders to headwater-riparian ecosystems and
increasing research in the Pacific Northwest (see Olson et al. 2007), there has been
minimal research in the eastern United States addressing the effects of logging on stream-
dependent salamander populations. It is widely accepted that salamander populations
decrease following logging (deMaynadier & Hunter 1995; Grialou et al. 2000; Knapp et
al. 2003), but the majority of these studies are supported only anecdotally without direct
evidence of the ultimate fate of salamanders (Ash & Bruce 1994; e.g. Corn & Bury 1989;
Harpole & Haas 1999; Herbeck & Larsen 1998; Petranka et al. 1993). In order to develop
effective management practices that best preserve biodiversity and ecosystem health,
species responses must be understood. Three primary hypotheses have been suggested
regarding the response of species following logging (Semlitsch et al. 2008) that include:
(1) mortality hypothesis - reduced abundance from the death of salamanders as a result of
desiccation, starvation, or loss of refuge (e.g. Petranka 1994); (2) retreat hypothesis -
salamanders remain and survive in cut forests in underground refugia, exhibiting reduced
or limited activity (e.g. Johnston & Frid 2002); and (3) evacuation hypothesis -
salamanders leave cut forests seeking more suitable habitat and microclimates (e.g.
Reichenbach & Sattler 2007; Semlitsch et al. 2008). None of these hypotheses are
mutually exclusive and likely depend on the severity of logging and the species affected
(Semlitsch et al. 2008).

It is important to discern the specific mechanisms behind the population declines

that follow logging. These declines may not be irreversible if the realized response is
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subterranean retreat or evacuation. In such instances populations may only be temporarily
depressed until vegetation and microclimates are restored, at which point salamanders
may recolonize the area and/or resume normal surface activity. These mechanisms have
not been clearly described and current regulations are likely insufficient to protect
salamander populations following logging. United States Forest Service guidelines for
southern Appalachian streams require a 30 foot (~9 m) buffer for headwater through
second-order streams and a 100 foot (~30 m) buffer for streams third-order and larger.
The actual effectiveness of these riparian buffers is questionable considering that
terrestrial habitat use of stream breeding salamanders can extend up to 100 m from the
stream edge (Crawford & Semlitsch 2007) and edge effects can penetrate and alter the
microclimate of uncut forest 30 to 80 m from clear cut edges, depending on climate and
precipitation (Brosofske et al. 1997; deMaynadier & Hunter 1998; Marsh & Beckman
2004).

In this study we assessed the effectiveness of riparian buffers in mitigating
riparian logging effects on adult and juvenile stream salamanders. Specifically, we
measured the abundance, terrestrial habitat use, growth, in-stream capture frequency, and
in-stream population density of stream salamanders in relation to riparian buffers. These
observations were evaluated in terms of current hypotheses predicting the fate of

salamanders following even-aged timber harvest.
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Methods

Study Area

In order to determine the effects that riparian buffer width has on adult salamander
populations, five southern Appalachian headwater streams were monitored. These
streams drained small watersheds (<10 ha) within the Wayah Ranger District, Nantahala
National Forest, Macon County, North Carolina, U.S.A. (Fig. 1). These sites were logged
using a 2-age shelterwood harvest (even-aged timber harvest), where a few mature trees
were left for regeneration purposes. Logging resulted in one of four riparian zone
alterations: 0 meter forest retained (complete upland forest harvest), 9 meter forest
retained, 30 meter forest retained, and control (no upland forest removal). These logging
treatments were completed on both sides of the stream and extended for 200 meters
parallel to the stream. Logging of the 0-m and 9-m sites occurred from October 2005 to

May 2006 and logging of the 30-m site occurred from June 2006 to September 2006.

Sampling Protocol

Removal Sampling

To estimate population sizes of metamorphosed salamanders, removal sampling was
conducted from 11-16 July 2007. Three 3 m blocks were randomly selected at each
stream; each block included 1 m of riparian habitat on each bank. Sampling blocks were
spaced at least 10 m apart and at least 10 m from actively studied areas (Chapter 2). Each
3 m removal block was searched by one researcher until no salamanders were found for 5
minutes. Only surface active salamanders were captured and no cover objects were

disturbed during searching. Each block was surveyed twice in a night at least 2 hours
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apart, and sites were surveyed 6 times overall. Removal surveys were conducted from
2200-0330 EST, with survey times rotating on each subsequent visit to a site.
Salamanders were captured by hand (Camp & Lovell 1989) and held in containers for
transport back to Highlands Biological Station where they were kept at 16 'C on 12:12
light cycle in an environmental chamber. Salamanders were housed in 20 x 20 x 10 cm
containers with a moist paper towel. A subset of captured salamanders was preserved for
future research on gut contents and lipid analyses, all others were returned to the site of

capture following completion of removal sampling.

Leaf Litter Bag Sampling

In-stream sampling of adult and juvenile salamanders began in 2006, with the
monitoring of the Om, 9m, and Control-1 streams, while all five treatment streams were
monitored in 2007. Trapping intensity differed between years. There were eight trapping
periods in 2006 and 5 periods in 2007. To account for these differences, relative
abundance estimates were converted into rates (salamanders per trapping period).

To effectively sample salamander populations, each stream was divided into three
40 meter sampling blocks that consisted of four 10 meter subsections; each block was
separated by 40 meters (Fig. 2). Salamanders were captured using leaf litter bags (Pauley
& Little 1998; Waldron et al. 2003) made from 1.9 cm” polypropylene mesh. To make a
leaf litter bag, mesh was cut to 75 x 75 cm squares and packed with dry leaf litter. The
corners of the mesh were then pulled together and secured with plastic cable ties
(Waldron et al. 2003). Sixteen bags were systematically distributed throughout each

sampling block and a total of forty-eight leaf bags were deployed at each study site. Bags
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were checked by shaking them over a white tray. Water and sediments collected in the
trays were then poured through a 15 x 20 cm baitnet. All captured salamanders were
identified to species, measured for total length (TL), snout-vent length (SVL), weighed,
marked, and released at the point of capture. Salamanders were weighed using a digital
balance accurate to 0.001 grams (My Weigh, model GemPro 250), measured to the
nearest 0.01 mm using digital calipers (Storm, model STO3C301) and then marked by

clipping a toe.

Riparian Transects

To determine stream salamander distribution in the riparian habitat, line transects were
established perpendicular to the stream edge from 2004-2007 at four of the five sites (0-
m, 9-m, 30-m, and Control-1). Nighttime sampling was conducted using visual encounter
searches to capture surface active salamanders. Three night transects were conducted at
each site during each field season. During each sample, two researchers walked a
perpendicular line transect from the stream edge out to 100 m, recording distance from
the stream edge for each salamander encountered. Each researcher searched 2.5 m to the
right and left of the transect line. All salamanders were identified to species, measured for
snout-vent length and total length, weighed, and released at the point of capture (all

methods per Crawford 2007; Crawford & Semlitsch 2007).
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Salamander Caging

To assess body condition over time, we experimentally caged 10 Ocoee salamanders
(Desmognathus ocoee) at each of three study sites in 2006 (0-m, 9-m, and Control-1).
Salamanders were caged in rectangular Rubbermaid® containers (61 x 41 x 22 cm) that
had the lid, bottom and the upper half of the long edges cut away. Cut-out areas were
covered with 3.2 mm screening to permit water and nutrient flow, but retain salamanders.
Cages were placed 8 m from the stream edge. This distance corresponded with the mean
distance that Ocoee salamanders were found from the stream in 2004 and 2005 across all
four sites prior to logging (Table 1). Cages were buried so that the surrounding soil
surface was flush with the top screen of the cage. Soil was added to the cage to make it
level with the surrounding soil; leaf litter was added to the approximate depth of the
surrounding area. A small square of carpet (15 cm x 15 cm) was saturated in water and
placed in the upslope, left corner of the cage to provide a moist microhabitat and to
facilitate recapture of salamanders during daytime data collection.

One adult salamander was randomly assigned to each cage. All salamanders were
weighed prior to stocking using a portable digital balance (Acculab Pocket-Pro® Model
PP-62) and measured using a hand ruler. Cages were checked bi-weekly and the mass
and length of salamanders recorded. Surface soil temperatures were measured using an
infrared Raytek™ MT4 temperature gun. All cages were checked during each sample

period whether or not a salamander was found on the previous search.
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Environmental Data

Environmental data were collected during the day at monitoring stations located at 1, 3,
7,10, 15, 25, 50, and 100 m from the stream bank. Monitoring station distances were
selected based on the home range sizes and potential distances traveled by the target
species of stream breeding salamanders (Crawford and Semlitsch 2007). Data was
collected at each monitoring station for four environmental variables: (1) Leaf litter depth
- measured six times per station using a hand ruler for an average leaf litter depth value;
(2) Soil temperature - measured six times per station using an infrared Raytek™ MT4
temperature gun for an average temperature value; (3) Soil moisture - measured six times
per station using an Aquaterr™ M300 soil moisture meter for an average soil moisture
value; and 4) Canopy cover - measured two times per station using a spherical crown
densiometer for an average canopy cover value. Data was collected at each station three

times per season in each of the four field seasons (2004-2007).

Data Analysis

Removal Sampling

Salamander removal data were analyzed using Huggins closed captures with
heterogeneity (Huggins 1989) in program MARK (MARK Version 4.2). Prior to analysis,
capture histories for each of the three removal blocks were pooled together to create a
single capture history for each study stream. Because time varied with each sampling
period and nocturnal activity of salamanders varies throughout the night (Hairston 1949;
Keen 1984), an individual covariate of sample time was incorporated into removal

models. Due to the discrete sampling period, we are confident that the major assumptions
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of closed population models were met (Bailey et al. 2004). The best fit model was
determined using second order Akaike's information criterion (AICc; Burnham &
Anderson 2002) as calculated within MARK.

Population estimates from MARK for all salamanders combined and for
individual species were converted into densities (salamanders.m™) to create a
standardized measure that accounted for the variable stream width across sample blocks.
Significant differences between treatments were determined by comparing 95%

confidence intervals about the estimated mean population densities.

Riparian Transects

To estimate core terrestrial habitat use by salamanders for each sample, we used the mean
distance from the stream edge. Mean core terrestrial habitat use and salamander
abundance was calculated for the assemblage of four species (seal salamanders -
Desmognathus monticola, Ocoee salamanders - D. ocoee, black-bellied salamanders - D.
quadramaculatus, and Blue Ridge two-lined salamanders - Eurycea wilderae) and each
individual species (except for black-bellied salamanders, which had sample sizes too
small to justify a separate analysis). We used a t-test of independence to test the
effectiveness of remaining riparian buffers after logging on mean core terrestrial habitat
use, stream salamander abundance, and environmental variables. Tests with p < 0.05
were considered statistically significant. Due to the lack of spatial replication, site data
from 2004 and 2005 pre-cut years were pooled and tested against site data collected in
the pooled post-cut years of 2006 and 2007. Pooling data from the two pre-cut and two

post-cut years was justified because there were no significant differences in mean core
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terrestrial habitat use or abundance between the respective years (paired t-test, p > 0.05).
Only salamanders that were captured 2 m or more from the stream edge were included in

analyses to avoid overlap with riparian habitat surveyed during removal sampling.

Salamander Caging

To measure the impact that the different riparian forest treatments had on body condition,
mean change in mass for salamanders at each site were compared using a univariate
general linear model. Post hoc analyses to determine significant site differences were
performed using Tukey's HSD test. Survival could not be definitively determined in this

study due to the possibility of trespass out of the cage or cage failure.

Results

Removal Sampling

Over six removal periods, 387 adult and juvenile salamanders were captured in removal
plots (Table 2). Salamanders were more abundant at the 0-m and 9-m sites, the majority
of which were seal salamanders and black-bellied salamanders (Table 3). Because these
two sites were the narrowest streams with the smallest search areas, they correspondingly
had the greatest estimated population densities (Fig. 1, Table 3). Only the 0-m site had a
significantly greater population density than the other sites, though the 9-m site had the
second greatest density, which was substantially greater than the 30-m or control sites.
These trends were due to seal salamander density, which was nearly twice as high at the
0-m and 9-m sites than at the other sites (Fig. 3, Table 3). Black-bellied salamanders

showed a much more erratic pattern across the treatments, with the highest density
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occurring at the 0-m site and the lowest density at the 9-m site (Fig. 3, Table 3). While
the 0-m treatment had significantly higher densities of seal salamanders and black-bellied
salamanders, there were significantly fewer Ocoee salamanders than at the 30-m or

control sites (Fig. 3, Table 3).

Leaf Litter Bag Sampling

In general, salamander capture rates increased from 2006 to 2007, but the rate of
increase was much greater at the 0-m and 9-m sites (Table 5). The 30-m and control sites
all had relatively similar, low capture rates. Ocoee salamanders at the 0-m treatment had
the greatest in-stream capture rate of all salamanders and sites in 2006, but were the only
species and site to decrease in 2007 (Table 5). Rate of Ocoee capture at the 9-m site
increased from 2006 to 2007, while the rate of seal salamander captures increased at both
the 0-m and 9-m sites from 2006 to 2007 (Table 5). Ocoee and seal salamander capture
rates also increased at the Control-1 site, but the relative capture rates measured at

Control-1 were substantially lower than those measured at the 0-m or 9-m sites (Table 5).

Riparian Transects

Control-1 Site

Between 2004-2007, 117 total stream salamanders of four different species (seal
salamanders, Ocoee salamanders, black-bellied salamanders, and Blue Ridge two-lined
salamanders) were captured during nighttime sampling. We captured 25 salamanders in
2004, 40 salamanders in 2005, 28 salamanders in 2006, and 24 salamanders in 2007.

Stream salamander abundance averaged 10.8 salamanders/transect before the cuts
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occurred and 8.7 salamanders/transect after the cuts occurred (Table 4). Stream
salamander abundance was not significantly different after cuts occurred (t = 1.505, df =
10, p = 0.163). There was no significant difference in abundance after cuts for seal
salamanders, Ocoee salamanders, or two-lined salamanders (t = 0.933, df =10, p = 0.373;
t=10.000, df =10, p=1.000; t = 1.861, df = 10, p = 0.092, respectively; Table 4).

Stream salamanders were found an average of 26.1 m from the stream before the
cuts occurred and 23.0 m after the cuts occurred (Table 1). Average distance from the
stream was not significantly different after the cuts occurred (t = 1.697; df = 10; p =
0.121). There was no significant difference in average distance from the stream for seal
salamanders, Ocoee salamanders, or two-lined salamanders (t = 1.423, df =10, p = 0.185;
t=10.025,df =10, p=0.980; t = 0.860, df = 10, p = 0.410, respectively; Table 1).

Average leaf litter depth, average soil temperature, average soil moisture, and
average canopy cover were not significantly different after the cuts occurred (t = 0.547,
df=10,p=0.596;t=1.712,df =10, p=0.118; t =0.361, df = 10, p = 0.726; t = 0.445,

df =10, p = 0.666, respectively; Table 6).

30-m Site

Between 2004-2005 and in 2007, 72 total stream salamanders of four different species
were captured during nighttime sampling. We captured 40 salamanders in 2004, 23
salamanders in 2005, and 9 salamanders in 2007. Stream salamander abundance averaged
10.5 salamanders/transect before the cuts occurred and 3.0 salamanders/transect after the
cuts occurred (Table 4). Stream salamander abundance was significantly different after

cuts occurred (t = 3.467, df =7, p = 0.010). There was no significant difference in
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abundance after cuts occurred for seal salamanders and Ocoee salamanders, however
there was a significant difference for two-lined salamanders (t = 1.000, df =7, p = 0.351;
t=1.852,df=7,p=0.106; t=3.129, df = 7, p = 0.017, respectively; Table 4).

Stream salamanders were found an average of 26.1 m from the stream before the
cuts occurred and 7.2 m from the stream after the cuts occurred (Table 1). Average
distance from the stream was significantly reduced after the cuts occurred (t = 8.922; df =
7; p <0.001). There was no significant difference in average distance from the stream for
seal salamanders and Ocoee salamanders, however two-lined salamanders were found
significantly closer to the stream (t = 0.546, df =7, p = 0.602; t=0.879,df =7, p =
0.409; t=8.437,df =7, p <0.001, respectively; Table 1).

Average leaf litter depth, average soil moisture, and average canopy cover were
significantly reduced while average soil temperature was significantly greater after the
cuts occurred (t =2.630, df =7, p=0.034; t = 6.520, df =7, p < 0.001; t = 2.635, df = 7,

p=0.034; t=17.154, df =7, p < 0.001, respectively; Table 6).

9-m Site

Between 2004-2007, 76 total stream salamanders of four different species were captured
during nighttime sampling. We captured 36 salamanders in 2004, 35 salamanders in
2005, 3 salamanders in 2006, and 2 salamanders in 2007. Stream salamander abundance
averaged 11.8 salamanders/transect before the cuts occurred and 0.8 salamanders/transect
after the cuts occurred (Table 4). Stream salamander abundance was significantly reduced
after cuts occurred (t = 10.707, df = 10, p < 0.001). Seal salamanders, Ocoee salamanders

and two-lined salamanders were all significantly reduced in abundance after the cuts
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occurred (t=3.993, df =10, p=0.003; t =3.162, df =10, p = 0.010; t = 10.448, df = 10,
p <0.001, respectively; Table 4).

Stream salamanders were found an average of 26.2 m from the stream before the
cuts occurred and 2.3 m after the cuts occurred (Table 1). Average distance from the
stream was significantly reduced after the cuts occurred (t = 14.074; df = 10; p <0.001).
There was no significant difference in average distance from the stream for seal
salamanders (t = 1.582, df = 10, p = 0.145; Table 1). Ocoee salamanders and two-lined
salamanders were found significantly closer to the stream after the cuts occurred (t =
3.916,df =10, p=0.003; t = 16.093, df = 10, p < 0.001, respectively; Table 1).

Average leaf litter depth, average soil moisture, and average canopy cover were
significantly reduced while average soil temperature was significantly greater after the
cuts occurred (t =8.765, df = 10, p < 0.001; t = 5.383, df =10, p < 0.001; t =11.379, df =

10, p <0.001; t=8.356, df = 10, p < 0.001, respectively; Table 6).

0-m Site

Between 2004-2007, 56 total stream salamanders of four different species were captured
during nighttime sampling. We captured 19 salamanders in 2004, 37 salamanders in
2005, 0 salamanders in 2006, and 0 salamanders in 2007. Stream salamander abundance
averaged 9.3 salamanders/transect before the cuts occurred and 0.0 salamanders/transect
after the cuts occurred (Table 1). Stream salamander abundance was significantly reduced
after cuts occurred (t =6.637, df = 10, p < 0.001). Seal salamanders, Ocoee salamanders

and two-lined salamanders were all significantly reduced in abundance after the cuts
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occurred (t=3.162, df =10, p=0.010; t =4.472, df = 10, p=0.001; t =7.678, df = 10, p
< 0.001, respectively; Table 3).

Stream salamanders were found an average of 26.3 m from the stream before the
cuts occurred and 1.3 m after the cuts occurred (Table 1). Average distance from the
stream was significantly reduced after the cuts occurred (t =9.601; df = 10; p <0.001).
There was no significant difference in average distance from the stream for seal
salamanders (t = 0.535, df = 10, p = 0.604; Table 1). Ocoee salamanders and two-lined
salamanders were found significantly closer to the stream after the cuts occurred (t =
4.986,df=10,p=0.001; t=12.149, df = 10, p < 0.001, respectively; Table 1).

Average leaf litter depth, average soil moisture, and average canopy cover were
significantly reduced while average soil temperature was significantly greater after the
cuts occurred (t =15.783, df =10, p <0.001; t =7.096, df = 10, p < 0.001; t = 15.736, df

=10, p <0.001; t=4.803, df =10, p = 0.001, respectively; Table 6).

Salamander Caging

Of the 30 Ocoee salamanders caged at the 0-m, 9-m, and Control-1 treatments, 20 were
found and measured at the end of the 8 week study (7 salamanders - 0-m site; 6
salamanders - 9-m site; 7 salamanders - Control-1). The initial mass of salamanders used
at each site did not differ among treatments (F = 0.478; df =2, 27; p = 0.625). At the end
of the study, the body mass of salamanders had changed significantly (F = 39.195; df =2,
17; p <0.001). Post hoc analyses showed that salamanders from both the 0-m and 9-m
treatments lost a significant amount of weight compared to the Control-1 (p <0.001; p <

0.001, respectively), but the loss of mass in salamanders at the 0-m and 9-m treatments

64



did not differ from each other (p = 0.362). Caged salamanders in the 0-m and 9-m site
lost a significant amount of body mass (20.1% and 16.0%, respectively), while

salamanders in the Control-1 site gained weight (3.4%; Fig. 5).

Discussion

Following land alteration such as timber harvesting, amphibian populations often show
declines (deMaynadier & Hunter 1995; Grialou et al. 2000; Knapp et al. 2003). The
ultimate fate of these populations is largely unknown, but three hypotheses have emerged
as likely explanations. Some researchers have concluded that due to the relatively low
vagility of amphibians such as salamanders that there is extensive mortality following
logging (Petranka et al. 1993), while others suggest that animals may persist in altered
habitats in underground refugia, decreasing movements and activities in the absence of
ideal habitat conditions (Johnston & Frid 2002). The third competing hypothesis
speculates that animals may disperse away from disturbed habitat, avoiding mortality
(Ash & Bruce 1994). This hypothesis has been gaining recent support in explaining the
fate of terrestrial plethodontid salamanders in Virginia (Reichenbach & Sattler 2007) and
pond-breeding salamanders in Missouri (Semlitsch et al. 2008) following even-aged
timber harvest.

We report experimental support for the evacuation hypothesis in stream-breeding
plethodontid salamanders following riparian logging, suggesting that observed terrestrial
population declines are a result of emigration from altered habitat. We found that
essential microhabitat variables needed for terrestrial habitat use by stream salamanders

(leaf litter depth, soil moisture, and soil temperature; Crawford & Semlitsch 2008) were
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significantly and adversely altered following even-aged timber harvest (Table 6), which
resulted in significant reductions of salamander distributions away from the stream
(Table 1). Further, the relative abundance of salamanders found along transects following
riparian logging was significantly reduced (Table 4). The observed decline in salamander
abundance is inconclusive as to the fate of the salamanders by itself, but density estimates
of salamanders within the stream suggest that animals likely emigrated from the
terrestrial habitat into the stream, as salamander densities were significantly greater at the
0-m treatment and were substantially higher at the 9-m treatment (Table 2; Fig. 4). This
significant increase in salamander density was largely driven by seal salamanders (Table
3, Fig. 3), which became significantly less abundant in the terrestrial habitat at these sites
following logging (Table 4). There was also an increase in the capture rate of
salamanders within the stream, with greatest increases occurring at the 0-m and 9-m
treatments (Table 5). The final piece of evidence suggesting that evacuation is the likely
response was the drastic deterioration in body condition of Ocoee salamanders caged in
the 0-m and 9-m treatments. These animals lost 20.1% and 16.0% of their body mass,
respectively, while Ocoee salamanders in the Control-1 gained 3.4% (Fig. 5). The habitat
and microclimate in extensively logged riparian forest is clearly not conducive to growth
and would likely result in high mortality with prolonged exposure.

Seal salamanders exhibited the strongest measurable response to even-aged
timber harvest, becoming significantly more prevalent at the 0-m and 9-m treatments,
with in-stream densities nearly twice those observed at the 30-m or control sites (Table
3). They were also more frequently captured in leaf litter bags in the stream at the 0-m

and 9-m treatments (Table 5). Seal salamanders generally utilize terrestrial habitat for
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nighttime foraging (Table 1), but following logging, terrestrial habitat use and relative
abundance of seal salamanders decreased (Table 1, Table 4). The long-term fate of seal
salamanders is unknown. It is unlikely the in-stream habitat can support elevated
salamander densities indefinitely. Emigration into the stream may serve as an initial step
toward dispersal off of logged habitat via the stream itself. Crawford (2007) reported that
stream salamander abundance and terrestrial habitat use were significantly reduced in
even-aged forest stands less than 40 years old as compared to older forested stands. This
suggests that our observations of seal salamander evacuation into the stream is the
proximal response to even-aged timber harvest, but that in the long-term, populations will
decline.

Though we provide compelling evidence for evacuation, we do not feel that it is
the sole cause of reduced salamander populations following logging. It is likely that all
three hypotheses are realized to some extent, and species may be differentially affected
by riparian logging. Southern Appalachian salamander assemblages are predictably
distributed with the largest and most aquatic black-bellied salamanders inhabiting the
stream and its banks; intermediate-sized seal salamanders are generally found within the
first 9 m of the stream; Ocoee salamander are the smallest and most terrestrial
Desmognathus species, with mean terrestrial habitat use out to 14 m; Blue Ridge two-
lined salamanders are the smallest stream-breeding species of the assemblage with mean
terrestrial habitat use extending beyond 50 m (Table 1; Crawford and Semlitsch 2007).
Our results show that this natural distribution and partitioning of the riparian habitat is
altered following even-aged timber harvest. Ocoee and two-lined salamanders were

significantly less abundant and had drastically reduced distributions at the 0-m and 9-m
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treatments, while two-lined salamanders also had significantly reduced riparian habitat
use at the 30-m treatment (Table 4, Table 1). Two-lined salamanders were not observed
in the stream during removal sampling or in leaf litter bags and Ocoee salamanders made
up the smallest fraction of the assemblage (Table 3, Fig. 3). It is unclear what happened
to these small-bodied species, though they are likely to have experienced high rates of
water loss in the hotter, drier logged habitat (Spotila 1972), which could have led to
increased mortality.

Highly terrestrial Ocoee salamanders were found more frequently in the stream at
the 0-m treatment immediately post-cut in 2006 than at any other site (Table 5). The rate
of capture for Ocoee salamanders continued to be higher than the 30-m or control sites in
2007, but decreased slightly, while Ocoee salamander captures increased by nearly 70%
at the 9-m treatment. Being the most terrestrially dependent Desmognathus species,
Ocoee salamanders at the 0-m treatment may have been immediately forced into the
stream following logging, while Ocoee salamanders at the 9-m were able to persist in the
riparian habitat slightly longer, delaying emigration until 2007 (Table 5). A similar trend
was observed with seal salamanders, as animals were more frequently encountered within
the 0-m and 9-m streams in 2007 (Table 5). These observations suggest temporal and
species specific responses to loss of riparian forest.

The cause of the decline in Ocoee salamander capture frequency (Table 5) and
density (Table 2) at the 0-m site is unclear. It is not known if these salamanders continued
to disperse once in the stream, if they were depredated by larger heterospecific
salamanders, or if they were inferior competitors for necessary resources in a community

with elevated salamander density. Interference competition has been suggested as
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possible mechanism in structuring salamander assemblages (Ransom & Jaeger 2006).
The increased density of seal salamanders and high densities of black bellied salamanders
at the 0-m and 9-m treatments may suppress surface activity of Ocoee salamanders. It is
likely that Ocoee salamanders were faced with multiple stressors within the stream, and if
forced back into the riparian habitat to escape predation or competition, were susceptible
to desiccation (Spotila 1972).

Black-bellied salamanders were a significant component of the salamander
density at the 0-m treatment (Table 3, Fig. 3), but we do not believe that the high density
observed is in response to even-aged timber harvest. Black-bellied salamanders are most
abundant in the stream and along its banks, infrequently venturing into the riparian
habitat (Peterman et al. 2008). Anderson et al. (2007) found that headwater streams have
a significant capacity to buffer against clearcut microclimate changes. As such, black-
bellied salamanders are likely less susceptible to changes in microclimate that may
adversely affect the more terrestrial seal, Ocoee, and two-lined salamanders. The
observed black-bellied salamander density at the 0-m and all other treatments represent
natural variation in population densities among sites (Camp 1997; Davic & Orr 1987;
Peterman et al. 2008). Though not directly affected themselves, as large and likely
superior competitors or predators, black-bellied salamanders may be influential in
shaping the composition of the rest of the salamander assemblage, particularly Ocoee
salamanders, which were conspicuously absent from the 0-m treatment during nighttime
removal sampling (Table 3) and were less frequently encountered in leaf litter trapping in

2007 (Table 5).
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Previous research has shown that terrestrial plethodontid salamanders, which do
not require streams for reproduction, show extreme population declines following even-
aged timber harvest (Ash 1997; Petranka et al. 1993). Petranka (1993) speculated that
these declines represented direct mortality of salamanders inhabiting cut forests. Our data
and research for stream salamanders do not fully support these findings, but we suggest
that responses are likely dependent on species-specific attributes and the severity of
microclimate and habitat change following logging. From caging Ocoee salamanders at
the 0-m, 9-m, and Control-1 treatments, we showed that salamanders are able to survive
in cut plots despite significant changes in the environmental variables (Table 6), but that
their body condition deteriorates significantly (Fig. 5). The loss in body mass is not an
artifact of caging, as salamanders in the Control-1 site gained weight over the course of
the study (Fig. 5). An important habitat characteristic in predicting salamander abundance
is leaf litter depth (Crawford & Semlitsch 2008), which was significantly reduced
following even-aged timber harvest (Table 6). Leaf litter is essential for terrestrial
invertebrate species richness (Seastedt & Crossley 1981); invertebrates are the
predominate prey source for stream salamanders (Petranka 1998), and therefore,
measured weight loss is most likely to due to a decrease in available prey items. As such,
we have evidence that a large proportion of the stream salamander population evacuated
the cut forest, but recognize that an immeasurable subset of the population were likely
killed, while others sought refuge and continue to persist.

We have provided compelling evidence for the evacuation hypothesis of stream
salamanders following even-aged timber harvest, but of equal importance in our research

is the finding that current U.S. Forest Service regulations for protecting headwater
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streams from riparian land uses are ineffective, as salamanders population were
significantly affected. A 9 m buffer was functionally no different than complete removal
of the riparian habitat with regards to stream salamander abundance, density, distribution,
and growth. The 9 m treatment was also unable to maintain environmental variables
significant for terrestrial habitat use by salamanders (see Crawford and Semlitsch 2008;
Table 6). Retention of a 30 m buffer seemed to ameliorate the immediate effects of even-
aged timber harvest for the majority of the salamander assemblage, though highly
terrestrial two-lined salamanders had a significantly reduced abundance and distribution
even at the 30-m treatment. We saw that salamander responses to riparian logging were
delayed one year at the 9-m buffer site (Table 5), and it is likely that population responses
will be further delayed in the 30-m treatment. In order to preserve functioning salamander
populations, core habitat must be identified and maintained. Crawford and Semlitsch
(2007) recommend a core terrestrial habitat of 42.6 m with an additional 50 m buffer to
protect against edge effects (92.6 m total). As significant components of headwater
ecosystems, salamanders should not be neglected in land management policy. There are
numerous regulations to protect riparian habitats surrounding larger lotic waterways
deemed significant for game fish species or direct human utilization, but what is often
overlooked is that the integrity of these systems is directly connected to headwaters
(Meyer et al. 2003; Vannote et al. 1980). The health and function of these headwaters
may be highly dependent on salamanders (Davic & Welsh 2004; Welsh & Droege 2001).
Whether realized or not, society is dependent on ecosystem services provided by healthy
headwater ecosystems. To best preserve these habitats while allowing for continued land

use, sufficient riparian buffers must be preserved.
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Table 1. Summary of nighttime occurrence distances” (m) from stream edge of the

salamander assemblage at the four experimental logging sites in the Wayah Ranger

District, Nantahala National Forest (2004-2007). Logging occurred between 2005 and

2006 at all treatments.

Species
Site/Year Assemblage” D. monticola D. ocoee E. wilderae
Control-1 2004 30.8, 38.2 11.7,29.1 13.7,17.5  36.5,44.6
2005 23.3,30.4 7.7,10.8 7.6, 14.0 34.8,44.7
2006 23.7,30.3 5.0,7.6 8.3,12.0 35.1,41.8
2007 22.1,29.8 5.0, 10.0 7.6,12.1 31.5,40.9
30-m 2004 27.1,35.2 8.7, 14.9 5.6,8.2 41.4,51.7
2005 24.6, 33.8 8.0, 84.2 8.9,12.4 42.3,56.1
2006° N/A N/A N/A N/A
2007 7.2,9.8 5.5,24.6 6.2,9.1 13.5,45.3
9-m 2004 23.4,31.5 4.8, 6.7 8.2,11.9 49.2, 60.9
2005 30.0, 36.8 15.0, N/A 6.1,10.2 37.6,44.0
2006 24,35 1.4,2.1 3.8,6.1 0.0, 0.0
2007 2.0,2.9 1.7,3.1 23,52 0.0, 0.0
0-m 2004 29.5,38.1 1.0, N/A 14.0,20.6  34.5,43.6
2005 24.7,32.3 1.7,4.5 7.9,12.2 35.9,45.2
2006 1.3, 1.9 1.3,2.8 2.0, N/A 0.0, 0.0
2007 1.3,2.8 1.5,7.9 1.0, N/A 0.0, 0.0
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“Distance encompassing 50% and 95% of the population, respectively.

b Assemblage denotes all salamanders (Desmognathus monticola, Desmognathus ocoee,

Desmognathus quadramaculatus and Eurycea wilderae).

© Site was undergoing logging and could not be sampled.
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Table 2. Raw capture numbers, population estimates from MARK, and total area of

removal plots sampled for all salamander species pooled together.

Population Lower Upper
Site Captures Estimate Area  Density 95% C.1.  95% C.1
0-m 90 116.32 27.38 4.25 3.79 5.11
9-m 78 106.12 35.65 2.98 2.57 3.82
30-m 71 96.55 44.98 2.15 1.85 2.69
Control-1 74 99.24 49.18 2.02 1.76 2.54
Control-2 74 96.91 40.76 2.38 2.10 2.92
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Table 3. Raw captures, population estimates from MARK, and total area of plots

sampled for individual species.

Population Lower Upper

Site Species” Capture  Estimate  Area  Density 95% C1 95% C.I
0-m DMON 51 69.95 2738  2.56 2.20 3.29
DOCO 2 2.61 2738  0.10 0.08 0.26

DQUA 37 51.69 27.38 1.89 1.60 2.53

9-m DMON 53 75.49 35.65  2.12 1.78 2.82
DOCO 9 12.46 35.65 0.35 0.28 0.59

DQUA 16 23.35 35.65 0.65 0.52 1.03

30-m DMON 21 31.53 4498  0.70 0.55 1.09
DOCO 16 23.61 4498  0.52 0.42 0.83

DQUA 34 49.5 4498 1.10 0.90 1.56

Control-1 DMON 26 38.01 49.18  0.77 0.63 1.13
DOCO 17 24.95 49.18  0.51 0.40 0.79

DQUA 31 44.86 49.18 091 0.75 1.29

Control-2 DMON 36 51.46 40.76 1.26 1.05 1.74
DOCO 14 20.71 40.76  0.51 0.40 0.83

DQUA 24 34.01 40.76  0.83 0.69 1.19

“DMON = Desmognathus monticola; DOCO = D. ocoee; DQUA = D. quadramaculatus
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Table 4. Summary of stream salamander abundances from nighttime transects at the four
experimental logging sites in the Wayah Ranger District, Nantahala National Forest

2004-2007)". Logging occurred between 2005 and 2006 at all treatments.

Species

Site/Year Assemblage” D. monticola D. ocoee E. wilderae
Control-1 2004 8.3 1.0 1.0 6.3
2005 13.3 3.0 2.7 7.7
2006 9.3 1.3 2.0 6.0
2007 8.0 1.3 1.7 5.0
30-m 2004 13.3 1.0 4.0 8.3
2005 7.7 0.7 3.3 3.7
2006° N/A N/A N/A N/A
2007 3.0 0.3 2.0 0.7
9-m 2004 12.0 3.0 2.7 5.7
2005 11.7 1.3 2.3 8.0
2006 1.0 0.0 1.0 0.0
2007 0.7 0.0 0.7 0.0
0-m 2004 6.3 0.3 1.0 5.0
2005 12.3 1.0 3.0 8.0
2006 0.0 0.0 0.0 0.0
2007 0.0 0.0 0.0 0.0

“Abundance is number of salamanders captured per transect.
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b Assemblage denotes all salamanders (Desmognathus monticola, Desmognathus ocoee,

Desmognathus quadramaculatus and Eurycea wilderae).

© Site was undergoing logging and could not be sampled.
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Table 6. Environmental variables for riparian areas at the four experimental logging sites
in the Wayah Ranger District, Nantahala National Forest (2004-2007). Logging occurred

between 2005 and 2006 at all treatments.

Environmental variables

Site/Year Leaf litter (mm) Soil temperature (°C) Soil moisture (%) Canopy (%)
Control-1 2004 32.7 20.5 38.2 93.1
Control-1 2005 30.7 20.5 34.2 91.4
Control-1 2006 29.2 20.0 354 91.4
Control-1 2007 37.0 19.9 38.6 92.6
30-m 2004 324 19.9 35.5 92.5
30-m 2005 35.0 19.9 38.2 90.8
30-m 2006" N/A N/A N/A N/A
30-m 2007 27.8 23.5 29.9 76.6
9-m 2004 29.9 18.3 36.5 91.5
9-m 2005 294 19.1 36.1 90.1
9-m 2006 17.2 24.8 18.6 19.6
9-m 2007 10.4 23.7 22.7 42.5
0-m 2004 30.2 19.3 36.0 90.7
0-m 2005 29.4 19.4 33.4 90.5
0-m 2006 8.7 29.7 11.5 19.1
0-m 2007 9.9 254 21.0 30.4

“ Site was undergoing logging and could not be sampled
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Figure 1. Map of eastern United States with inset depicting the Nantahala National
Forest in light gray and the Wayah Ranger District within the national forest in dark gray.

The star indicates the relative location of study streams within the ranger district.
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Figure 2. Diagram of the 0-m study site showing designated sampling blocks. Numbered
blocks are 40 m stretches of stream; each block was further subdivided into four 10 m

subsections. Within each 10 m subsection, 4 leaf litter bags were systematically placed.
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Figure 3. Density estimates for each salamander species. Asterisks indicate significant
differences among sites for each species based on 95% confidence intervals. The density
of D. ocoee from the 9-m site is marginally lower than estimated densities from the 30-m

or control sites. Error bars represent 95% confidence intervals.
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Figure 4. Removal sampling density estimates for all salamander species pooled
together. The abundance at the 0-m site was significantly greater than all other sites,
while the 9-m site was significantly greater than Control-1 and marginally greater than

30-m and Control-2. Error bars represent 95% confidence intervals.
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Figure 5. Change in body mass of caged salamanders over an 8 week period. 0-m and 9-
m treatments are significantly different from Control-1, but not different from each other.

Error bars represent £ 1 S.E.
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Chapter 4

SUMMARY AND CONSERVATION IMPLICATIONS

Impacts of even-aged timber harvest on larval salamanders (Chapter 2)

1. Using leaf litter bags, we sampled larval salamanders at five streams that had been
logged with varying riparian buffer widths retained: one clearcut (0-m buffer),
one 9-m buffer, one 30-m buffer, and two control streams (no riparian logging).
We found that Blue Ridge two-lined salamanders (Eurycea wilderae) were less
abundant at the 0-m and 9-m buffer streams with extensive clear cutting, while
black-bellied salamander (Desmognathus quadramaculatus) populations did not
differ among riparian treatments.

2. Using an information-theoretic approach we determined that larval two-lined
salamanders declined in abundance as sediment increased and riparian forest
decreased. Black-bellied salamanders were not affected by forestry-related
environmental changes, rather, it was found that black-bellied salamander
abundance was greater in upstream reaches and that activity was temporally
variable, increasing throughout the active season.

3. From data collected during this research, it is evident that current U.S. Forest
Service requirements of a 9 m riparian buffer are inadequate to maintain larval
salamander populations equal to or greater than those observed at 30 m or uncut
control streams. Though responses varied among species, we suspect that all

species will be adversely impacted by extensive riparian logging in the long-term.
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Our data were collected immediately following logging, and trophic cascades
resulting from loss of leaf litter in these allochthonous-driven ecosystems may not
yet have been realized. To best determine the impacts of riparian modification,
long-term research needs to track population fluctuations following logging and
through the succession; this data will allow for more informed, detailed

management decisions regarding riparian land use.

Impacts of even-aged timber harvest on adult and juvenile salamanders (Chapter 3)

1.

To test specific hypotheses regarding the fate of salamanders following even-
aged timber harvest, we quantified adult and juvenile salamander densities within
the five study streams. We employed removal sampling at each of the five study
streams, estimating population sizes using Huggins closed capture model with
heterogeneity. Adult Ocoee salamanders (D. ocoee) were caged in the riparian
habitat at three of the study streams (0-m, 9-m, and Control-1) to determine if
growth and body condition were affected by riparian logging. We also compared
terrestrial habitat use among the sites using relative abundance estimates from
transect sampling.

Adult and juvenile salamander densities within the stream were significantly
greater at the 0-m treatment and were elevated at the 9-m treatment as compared
to the 30-m and control treatments. In-stream population increases at the 0-m and
9-m treatments were driven mainly by seal salamanders, whose densities were

significantly greater at these streams. Black-bellied salamander populations were
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very large at the 0-m stream, but this is likely not the result of logging as black-
bellied salamanders are primarily restricted to the stream and immediate bank.

. The rate of capture for adult and juvenile Ocoee and seal salamanders within in-
stream leaf litter bags was greater at the 0-m and 9-m treatments than at the 30-m
or control treatments. Terrestrially dependent Ocoee salamanders had high
capture rates at the 0-m site immediately following logging in 2006, but were less
frequently captured in 2007. Ocoee salamanders at the 9-m treatment showed a
large increase in capture frequency in 2007. Seal salamanders showed a similar
trend, with capture rates increasing substantially in 2007, one full year following
logging. These observations suggest that even-aged timber harvest effects are
species dependent as well as dependent on the extent of the timber harvest.

. Ocoee salamanders were caged at the 0-m, 9-m, and Control-1 treatments to
monitor growth and body condition. There was no significant difference in the
initial weight of salamanders, but following the eight week caging, salamanders
from the 0-m and 9-m treatments had lost a significant amount of body mass
(20.1 % and 16.0%, respectively). These two sites differed significantly from the
Control-1, where salamanders gained an average of 3.40% in body mass.

. All of the measured terrestrial habitat variables changed significantly following
logging: canopy cover decreased, leaf litter decreased, soil moisture decreased,
and soil temperature increased. These changes in terrestrial habitat resulted in
decreased salamander abundances along nighttime riparian transects. Further, the

mean core habitat use was significantly reduced for two-lined salamanders at all

99



experimental treatments, while seal and Ocoee salamander habitat use was
significantly reduced at the 0-m and 9-m treatments.

Our observations provide direct support to the evacuation hypothesis, but also
show that mortality likely occurs following logging as well. We empirically
showed an increase in adult and juvenile salamander density within streams that
had highly modified riparian habitats. Without riparian alteration, stream
salamanders are expected to be distributed beyond 30 m from the stream edge,
with black-bellied salamanders being most prevalent in the stream and seal and
Ocoee salamanders abundant throughout the riparian habitat. We showed that
salamander body condition deteriorates in the 0-m and 9-m treatments and that
overall core terrestrial habitat distribution is also reduced in these treatments.
The cumulative evidence of these findings and previous work (Chapter 2) clearly
show that salamander populations are not maintained following complete timber
harvest or with the retention of a 9-m buffer. Rather, we have shown that a 9-m
buffer is ineffective, creating an environment that was no different than the 0-m
meter treatment with regards to salamander resource needs. Retention of a 30-m
buffer showed marked improvements in maintaining functional salamander
populations analogous to those measured at uncut control streams, but we again
caution that the long-term ramifications of even-aged timber harvest with a 30-m

buffer may not be immediately realized.
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Appendix A

ESTIMATION OF HEADWATER STREAMS USING GEOGRAPHIC

INFORMATION SYSTEMS

Introduction

Headwater streams are an important feature of the landscape and are estimated to account
for at least three-quarters of the stream and channel length within the United States
(Meyer & Wallace 2001). Defined as the smallest tributaries on the landscape,
headwaters are often overlooked and underappreciated, though they provide numerous
benefits (ecosystem services) such as recycling of nutrients, maintenance of biodiversity,
and sustenance for downstream biological productivity (Meyer et al. 2003; Naiman &
Decamps 1997).

Headwater streams in temperate climates are largely detritus based ecosystems
with little to no primary productivity (Gomi et al. 2002; Wallace et al. 1999). As such,
headwater systems depend on allochthonous inputs from the surrounding riparian habitat,
which are then utilized by numerous invertebrate detrivores (Vannote et al. 1980).
Salamanders are a prominent predator of invertebrates in eastern headwater streams and
have been estimated to exceed small mammals and breeding birds in total vertebrate
biomass (Burton & Likens 1975; Peterman et al. 2008). Salamanders in the Appalachian
Mountain region are abundant and ubiquitous in and around headwater streams. These
salamanders belong to the family Plethodontidae and all are lungless, respiring across the

surface of their moist skin. Members of the subfamily Spelerpinae are even more

101



intimately tied to headwater streams as they have biphasic life cycles: an aquatic larval
stage and a terrestrial adult stage (Petranka 1998). The unique life history, physiological
characteristics, abundance, and widespread distribution of Plethodontid salamanders
makes them important indicators of biodiversity and ecosystem integrity (Southerland et
al. 2004; Welsh & Droege 2001; Welsh & Ollivier 1998).

Currently, there is a disconnect between the known importance of headwater
ecosystems and their acknowledgement as features on the landscape (Meyer et al. 2003).
Most headwater streams are not identifiable on a standard 1: 24,000 resolution
topographic map (the most detailed and readily available resolution). Further, headwater
streams receive little, if any, protection from development or land use. Current United
States Forest Service guidelines require that only a 9 m buffer be retained around
headwater streams to protect against land uses, which is inadequate protection when
considering the biology of plethodontid salamanders and their sensitivity to land uses
(Olson et al. 2007; Price et al. 2006; e.g. Welsh & Ollivier 1998; Willson & Dorcas
2002). In order to preserve functioning salamander populations, Crawford and Semlitsch
(2007) recommend a core terrestrial habitat of 42.6 m with an additional 50 m buffer to
protect against edge effects (92.6 m total). This dissociation between headwater stream
abundance and importance is a disturbing trend, but new technologies can advance our
understanding of the role and distribution of headwater systems across the landscape.

In this paper, I detail the steps and technology used to derive flow paths for
headwater streams within the Nantahala National Forest, North Carolina, USA. There is
inherent ambiguity and imprecision in these estimates, but they are an attempt to

objectively quantify the abundance of headwater streams across the region, giving better
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resolution to the extent of potential habitat for ecologically important salamanders and

the subsequent loss of habitat through development and land use.

Methods

The length and area of headwater streams in the Wayah and Highlands Ranger Districts
of the Nantahala National Forest, North Carolina (Fig. 1) was estimated using ArcGIS
(ESRI; Redlands, CA, U.S.A.; v 9.1). Data layers were obtained from the United States
Geological Survey seamless data distribution website (USGS 2007) and the United States
Forest Service. Stream networks were delineated from 10-m resolution digital elevation
(DEM) data (Tarboton et al. 1991; Wang & Yin 1998).

To begin, the DEM data layers were pieced together (mosaic function) to create a
single coverage for western North Carolina. The DEM was then clipped to the shape of
the national forest using the raster calculator. It was then necessary to process the DEM
layer using the hydrological tool set, beginning with the fill function. Following this, the
direction of water flow across the DEM surface was estimated using flow direction. After
the flow direction was known, the flow accumulation was measured using the filled DEM
layer and the flow direction layer. The derived flow accumulation layer is a continuous
raster (grid) layer, whose values are representative of the land area contributing to the
water accumulation seen in a particular grid cell. This layer can be adjusted to accurately
represent streams as they exist on the landscape. To do this, locality and width data for 55
known headwater streams were used to truth and refine the final stream layer.

After the appropriate flow accumulation was set, streams were assigned an order

based upon the Strahler method (Strahler 1964). Only first and second order streams (i.e.
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headwaters) that were flowing through forested areas were selected for estimation of total
stream length and area, as these streams are more likely to provide sufficient habitat to
support salamanders. Forest habitat delineations were made using 2001 National Land
Cover Data (NLCD). Headwater stream area was estimated using the average width from

47 measured first and second order streams.

Results

In order to derive stream layers, the flow accumulation layer had to be adjusted. It was
found that a flow accumulation >250 (i.e. a drainage area of 2.5 ha) resulted in natural
looking stream flows and correctly identified 85% (47 of 55) known headwater streams.
The average width of first and second order streams did not differ significantly (F =
4.057; df =1, 45; p=0.513), and average headwater stream width (first and second order
streams) is 2.41 m (95% C.I. = 2.00 - 2.83 m). Headwater streams accounted for 78.51%
of total stream length (first order = 55.72%, second order = 22.80%), which is equivalent
to 7485.51 km of stream (Table 1). Using the average width for headwaters, the area of
headwater streams was calculated to be 1,805.28 ha.

Using the 2005 USGS land use, land cover data layer, forested habitats were
selected. The total area of forest within the Highlands and Wayah Ranger districts is
256,888.22 ha, which is 86.36% of the total area of the ranger districts (Table 2).
Crawford and Semlitsch (2007) recommended preserving a core terrestrial habitat of 42.6
m for salamanders, with a 50 m buffer (92.6 m total). If these estimates were to be

utilized, 32.41% of the forest would be protected in core habitat and 65.83% of the forest
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would be protected by the core habitat and buffer (83,259.25 ha and 169,099.17 ha,

respectively).

Discussion

In this exercise, I attempted to delineate the extent of headwater streams within the
Ranger districts of the Nantahala National Forest for which I had empirical evidence for
streams existing as well as specific stream attributes such as width. My estimates of
headwater streams and subsequent salamander habitat are hard to validate without
extensive random field truthing of estimated stream courses. My estimate that headwater
streams account for 78% of the total stream length corroborate other estimates previously
reported for the region (Leopold et al. 1964; Meyer & Wallace 2001). Further, Wang and
Yin (1998) showed that superior estimates for predicted stream courses were produced
from higher resolution (1: 24,000, ~30-m DEM equivalent) DEM data layers. This
exercise utilized even finer resolution DEM data (10-m). Though not explicitly tested, it
seems a logical assumption that advances in GIS estimation algorithms as well as
refinement of high resolution digital elevation layers would result in better resolution and

estimation power.
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Table 1. Length and percent of total stream length for each stream order.

Stream  Length  Percent
Order (km) Total

1 5312.18 55.72

2 2173.33  22.80
3 1039.27  10.90
4 541.34 5.68
5 282.58 2.96
6 128.62 1.35
7 29.76 0.31

8 26.97 0.28
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Table 2. Area of National Forest Ranger Districts and the forested habitat within them.

Land Area Forest Area Forested Land

Ranger District (ha) (ha) (%)

Highlands 159,197.08 121,923.70 76.59
Wayah 138,275.31 134,964.52 97.61
All Ranger Districts 642,671.45 563,887.66 87.74
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Figure 1. Map of the eastern United States with the inset showing the Nantahala National

Forest and the ranger districts used for headwater stream estimation.
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Appendix B

DENSITY ESTIMATION OF LARVAL EURYCEA WILDERAE

Introduction

Salamanders are often considered to be the most abundant vertebrate organisms in
headwater-riparian ecosystems, contributing a significant amount of biomass to
ecological and ecosystem processes (Burton and Likens 1975, Davic and Welsh 2004,
Peterman et al. 2008). Research has shown that salamanders can exert significant top-
down limitations on ecosystem processes, acting as predators of detrivorous organisms
(Davic 1983, Wyman 1998). This intermediate trophic position also makes salamanders
susceptible to bottom-up limitations of leaf litter in largely allochthonous-based
headwater ecosystems (Johnson and Wallace 2005). Though salamanders are thought to
be integral components to fishless headwater streams, acting as predators and prey, actual
quantification of their importance has been limited by accurate estimation of population
sizes and densities (Bailey et al. 2004, Dodd and Dorazio 2004).

Eurycea wilderae (Blue Ridge Two-Lined Salamander) are often the most
abundant larval species encountered in Appalachian headwater streams (WEP
unpublished data). During the day larval two-lined salamanders seek refuge under rock
cover or in interstitial spaces in the gravel streambed, but move about the stream feeding
at night (Petranka 1984). Variable activity patterns have been noted in other salamander
species and life stages (Hairston 1949, Orser and Shure 1972), and can result in
drastically different measures of abundance and habitat use (Crawford and Semlitsch

2007). Previous estimates of larval salamander abundance and density have employed a
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variety of techniques that include passive sampling using leaf litter bags, drift nets, or
funnel traps (e.g. Bruce 1986, Waldron et al. 2003, Willson and Dorcas 2003), daytime
visual encounter surveys that include lifting of cover objects (e.g. Welsh and Ollivier
1998, Barr and Babbitt 2001, Lowe and Bolger 2002, Smith and Grossman 2003), active
dipnetting (Willson and Dorcas 2003), or a combination of methods (Nowakowski and
Maerz In review). Data collected through these various methods has subsequently been
analyzed using mark-recapture techniques (Johnson & Wallace 2005; Lowe 2003),
removal equations (Jung et al. 2005; Spight 1967), or using replicated counts (Dodd &
Dorazio 2004).

Though there are a variety of sampling and estimation options available,
researchers are often most restricted by time and resources in conducting surveys. In this
study, we assess two population estimation techniques: passive trapping with mark-
recapture and active depletion sampling. We compare both the time and resources
involved with each of these techniques and the subsequent population estimates

calculated from each method.

Methods

Surveys for larval Eurycea wilderae were conducted at four headwater streams in the
southern Appalachian Mountains near Highlands, North Carolina, U.S.A. during June
and July of 2007. Passive trapping of larval salamanders was done using leaf litter traps
(Nowakowski and Maerz In review). Each trap was constructed from a 53 x 26 x 6 cm
plastic plant pallet (~$0.40 each). Each trap was covered with 1.9 cm” garden mesh,

which was held in place using plastic cable ties on three sides. Traps were then filled with

113



leaf litter and the fourth side was secured with a metal binder clip. Three traps were
deployed at each stream, at least 5 m apart. Each trap was placed on the streambed and
weighted with one or two rocks to keep it in place as well as tied to a secure branch or
root on the stream bank to prevent loss from drift. Traps were set for 10 days prior to
checking to allow for colonization of invertebrates and salamanders. Leaf traps were
checked once every three days for a total of four sample periods. To check for larvae, leaf
traps were quickly removed from the water and placed over a 60 x 40 x 22 cm
Rubbermaid® container. The trap was shaken and agitated while approximately 35 1 of
water were poured over the trap. Collected water and sediments were then poured
through a 15 x 20 cm baitnet. The consolidated contents were then transferred into a
white tray (40 x 30 x 8 cm) and sorted. All larvae were identified, counted, and given a
cohort mark by clipping the tail tip at a 45° angle. All salamanders were then released at
the trap location after it was reset. After the fourth and final trapping period, all
salamanders were released and traps were removed from the stream.

Depletion sampling was conducted at the same localities as the trapping for a
direct comparison of techniques. Each site was searched twice a night (at least 45 minutes
between searches) for 3 consecutive nights (6 total samples). Flags were placed in the
stream bed to delineate the search area for depletion sampling. Larvae were captured
using dipnets and turkey basters. Following each sample, larvae were released at least 15
m downstream from the most downstream sample location.

Mark-recapture data collected from trapping were analyzed using a Shumacher-
Eschmeyer estimator (Seber 1982). Data from the three traps were pooled together for a

single abundance estimate for each site. Abundance estimates were converted into density
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estimates, assuming that the total area covered by each trap was 0.375 m? (0.75 x 0.50 cm
per trap). Removal data were converted to densities and analyzed in program capture
using Pollock and Otto's closed population estimator (Pollock and Otto 1983).

Site characteristics were measured at each trap location and then averaged for a
single site value. Width and depth were measured with a meter tape and ruler,
respectively. Canopy cover was measured from the center of the stream using a spherical
crown densiometer. Streambed sedimentation was measured using a 0.25 m* sampling
grid divided into 25 sections. Sedimentation values are the percent sedimentation per

square meter.

Results

The four study sites did not differ substantially with regards to measured habitat
characteristics (Table 1). Density estimates could not be made using depletion sampling
at site 2 due to a lack of captures; nor could estimates be made using mark-recapture at
site 4 due to a severe storm and high water that disturbed the traps. Through trapping, we
caught a total of 211 larvae, while 237 were captured through active depletion sampling.
Density estimates using mark-recapture and depletion sampling differed at the same sites
(Fig. 1). Estimates made through mark-recapture ranged from 75 larvae.m™ (95% CI =
69.34 - 79.58) to 137 larvaesm™ (95% CI = 113.87 - 160.80) and estimates from depletion
ranged from 50 larvae.m™ (95% CI = 40.30 - 73.48) to 99 larvae.m™ (95% CI = 83.83 -
128.43; Fig. 1). Mark-recapture methods generally had narrower 95% confidence

intervals than those from depletion estimates.
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During the course of data collection, the time needed to complete a sample was
recorded (sample = the time to check three traps at a site or search 3 plots during
depletion sampling). Both methods required about 0.50 h per site, but more sample
periods were required to get accurate estimates using depletion methods (see methods,
Table 2). As a result, the total effort for depletion sampling was greater and the cost in

time per salamander was lower using depletion sampling (Table 2).

Discussion

We successfully obtained density estimates for larval E. wilderae using two
different closed capture techniques. In order for these techniques to be valid, four
assumptions needed to be met: (1) the population was closed from immigration,
emigration, births, or deaths; (2) all animals had the same chance of being caught in a
sample (i.e. must be a non-biased sample); (3) marking animals does not effect their
catchability or survivability; and (4) animals do not lose marks between the two sampling
periods (Bailey et al. 2004). We are confident that these assumptions were satisfactorily
met, as both studies (once started) were completed in less than 10 days. This short time
period should have limited significant movement into or out of the sample populations,
and marks could not be lost over such a short time period. Survivability and catchability
are harder to estimate, but these same techniques have been used in longer term studies
(WEP unpublished data) without apparent adverse effects.

Both trapping with mark-recapture and depletion sampling provided estimates of
population density, though success per hour effort differed substantially (Table 2). In

general, mark-recapture provided more precise 95% confidence intervals than depletion
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sampling. Confidence intervals and estimates for both techniques could likely be refined
with the inclusion of more sample periods, but we felt that these were the minimum
samples needed for each technique and have made comparisons as such. Trapping and
mark-recapture of larval salamanders proved to be cost effective, time efficient, and
required no previous experience in locating and effectively capturing salamanders (Table
2). All of these are important and attractive attributes for implementing replicated studies
using minimally trained personnel. Conversely, nighttime depletion sampling required a
fair amount of researcher effort and experience, which is hard to objectively quantify. In
order to get accurate estimates from depletion sampling, sample sizes need to show a
steady, progressive decline over time (White et al. 1982), which can be variable
throughout the night depending on weather conditions, stream conditions, or time of
sample period (Hairston 1949, Orser and Shure 1972, Barr and Babbitt 2002, WEP pers
obs). Further, nighttime sampling can be more difficult and hazardous, though we
strongly suggest nighttime sampling for larval salamanders over daytime area constrained
natural cover searches.

The ability to estimate stream salamander abundance has plagued researchers
(Bailey et al. 2004, Dodd and Dorazio 2004), limiting quantification of their contribution
to important ecological processes (Davic and Welsh 2004). Numerous plethodontid
salamanders of the subfamily Spelerpinae have biphasic life cycles with aquatic larvae
and terrestrial adults. This complex life history and utilization of multiple habitats likely
makes salamanders important contributors to nutrient cycling and transfer between
aquatic and terrestrial systems (Regester et al. 2006). Estimated densities for larval

salamanders are conspicuously absent from the literature. Previous density estimates for
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larvae of the Eurycea bislineata complex have varied substantially: E. bislineata = 0.70 -
1.30 larvae.m™ (Barr and Babbitt 2002; study in New Hampshire); E. cirrigera = 10.75 -
72.81 larvae.m™ (Nowakowski and Maerz In review, study in Georgia); and E. wilderae
1.08 - 1.16 larvae.m™ (Johnson and Wallace 2005; study in North Carolina). It is hard to
determine whether this variation is attributable to geography, species, or the quality of
habitat. Our estimates of 75 (95% CI = 69.34 - 79.58) to 137 (95% CI = 113.87 - 160.80)
E. wilderae.m™ using passive trapping are among the highest reported, and suggest that
salamanders are likely important and influential organisms in headwater streams.

The importance of salamanders to headwater stream communities is becoming
more evident (Peterman et al. 2008), further reinforcing their ecological importance
(Davic and Welsh 2004). From the results of our study, we suggest that larval
salamanders can be effectively sampled using a leaf litter trapping technique with mark-
recapture. The quality and resolution of the subsequent results are largely dependent upon
the number of sample periods used, but we have demonstrated that four sample periods
were sufficient to get estimates using simple cohort marking and Shumacher-Eschmeyer
estimation methods. Nowakowski and Maerz (In review) recommended using a
combination of trapping and dipnetting to optimize sampling of all size classes and
species, and this may be a more effective approach depending on the research goals. With
refined sampling techniques and estimation capabilities, future research should
incorporate important ecological and ecosystem processes that include both larval and

adult salamanders.
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Table 1. Site profiles for each study stream.

Locality Elevation — Width Depth  Percent  Percent
Site (UTM) (meter)  (meter) (mm) Canopy Sediment
Sitel 17 S 0301599 928 2.44 114 90.99 30.00
3879690
Site 2 17 S 0301503 900 2.79 106 89.95 30.67
3877790
Site 3 17 S 0300354 1170 4.00 109 93.76 28.00
3881304
Site 4 17 S 0300496 1180 3.60 92 93.07 23.62

3881445
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Table 2. Estimated cost and effort involved with each sampling method. The mark-
recapture study was concluded after four sample periods; depletion was concluded after

six sample periods. Total effort is the total time needed to sample four sites.

Cost per  Time per  Time per Total

Method trap sample (h)  site (h)  Effort (h)  Salamanders ™"
Mark-recapture ~ <§2.00 0.48 1.92 7.68 27.47
Depletion - 0.54 3.24 12.96 18.29
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Figure 1. Estimated larval density and 95% confidence intervals for the four study sites
and the two estimation methods. No data were available to make estimates at sites 2 and

4 using depletion and mark-recapture sampling, respectively (see results).
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Appendix C

STUDY STREAM LOCATIONS AND CHARACTERISTICS
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