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ABSTRACT

The southeastern United States contains the largest area on Earth devoted to intensive pine growth and represents an area experiencing rapid forest
conversion for residential development. This region also harbors the highest lungless salamander diversity in the world. Studies repeatedly
demonstrate that this taxon responds negatively to forest conversion. In this study, we evaluated terrestrial salamander abundance in four forest types
commonly found on the southern Cumberland Plateau, USA: unmanaged, residential, burned, and harvested. Our results indicate that terrestrial
salamanders occur in low surface abundance in this landscape but are found at their highest abundance in residential forest patches. Although we are
unable to assess if these areas have always harbored higher abundances of terrestrial salamanders, these residential forest fragments have high
conservation value to retain terrestrial salamanders in a heavily managed landscape.

Index terms: abundance; forest management; microhabitat; terrestrial; urban ecology

INTRODUCTION

Forests in the southeastern United States serve multiple
purposes by supporting (1) economic development through
harvesting natural resources, (2) conservation of native com-
munities of plants and animals, and (3) the natural amenities
that humans value (Best 2002; Zhang et al. 2005; Turner et al.
2013). A long history of human habitation in the region has
resulted in most of these forests being privately owned, with
increased parcelization as they are subdivided and transferred to
new owners (Riitters et al. 2002; Hatcher et al. 2013).
Consequently, large contiguous tracts of forest are rare, and their
current condition is dependent on past landowner priorities.
Determining if forest types can support multiple objectives is key
toward developing landscape plans that promote the goals of all
stakeholders.

Terrestrial amphibians represent a diverse local community
known to be sensitive to changes in local forest conditions
(deMaynadier and Hunter 1995; Semlitsch et al. 2009; Hocking
et al. 2013; Guzy et al. 2019). Because terrestrial amphibians play
important ecological roles, forest conversion can result in shifts
in a wide array of ecosystem functions including prey and
predator abundance as well as energy and nutrient recycling
(Best and Welsh 2014; Milanovich and Peterman 2016; but see
Homyack et al. 2011). Amphibian responses to forest conversion
are dependent upon the contextual relationship between
management activities and microscale habitat changes (Cantrell
et al. 2013; Otto et al. 2013; Peterman and Semlitsch 2014).

Lungless amphibians rely on cutaneous respiration that
requires cool and humid microclimates for foraging and
breeding activities (Peterman and Semlitsch 2013; O’Donnell et
al. 2014). Following forest management that includes biomass

reduction via harvest or fire, losses in canopy cover and
reductions in coarse woody debris (CWD) increase solar
radiation and decrease soil moisture. Ultimately, forest floor
microclimates become warmer and drier resulting in amphibian
occupancy declines (Klauber et al. 2009; Peterman and Semlitsch
2013; MacNeil and Williams 2014). Individuals that persist in
these forests have reduced size, survival, and reproductive rates,
and limited dispersal abilities restrict their ability to evacuate
these altered forests (Peterman et al. 2011; Connette and
Semlitsch 2013; O’Donnell et al. 2015). Restricted movement
through well-lit, warm, and dry areas can also disrupt dispersal
and metapopulation dynamics (Rittenhouse and Semlitsch 2006;
Cecala et al. 2014). Determining how management strategies
affect nontarget species through shifts in microclimate is the first
step in promoting the alignment between human needs and
conservation goals (Rudel et al. 2005; Ananda and Herath 2009).

Our study investigated the hierarchical relationships among
forest use, microclimate, and lungless salamander density. We
evaluated microclimate, CWD, and lungless salamander density
in existing forest stands common to the southeastern United
States. To characterize this region, forest fragments were first
categorized by whether they receive management interventions
or not. In the latter category, we compared plots within forested
and residential landscapes. The managed category included
forest fragments undergoing management to improve the
abundance and distribution of native species and included
reductions in basal area (thinning) or prescribed fire. We
hypothesized that lungless salamander diversity and surface
density would be highest in unmanaged forests, which we
predicted would have cooler temperatures and higher humidity
levels.
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METHODS

Our study area was a 13,000 ha mixed use forest on the
southern Cumberland Plateau of Franklin County, Tennessee,
USA. Development in the area is characterized by low-density
housing set amidst broad expanses of undeveloped forest (2.15
ha per residential unit). The area also has records of land use for
at least the past century with much of the currently undeveloped
and unmanaged forest being previously cut for timber 60–100 y
ago similar to most southeastern forests (Ramankutty and Foley
1999; Rudel et al. 2005). However, residential forest fragments
have been in existence for more than a century and have likely
experienced either no or low-intensity disturbance by land-
owners. In the past two decades, a management regime
including timber harvest and prescribed fire has been imple-
mented to maintain historical disturbance histories and native
communities. Often compartments selected for prescribed fire
were subject to logging in the decade before fire was
implemented. Upland forest salamander communities are
dominated by species with direct development that do not
require aquatic habitat for breeding or juvenile development
(e.g., Aneides aeneus, Plethodon dorsalis, Plethodon glutinosus;
Niemiller and Reynolds 2011). Occasionally, stream-breeding
salamanders in the nonbreeding seasons may also be found in
upland habitat (Niemiller and Reynolds 2011; Guzy et al. 2019).

We chose site types to represent different forest management
regimes common in this area. We classified site types for our
study as follows: Unmanaged - mature forest stands that had not
been actively managed in the past 60 y (although one site was
selectively harvested for white pine in 1985, less than 5% of basal
area); Thinned - forest stands that had undergone selective
harvesting of approximately 50% of the mature stems within the
past 10 y; Burned - forest stands that had undergone a prescribed
burn 1–3 y before sampling; and Residential - forest patches with
low-density human development within 300 m on all sides of
our 30 3 40 m study areas described below. We identified 3
replicate sites from each treatment using GIS software and
spatial data provided by the University of the South.

At each site, we placed 12 composite plywood coverboards
~10 m away from one another in a 3 3 4 grid. The coverboards
were each 1.2 3 0.9 m in size for a sampled area of 13 m2.
Coverboard arrays were haphazardly placed in the center of the
treatments they represented and were allowed to weather for 8
mo before commencing sampling during a salamander activity
period in this region (Niemiller and Reynolds 2011). Terrestrial
salamanders have small home ranges and strong site fidelity
(Jaeger and Forester 1993). Therefore, it is unlikely that
salamanders were recruited to the coverboards from nearby
cover objects, and this represents a standard methodology
(Hesed 2012). Sampling took place over 19 d beginning on 20
February 2016, for which we assumed the population was closed
for the purposes of modeling surface abundance. Each site was
surveyed on three different days with no fewer than four days
between sampling events. Sites were surveyed by flipping the
coverboard and visually surveying for salamanders underneath
for at least 30 sec. All detected salamanders were captured,
identified to species, and counted before being released back
under the coverboard where they were found.

We also collected microclimatic variables at each site. We
placed a HOBO datalogger (Onset Corporation, Bourne,
Massachusetts, USA) at each of these sites at a height of 10 cm
on the north side of a tree to collect temperature and relative
humidity data every 15 min during the sampling period. We
analyzed mean daily variation in both temperature and relative
humidity to better describe variation among sites that could be
obscured by daily means, minimums, or maximums. Within the
1200 m2 coverboard array at each site, we counted total number
of woody debris larger than 15 cm in diameter at its largest
point.

We estimated surface salamander density using binomial
mixture models (Royle 2004) using a Bayesian framework with
Markov chain Monte Carlo sampling. All models were
implemented in WinBUGS 1.4 (Lunn et al. 2000) and data
handling in R (R Core Team 2013; Package R2WinBUGS). Using
a single-season N-mixture model assuming a closed population,
we modeled capture probability as a function of capture day to
correct for any trap-shy behaviors, but the design of this
experiment required that we assume that capture probability was
similar across all forest types. Species surface abundance was
assumed to follow a Poisson distribution with a log link function
and was modeled as a function of forest type and included a
random intercept for site. We ran replicate models comparing
each forest type to all others for each captured salamander
species. We used uninformative and diffuse prior distributions
for all parameters (bx ~N(1,102), ax ~N(0,1.62); Royle and
Dorazio 2008; Kéry and Schaub 2012). Convergence was
evaluated visually via trace plots. Each model was run on three
independent chains of 200K iterations each after a burn-in
period of 20K iterations that were discarded. The output was
thinned by a factor of 3 resulting in a total of 200K iterations
used to draw inferences. We present the mean and 95% Bayesian
credible interval for the posterior distributions of the effects of
each forest type on abundance and random intercepts on the log
scale. We back-transformed estimates of capture probability and
abundance. Significance of effects was determined if more than
90% of the 95% credible interval of the effect of a particular
forest type on abundance was either positive or negative.

RESULTS AND DISCUSSION

Among all forest types, we documented four species of
salamanders using coverboards, which included P. dorsalis (N¼
73, sites¼ 9), P. glutinosus (N¼ 14, sites¼ 5), Eurycea wilderae
(N¼ 1, sites¼ 1), and Pseudotriton ruber (N¼ 1, sites¼ 1). Low
captures of E. wilderae and P. ruber prevented their inclusion in
further analyses of abundance. Capture probabilities were
unassociated with sampling day but varied by species with P.
glutinosus (0.86, 0.26–0.96; mean, 95% credible interval) having
slightly higher capture probabilities than P. dorsalis (0.51, 0.15–
0.95) although credible intervals were widely overlapping.
Random intercepts for P. dorsalis surface abundance were
between�4.35 and�0.94 (range of site means on a log scale) and
between�8.60 and�1.28 (range of site means on a log scale) for
P. glutinosus surface abundance. Calculated surface density in
our study area was low for both species (0.07 m�2 for P. dorsalis
and 0.05 m�2 for P. glutinosus; Figure 1). Residential forests had
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a positive influence on both P. dorsalis and P. glutinosus surface
density (Table 1, Figure 1). Unmanaged and thinned forests had
no effect on P. dorsalis and P. glutinosus surface density (Table 1,
Figure 1). Burned forests had opposing effects on salamander
surface density with positive effects on P. dorsalis density but
negative effects on P. glutinosus (Table 1, Figure 1). Surface
densities of P. dorsalis were higher than P. glutinosus regardless
of forest type.

Contrary to our expectations, unmanaged forests did not have
the highest salamander surface densities. Residential forests had
higher densities of both of the most abundant species whereas
burned treatments had species-specific responses. This pattern is
consistent with other studies demonstrating species- and region-
specific responses to prescribed fire and biomass removal
(Russell et al. 2004; Cantrell et al. 2013; Sutton et al. 2013; Guzy
et al. 2019). Research suggests that species adaptation to regional
climatic and disturbance regimes plays an important role in

determining how a population will react to forest management
treatments that mimic natural disturbance regimes (deMay-
nadier and Hunter 1995; Russell et al. 2004). Different spatial
and temporal habitat use patterns could explain variation in
abundance of our focal species in burned forests. In particular, P.
dorsalis is more active in winter and early spring when the effects
of increased solar radiation in burned forests may be buffered by
cool temperatures (Peterman and Semlitsch 2013, 2014;
O’Donnell et al. 2014). Although burned and thinned forests
would result in higher solar radiation, salamanders may have
responded differently to common forest management strategies
due to variation in their effects on microhabitat. Behavioral
responses to microhabitat conditions like high soil moisture
could result in both positive changes to surface activity and/or
overall abundance, but our study was only able to quantify
changes in surface activity. We recommend longer-term studies
on abundance of terrestrial salamanders in residential areas to
collect data necessary to parse differences between changes in
activity vs. abundance (O’Donnell et al. 2014).

Replication of microclimate data was impossible because of
the destruction of data loggers by wildlife resulting in only one
usable continuous record per treatment. Mean daily variation in
temperature was highest in unmanaged forests, but nighttime
temperatures were higher in thinned and burned plots (N ¼ 4;
Figure 2a). Mean daily variation in humidity was lowest in the
burned plot, which also had the lowest observed humidity (N¼
4; Figure 2b). The burned forest replicate exhibited the greatest
mean total amount of woody debris .15 cm in diameter
followed by residential forest and finally the thinned and
unmanaged forests (N ¼ 12; Figure 2c).

Structural complexity created by CWD can serve as refuge
from high temperatures and low humidity and as a food
resource for invertebrate prey (Butts and McComb 2000; Ford et
al. 2010; O’Donnell et al. 2015). Our data suggest a positive
relationship between CWD in burned (for P. dorsalis) and
residential forests with salamander surface density. Retention of
CWD appears to be an important mitigation strategy to facilitate
wildlife persistence in forests with active biomass removal or
prescribed fire regimes (Ford et al. 2010; Homyack and Haas
2013; O’Donnell et al. 2015). Contrary to the suggestions of
previous studies (Ash 1997; Herbeck and Larsen 1999; Raybuck
et al. 2015), we found little difference in microclimatic variables
such as mean daily variation in temperature or humidity among
the four treatment types, but our inferences about microclimatic
variation are limited. Regardless of changes in microclimate,
structural changes to the forest floor can either mitigate
microclimate changes or may themselves have direct effects on
salamander populations (Klauber et al. 2009; Ford et al. 2010;
Otto et al. 2013).

Forest fragments play an important role in maintaining
wildlife in urban and exurban areas and support biodiversity on
a regional and landscape scale (Rodewald 2003; Scheffers and
Paszkowski 2012; Turner et al. 2013). Soils on top of the
Cumberland Plateau have low moisture retention properties, but
residential development appears to decrease the speed with
which water drains from the top of the Cumberland Plateau
(Arnwine et al. 2006; Kirchberg et al. 2016). Despite all plots
having similar distances from streams, it is possible that

Figure 1.—Surface density of plethodontid salamanders (m�2) in winter
2016 for each of four forest types found on the southern Cumberland
Plateau of Tennessee (N ¼ 12). The 95% credible interval was back-
transformed from the posterior distribution of a repeated count model.

Table 1.—Captures of two species of terrestrial plethodontid salamanders in
each of four forest types found on the southern Cumberland Plateau of
Tennessee in the winter of 2016. Also presented are estimates of the mean effect
of each forest type on estimated surface abundance with 95% credible intervals
on the log scale.

Captures Mean 2.50% 97.50%

Plethodon dorsalis

Unmanaged 4 �0.02 �1.57 1.96

Thinned 3 �0.01 �1.96 1.95

Burned 24 1.88 0.86 3.02

Residential 58 3.02 2.49 3.81

Plethodon glutinosus

Unmanaged 2 0.01 �1.96 1.95

Thinned 2 0.02 �1.96 1.96

Burned 0 �8.14 �22.54 0.21

Residential 10 2.4 0.92 4.28
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residential forests have higher soil moisture positively associated
with salamander surface activity and abundance (Peterman and
Semlitsch 2013, 2014). Higher soil moisture may be due to
complex groundwater dynamics caused by old and leaky water
systems that increase baseflow and groundwater recharge
capacity as well as accumulation of ground cover reducing
evaporative losses (Nilsson et al. 2003). Although most forests
today have long histories of multiple uses, unmanaged forests in
this area were disturbed as recently as 60 y ago whereas
residential fragments have been stable for over a century (Smith
and Suarez 2010). In our study, residential forests are older
forest stands embedded in residential development. Older forests
have well developed leaf litter layers and higher soil moisture

that can facilitate salamander persistence in otherwise urbanized
landscapes (Weaver and Barrett 2018; Macklem et al. 2020; but
see Cecala et al. 2018). We acknowledge that the lack of pre-
treatment data prevents us from determining if these fragments
began with higher salamander abundances or if short-term
treatment effects may disappear (Hocking et al. 2013; Homyack
and Haas 2013), but little historical data is available in this
region. Furthermore, evidence is mixed regarding the usefulness
of surface abundance estimates for understanding land man-
agement effects as they can be decoupled from total population
size (O’Donnell et al. 2014; Connette and Semlitsch 2015).
Because terrestrial salamanders extensively use subsurface
habitat and emergence from subsurface habitat is contingent on
surface conditions including microclimate, counts of salaman-
ders on the surface are incomplete and have variable relation-
ships with the abundance of salamanders in the subsurface (and
unsampleable) region (McEntire and Maerz 2019). Regardless of
the starting condition, we conclude that, in this altered, multi-
use landscape, residential forest fragments may play an
important role in supporting regional terrestrial salamander
persistence.

The growing human population depends on forests for
economic and supporting services at risk of degradation due to
resource extraction and land-use conversion (DeFries et al. 2004;
Foley et al. 2005). Conversion of forest for anthropogenic needs
leaves a limited amount of intact forest area to meet these goals
(Ananda and Herath 2009; Turner et al. 2013). Although the
United States is experiencing a net increase in forests,
fragmentation is still on the rise (Riitters et al. 2002; Turner et al.
2013). Isolated management of small, privately owned forest
fragments limits comprehensive regional management for
conservation of flora and fauna (Hull et al. 2004; Turner et al.
2013). Determining whether small adjustments in best man-
agement practices can improve or mitigate changes to micro-
environmental conditions could provide additional ways for
managers to meet multiple goals (Klauber et al. 2009; Otto et al.
2013; Guzy et al. 2019). This study supports conservation of
urban and residential forest fragment networks as a tool for
wildlife coexistence with human development (DeStefano and
DeGraaf 2003; Hansen et al. 2005; Scheffers and Paszkowski
2012).
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