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Forest management practices that mimic natural canopy disturbances, including prescribed fire and tim-
ber harvests, may reduce competition and facilitate establishment of favorable vegetative species within
various ecosystems. Fire suppression in the central Appalachian region for almost a century has con-
tributed to a transition from oak-dominated to more mesophytic, fire-intolerant forest communities.
Prescribed fire coupled with timber removal is currently implemented to aid in oak regeneration and
establishment but responses of woodland salamanders to this complex silvicultural system is poorly doc-
umented. The purpose of our research was to determine how woodland salamanders respond to shelter-
wood harvests following successive burns in a central Appalachian mixed-oak forest. Woodland
salamanders were surveyed using coverboard arrays in May, July, and August–September 2011 and
2012. Surveys were conducted within fenced shelterwood-burn (prescribed fires, shelterwood harvest,
and fencing to prevent white-tailed deer [Odocoileus virginianus] herbivory), shelterwood-burn (pre-
scribed fires and shelterwood harvest), and control plots. Relative abundance was modeled in relation
to habitat variables measured within treatments for mountain dusky salamanders (Desmognathus ochro-
phaeus), slimy salamanders (Plethodon glutinosus), and eastern red-backed salamanders (Plethodon ciner-
eus). Mountain dusky salamander relative abundance was positively associated with canopy cover and
there were significantly more individuals within controls than either shelterwood-burn or fenced
shelterwood-burn treatments. Conversely, habitat variables associated with slimy salamanders and east-
ern red-backed salamanders did not differ among treatments. Salamander age-class structure within con-
trols did not differ from shelterwood-burn or fenced shelterwood-burn treatments for any species.
Overall, the woodland salamander assemblage remained relatively intact throughout the shelterwood-
burn silvicultural treatment compared to previous research within the same study area that examined
pre-harvest fire effects. However, because of the multi-faceted complexities of this specific silvicultural
system, continued research is warranted that evaluates long-term, additive impacts on woodland sala-
manders within managed central Appalachian deciduous forests.

Published by Elsevier B.V.
1. Introduction

Decades of fire suppression have contributed to a decline in oak
(Quercus spp.) establishment and regeneration within the Appala-
chian region, favoring release of more shade-tolerant species
including red maple (Acer rubrum) or fast-growing shade-
intolerant species such as yellow poplar (Liriodendron tulipifera)
(Nowacki and Abrams, 2008). In addition to vegetation encroach-
ment, white-tailed deer (Odocoileus virginianus) herbivory and
insect pest outbreaks are currently preventing oak reestablishment
after timber harvest or natural mortality of canopy-dominant trees
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(Abrams, 1992). Fire coupled with canopy cover reduction follow-
ing timber harvesting is thought to facilitate oak regeneration by
providing suitable conditions for seedling establishment and
reducing competition from less desirable woody species. Specifi-
cally, shelterwood harvests that reduce overstory canopy by
approximately 50%, followed by prescribed burns have resulted
in successful oak regeneration and an associated decline in
shade-tolerant vegetation in similar forest types (Brose and Van
Lear, 1998). Although applying the shelterwood-burn silvicultural
system to deciduous forests of the Appalachian region appears
beneficial for restoring oak species and other fire-tolerant vegeta-
tion, prolonged absence of fire within these ecosystems may lead
to unpredictable effects (Van Lear and Waldrop, 1989; Brose
et al., 2001). In particular, repeated burning in forests that have
developed over decades in the absence of fire and timber harvest-
ing raises questions about impacts on forest floor dwelling verte-
brates including woodland salamanders (Ford et al., 1999, 2010;
Moorman et al., 2011).

Plethodontid salamanders rely on relatively cool, moist condi-
tions that are associated with microhabitat characteristics indica-
tive of mature, late-successional forests (Heatwole, 1962;
Hairston, 1987; deMaynadier and Hunter, 1995; Petranka, 1998).
Disturbances that reduce canopy cover, leaf litter, cover objects,
or otherwise expose the forest floor to more light and higher tem-
peratures are thought detrimental to woodland salamanders
(deMaynadier and Hunter, 1995; Moorman et al., 2011). Accord-
ingly, negative effects of timber harvest on Appalachian woodland
salamanders are highest following canopy removal and associated
ground disturbances after clearcutting (Ash, 1988; Petranka et al.,
1993; Moorman et al., 2011). In contrast, timber harvest practices
that retain some overstory (e.g., shelterwood, selection) exhibit
lesser or no measurable effects on woodland salamander popula-
tions (Ford et al., 2000; Bartman et al., 2001; Homyack and Haas,
2009).

Despite abundant research investigating effects of timber har-
vest on woodland salamanders, responses of these species to nat-
ural or prescribed fire in deciduous and Appalachian forests
remains poorly understood (Russell et al., 1999, 2004; Pilliod
et al., 2003; Renken, 2006; Moorman et al., 2011). Woodland sala-
manders in the central Appalachians, where natural fires were less
frequent and intense than in other areas of the United States (e.g.,
Coastal Plain pine forests), may respond negatively to the introduc-
tion of prescribed burning after decades without fire (Pilliod et al.,
2003; Ford et al., 2010). In addition, salamanders may be more vul-
nerable to direct mortality from fire than other vertebrates because
of their restricted mobility and susceptibility to desiccation
(Russell et al., 1999; Renken, 2006). However, single and consecu-
tive prescribed burns in deciduous forests of the eastern United
States to date appear to negligibly affect woodland salamanders
(Kirkland et al., 1996; Ford et al., 1999, 2010; Keyser et al., 2004;
Greenberg and Waldrop, 2008).

The shelterwood-burn silvicultural system involves multiple
treatments and stand entries that, in many cases, may take a dec-
ade or more to complete (Burns and Honkala, 1990). Each stand
entry has the potential to negatively impact salamander assem-
blages individually or cumulatively (Moseley et al., 2008;
Moorman et al., 2011). Previous studies have typically evaluated
the individual impacts of shelterwood harvesting (Sattler and
Reichenbach, 1998; Harpole and Haas, 1999; Bartman et al.,
2001; Knapp et al., 2003; Homyack and Haas, 2009; Raybuck
et al., 2015) or prescribed fire (Kirkland et al., 1996; Ford et al.,
1999, 2010; Floyd et al., 2002; Raybuck et al., 2015). However,
there is limited information on the combined impacts of both for-
est management practices (Keyser et al., 2004; O’Donnell et al.,
2015). Also, many of these studies were conducted within
1–3 years of application (Sattler and Reichenbach, 1998; Harpole
and Haas, 1999; Ford et al., 1999, 2010; Bartman et al., 2001;
Pilliod et al., 2003; Raybuck et al., 2015), thereby not accounting
for enduring impacts to salamander populations. Woodland sala-
manders are relatively long-lived species that may reproduce only
every other year or longer (Duellman and Trueb, 1986; Hairston,
1987; Pilliod et al., 2003), and as a result, potential direct effects
of silvicultural practices on salamanders or indirect effects from
alterations in vegetation may take several years to become evident
(Russell et al., 2004; Ford et al., 2010), especially when applying
multiple forest management practices over time.

Evaluating woodland salamander responses for the duration of
this complex silvicultural system will provide a unique opportu-
nity to address the current lack of information regarding impacts
of long-term, additive forest management practices on salamander
populations in central Appalachian mixed-oak forests. The objec-
tive of our study was to determine how woodland salamanders
respond to shelterwood harvests within a previously burned cen-
tral Appalachian mixed-oak forest. Specifically, we evaluated
whether post-harvest changes in habitat variables associated with
woodland salamanders influence salamander relative abundance
and age-class structure. We also evaluated long-term, additive
impacts of shelterwood-burn treatments on salamanders by com-
paring our results to those of Ford et al. (2010), who assessed
effects of consecutive prescribed fires on woodland salamanders
at the same sites between 2001 and 2007.
2. Methods

Our study was conducted in the Fernow Experimental Forest,
located within the Monongahela National Forest in Tucker County,
West Virginia. The Fernow Experimental Forest consists of approx-
imately 1900-ha managed by the USDA Forest Service Northern
Research Station for long-term silviculture and hydrologic
research. This area is within the unglaciated Allegheny Mountains
section of the Appalachian Plateau Physiographic region at eleva-
tions of 530–1100 m (Adams et al., 2008). The Fernow Experimen-
tal Forest was extensively logged during 1903–1911 (Trimble,
1977). As a result of these activities, the forest is best described
today as a second-growth mixed mesophytic hardwood type
(Braun, 1950), containing a mix of species: northern red oak (Quer-
cus rubra), chestnut oak (Quercus prinus), white oak (Quercus alba),
shagbark hickory (Carya ovata), bitternut hickory (Carya cordi-
formis), yellow poplar, American beech (Fagus grandifolia), sugar
maple (Acer saccharum), red maple, black gum (Nyssa sylvatica),
and eastern hemlock (Tsuga canadensis).

Our research was conducted within the Canoe Run watershed
and consisted of 24 0.20-ha plots, including 14 on upper slopes
and 10 on lower slopes. These plots were previously established
for earlier studies evaluating the effects of two consecutive pre-
scribed fires on oak regeneration (Schuler et al., 2010) and wood-
land salamander populations (Ford et al., 2010). The plots were
generally on southwestern-facing aspects (180–325�) with varia-
tion in elevation (600–775 m) and slope steepness (4–19%). Upper
slope sites were thinned 30 years ago to a 60–75% stocking level,
whereas lower slopes remained fully stocked (Schuler and Miller,
1995). Twenty plots were burned using two prescribed fires. Poor
weather conditions interrupted the first prescribed fire in April
2002 with only partial coverage on the upper slope. Lower slope
plots were burned successfully the following spring in 2003
(Schuler et al., 2010). In April 2005, 20 lower and upper slope plots
were burned a second time with adequate intensity and coverage
to reduce small diameter tree stocking. Sites were burned using
strip head fire with hand-held drip torches. Fires were generally
of moderate or low intensity during all prescribed burns (Ford
et al., 2010). Four plots remained as unburned controls with two
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each on upper and lower slopes. In addition, 10 of 20 burned plots
(6 upper slope and 4 lower slope) were fenced for an ongoing study
monitoring effects of white-tailed deer browsing on vegetation
(Schuler et al., 2010). During the dormant season of 2009–2010,
a shelterwood harvest reduced average overstory basal area from
33.29 m2/ha to 14.23 m2/ha (Schuler et al., 2012).

We used coverboard arrays (DeGraaf and Yamasaki, 1992) to
survey woodland salamanders once in May, July, and August–
September of 2011 and 2012. Arrays were constructed from 1-m2

pieces of plywood cut into 9 identical square pieces following the
same design as Ford et al. (2010). Coverboards were installed in
March 2011 to allow them to weather prior to the first sampling
period. Within each plot, three coverboard arrays were placed
along the central axis of the plot, separated by 10–15 m. Boards
were placed in a square grid (3 boards � 3 boards) with approxi-
mately 2.5 cm between each board to allow rainfall to weather
the array.

During surveys each salamander captured was identified to spe-
cies and we measured mass (g), total length (mm), and snout-vent
length (mm). We classified each salamander as an adult or juvenile
by its snout-vent length: juvenile mountain dusky salamanders
were 630 mm, juvenile eastern red-backed salamanders were
634 mm, and juvenile slimy salamanders were 658 mm
(Homyack and Haas, 2009). Each individual was marked by toe-
clipping with the same digit removed for each individual captured
during a sampling period (Hero, 1989). Different digits were
clipped in successive sampling periods so that salamanders
received sample-specific marks. Air temperature (�C), humidity
(%), and soil temperature (�C) were measured at coverboard arrays
during each survey (Forestry Suppliers hygro-thermometer).

Each coverboard array was the center of a 10 � 10 m sampling
plot where we measured abiotic and biotic habitat variables con-
sidered to be associated with plethodontid salamanders (Green
and Pauley, 1987; Petranka, 1998). Within each plot, the species
and diameter at breast height (dbh) of all trees P10 cm dbh were
recorded. We estimated overhead canopy closure above the cover-
board array with a spherical concave densiometer (Lemmon,
1956). Vertical structure of understory vegetation was measured
using a 2.5 � 150 cm cover pole (Robel et al., 1970). To calculate
the area of large woody debris (LWD) within each plot, we mea-
sured midpoint diameter, length within the plot, and decay class
(1–5) of all woody debris that was P10 cm in diameter and flush
against the forest floor (Maser et al., 1979; Sefidi and Mohadjer,
2010).

We sampled ground cover within 4 1-m2 quadrats
(Daubenmire, 1959) located at the center of the 10 � 10 m plot
and 1.5 m from the center in each cardinal direction. Percent
ground cover was visually estimated for moss, herbaceous vegeta-
tion, grass, fern, leaf litter, emergent rock, fine woody debris, and
bare ground. Litter depth and aspect were measured at each quad-
rat center. Aspect was linearized so that northeasterly aspects had
the lowest values and southwesterly aspects had high values (Ford
et al., 2002). Elevation, slope, and distance to stream were also cal-
culated at each quadrat center (ESRI, 2012).

Because woodland salamanders are semi-fossorial much of the
year, the ability to detect all individuals within an area is unlikely,
so using unadjusted count data may not accurately index popula-
tions within an area over an extended period (Bailey et al., 2004).
Therefore, we developed a priori candidate models based on factors
that may influence differences in salamander detection probabili-
ties. Our models included whether detection differed among treat-
ments, differed among species, differed by a treatment-species
interaction or remained constant across the study area. Using
detection histories for each individual encountered within a single
season, we calculated salamander detection probabilities with the
Huggins Closed Capture model in Program Mark (Huggins, 1989;
White and Burnham, 1999). Models were evaluated using Akaike
Information Criterion corrected for small sample size (AICc)
(Burnham and Anderson, 2002), and the model with the largest
AICc weight was chosen to calculate detection probabilities.

For 2011, we were unable to successfully model probabilities
for individual salamander detection histories because of a small
sample size (n = 59 individuals) and total lack of recaptures
(Matthews et al., 2010). However in 2012 a larger sample size
(n = 70) with recaptures (five eastern red-backed salamanders
and one slimy salamander) enabled us to calculate probability of
detection. The best model for salamander detection histories in
2012 was the constant model (AICc = 184.94, AICc weight = 0.48)
with a detection of 0.28 (SE = 0.04). Because the probability of sala-
mander detection did not differ among treatments or species in
2012 and we were unable to determine detection differences in
2011, we considered unadjusted counts directly proportional to
salamander population size (relative abundance) and used raw
counts in subsequent analyses (Williams et al., 2002; Riddle
et al., 2008).

We used a one-way analysis of variance (ANOVA) to compare
abiotic and biotic variables among control (n = 4), shelterwood-
burn (n = 10), and fenced shelterwood-burn (n = 10) treatments.
Means and standard errors were calculated for all variables among
treatments. When an ANOVA resulted in a significant F-statistic
(P < 0.05), we used Tukey’s honestly significant difference (HSD)
to determine which treatment means differed (SPSS, 20123).

An information-theoretic modeling approach (Burnham and
Anderson, 2002) was used to identify relationships between habi-
tat features and salamander relative abundance among control,
shelterwood-burn, and fenced shelterwood-burn sites. Prior to
model development, we eliminated redundant variables (Spear-
man rs P 0.65) and retained 15 variables to use in models. We
examined scatterplots, residual plots (Anderson–Darling tests
P < 0.05), and histograms to ensure that variables met assumptions
of analyses (i.e., lack of colinearity, normality, linearity). When nec-
essary, abiotic and biotic variables were square-root, log, or arcsine
transformed to meet assumptions of normality. Because salaman-
der relative abundance was derived from count data, the square-
root transformation was used to meet an assumption of normality
and recaptures were excluded from subsequent analyses (Kuehl,
2000).

We developed a priori candidate models (Burnham and
Anderson, 2002) that incorporated abiotic and biotic habitat vari-
ables measured around each array to explain salamander abun-
dance. These models were based on a review of published
literature on plethodontid salamander habitat relationships
(Green and Pauley, 1987; deMaynadier and Hunter, 1995;
Petranka, 1998). We specified 15 models: (1) ‘‘air temperature,”
(2) ‘‘basal area,” (3) ‘‘canopy cover,” (4) ‘‘cover objects” (LWD, %
fine woody debris, and % leaf litter), (5) ‘‘decay class,” (6) ‘‘fine
woody debris,” (7) ‘‘ground cover” (% moss, % herbaceous vegeta-
tion, % fern, % grass, % leaf litter, and % fine woody debris), (8)
‘‘landscape” (elevation and aspect), (9) ‘‘large woody debris,” (10)
‘‘leaf litter,” (11) ‘‘stream,” (12) ‘‘timber harvest” (basal area, %
canopy cover, LWD, % fine woody debris), (13) ‘‘understory vertical
structure,” (14) ‘‘vegetation” (% canopy cover, basal area, under-
story vertical structure, % moss, % herbaceous vegetation, % fern,
and % grass), (15) ‘‘woody debris” (LWD, decay class, and % fine
woody debris), and (16) a global model containing all 15 variables.

Linear regressions were used to analyze models (Burnham and
Anderson, 2002; SPSS, 2012). Because salamander relative abun-
dance beneath coverboard arrays was not significantly different
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among years for mountain dusky salamanders, slimy salamanders,
or eastern red-backed salamanders (t = 0.569, df = 142, P = 0.570;
t = �0.849, df = 142, P = 0.397; t = �0.051, df = 142, P = 0.959,
respectively), we combined years to model habitat relationships.
Prior to model selection, we examined residuals, measures of fit,
classification tables, and histograms of expected probabilities for
the global model to confirm goodness of fit (Burnham and
Anderson, 2002). Akaike’s Information Criterion corrected for small
sample size was used for model selection because the number of
coverboard arrays sampled (n = 72) was small relative to the num-
ber of parameters (K) included in most models (i.e., n/K < 40) (AICc;
Hurvich and Pearson, 1989; Burnham and Anderson, 2002). We
drew primary inference from models within 2 units of AICcmin

(i.e., substantial empirical support), although models within 4
units were also considered to have limited support. Parameter
estimates, standard errors, and fit for models with substantial
and limited empirical support were also reported.

We tested the effects of a shelterwood harvest after application
of two consecutive prescribed fires on woodland salamander rela-
tive abundance using a one-way repeated measures ANOVA that
used count data for individual salamander species by plot within
harvested and unharvested sites. Control, shelterwood-burn, and
fenced shelterwood-burn were levels of the treatment main effect.
Because salamander surface activity differs among species, month
sampled was used as a repeated measure to account for temporal
variation and to reduce sampling bias within the study area
(Bailey et al., 2004).

Fisher’s Exact tests were used to determine if the ratio of juve-
niles to adults for each salamander species was equally dispersed
among treatment types. Salamander age-class structure ratios of
shelterwood-burn and fenced shelterwood-burn plots were com-
pared to those in control treatments with statistical significance
set at a 6 0.025 for these multiple comparisons. The Sorensen coef-
ficient (Sorensen, 1948) was calculated to evaluate whether the
salamander community was similar within sites before and after
shelterwood harvest (Ford et al., 2010). Values ranged from 0 (no
salamander species in common) to 1.0 (identical salamander
species) within a treatment between studies.

3. Results

We captured a total of 129 salamanders under coverboard
arrays within the Canoe Run watershed in 2011 and 2012. Species
captured included 49 eastern red-backed salamanders, 40 slimy
salamanders, 31 mountain dusky salamanders, 7 northern two-
lined salamanders (Eurycea bislineata), and 2 eastern newts
(Notophthalmus viridescens). Mountain dusky salamanders, slimy
salamanders, and eastern red-backed salamanders had sufficient
captures for statistical analyses.

Several habitat characteristics varied significantly among con-
trol, shelterwood-burn, and fenced shelterwood-burn plots
(Table 1). Large woody debris and percent understory vertical
structure were significantly greater in shelterwood-burn and
fenced shelterwood-burn plots than controls. Control plots had sig-
nificantly greater canopy cover and bare ground than shelterwood-
burn or fenced shelterwood-burn plots. Leaf litter depth was
significantly greater in controls than shelterwood-burn plots.
Shelterwood-burn plots had significantly more fine woody
debris than control plots. Other habitat variables did not differ
significantly among treatments (Table 1).

The best-approximating model explaining mountain dusky
salamander relative abundance was the single variable ‘‘canopy
cover” (Table 2). Mountain dusky salamander abundance was pos-
itively related to greater canopy cover (Table 3). The second-best
model, ‘‘timber harvest,” received only limited support
(DAICc = 3.25, wi < 0.15; Table 2). Weight of evidence for the
‘‘canopy cover” model was 5 times greater than that of the
second-best model ‘‘timber harvest,” indicating relatively little
uncertainty in selection of the best model explaining mountain
dusky salamander abundance (Burnham and Anderson, 2002).
The remaining 13 models received little or no empirical support.

‘‘Ground cover” was the best-approximating model explaining
slimy salamander relative abundance (Table 2). Slimy salamander
abundance was positively associated with greater percent cover
of moss, fern, and grass, but negatively related to increases in
herbaceous vegetation, leaf litter, and fine woody debris (Table 3).
In addition, the second-best model, ‘‘vegetation,” also received
strong empirical support (DAICc < 2; Table 2). The ‘‘vegetation”
model indicated that slimy salamander abundance was positively
associated with canopy cover, basal area, understory vertical struc-
ture, moss, fern, and grass, but negatively related to increased per-
cent cover of herbaceous vegetation (Table 3). Weight of evidence
for the ‘‘ground cover” model was 2.3 times greater than the ‘‘veg-
etation” model, indicating some uncertainty in selection of the best
model (Burnham and Anderson, 2002). However, evidence for an
influence of vegetative ground cover (e.g., moss, fern, grass, herba-
ceous vegetation) on slimy salamander abundance was strong
because the sum of Akaike weights for the top best-supported
models containing these variables was 0.85 (Table 2). The remain-
ing 13 models received little or no empirical support for explaining
slimy salamander abundance.

The single variable ‘‘leaf litter” was the best-approximating
model explaining eastern red-backed salamander relative abun-
dance (Table 2). Eastern red-backed salamander abundance
increased with a greater percent cover of leaf litter (Table 3). The
second-best model, ‘‘cover objects,” also received strong empirical
support (DAICc < 2; Table 2). The ‘‘cover objects” model indicated
that eastern red-backed salamander abundance was associated
with greater percent cover of fine woody debris and leaf litter,
but negatively related to large woody debris (Table 3). Weight of
evidence for the ‘‘leaf litter” model was only 1.1 times greater than
the ‘‘cover objects” model, indicating considerable uncertainty in
selection of the best candidate model (Burnham and Anderson,
2002). However, evidence for the influence of leaf litter on eastern
red-backed salamander abundance was evident because the sum of
Akaike weights for the two best-supported models containing this
variable was 0.65 (Table 2). The ‘‘decay class,” ‘‘air temperature,”
‘‘ground cover,” and ‘‘landscape” models received limited support
(DAICc = 2.69–3.35,wi > 0.06; Table 2), and the remaining 9 models
received little or no empirical support.

Mean relative abundance of captured mountain dusky salaman-
ders, slimy salamanders, and eastern red-backed salamanders var-
ied among treatments (Table 4). There was a significant treatment
effect on mountain dusky salamander relative abundance but not
for slimy salamanders or eastern red-backed salamanders (Table 5).
A Tukey’s post-hoc test indicated that control plots had signifi-
cantly more mountain dusky salamanders than shelterwood-burn
and fenced shelterwood-burn plots.

When analyzed separately, the ratios of juvenile to adult moun-
tain dusky salamanders, slimy salamanders, and eastern red-
backed salamanders did not differ among treatments (Table 6).
Lastly, we compared the salamander assemblage observed during
our study to previous research evaluating the effects of consecutive
prescribed fires on woodland salamanders (Ford et al., 2010). The
Sorensen Community Similarity Index values within control,
shelterwood-burn, and fenced shelterwood-burn plots were 0.89,
0.80, and 0.73, respectively.

4. Discussion

Habitat alterations resulting from timber harvest or prescribed
fire are thought to negatively impact temperature- and



Table 1
Mean (standard error) of abiotic and biotic variables measured in control (n = 4), shelterwood-burn (n = 10), and fenced shelterwood (n = 10) plots within the Canoe Run study
area, Fernow Experimental Forest, Tucker County, West Virginia, USA, 2011–2012. Non-transformed data are presented and different letters within rows indicate statistical
differences among treatments (P 6 0.05).

Variable Control Shelterwood-burn Fenced shelterwood-burn F P

Slope (%)a 9.50 (1.90) 11.20 (1.64) 11.93 (1.29) 0.41 0.67
Elevation (m) 681.36 (47.30) 709.22 (21.26) 708.15 (23.05) 0.23 0.80
Aspect (linear) 258.33 (29.27) 254.33 (10.36) 239.67 (17.15) 0.34 0.72
Distance to stream (m) 85.22 (29.82) 84.43 (17.35) 64.22 (15.51) 0.51 0.61
Basal area (m2) 0.48 (0.05) 0.18 (0.04) 0.24 (0.05) 1.77 0.20
Large woody debris (m2) 1.18 (0.13) A 2.13 (0.31) B 2.82 (0.34) B 5.57 0.01
Decay class (1–5) 3.52 (0.35) 3.15 (0.05) 3.25 (0.07) 3.16 0.06
Canopy cover (%) 96.32 (0.15) A 69.88 (2.29) B 66.53 (1.00) B 50.08 <0.01
Understory vertical structure (%) 12.08 (3.94) A 61.50 (5.78) B 74.06 (4.28) B 24.12 <0.01
Moss (%) 1.77 (1.11) 1.54 (0.67) 1.21 (0.57) 0.06 0.95
Herbaceous vegetation (%) 7.08 (1.35) 5.04 (0.34) 4.83 (0.58) 1.07 0.36
Fern (%) 1.98 (1.15) 2.88 (0.93) 0.71 (0.22) 2.19 0.14
Grass (%) 0.10 (0.10) 1.46 (0.65) 0.42 (0.19) 2.22 0.13
Leaf (%) 59.33 (5.82) 48.13 (4.89) 57.42 (4.08) 1.49 0.25
Rock (%)a 3.75 (2.00) 9.13 (3.72) 6.46 (3.59) 0.27 0.77
Fine woody debris (%) 14.90 (1.87) A 30.17 (3.56) B 27.58 (3.21) AB 3.40 0.05
Bare (%)a 11.04 (4.51) A 1.67 (0.58) B 1.38 (0.92) B 10.91 <0.01
Leaf litter depth (mm)a 1.41 (0.46) A 0.56 (0.08) B 0.80 (0.16) AB 3.80 0.04
Air temperature (�C) 22.91 (0.60) 23.37 (1.03) 24.25 (0.78) 0.45 0.65
Humidity (%)a 80.54 (3.38) 81.48 (2.26) 80.36 (2.62) 0.06 0.94
Soil temperature (�C)a 19.75 (0.35) 20.79 (0.64) 20.50 (0.32) 0.61 0.55

a Variables were not used in regression analyses due to intercorrelation (rs P 0.65).

Table 2
Best-approximating models (DAICc) explaining the influence of abiotic and biotic
habitat variables on mountain dusky salamander, slimy salamander, and eastern red-
backed salamander relative abundance in the Canoe Run study area, Fernow
Experimental Forest, Tucker County, West Virginia, USA, 2011–2012.

Modela RSS Kb DAICc
c wi

d

Mountain dusky salamander
Canopy coverA 18.49 3 0.00 0.75
Timber harvest 17.57 6 3.25 0.15

Slimy salamander
Ground coverA 17.26 8 0.00 0.59
VegetationA 17.02 9 1.64 0.26

Eastern red-backed salamander
Leaf litterA 28.26 3 0.00 0.33
Cover objectsA 26.56 5 0.10 0.32
Decay class 29.34 3 2.69 0.09
Air temperature 29.48 3 3.05 0.07
Ground cover 25.06 8 3.27 0.07
Landscape 28.70 4 3.35 0.06

a See text for model variable description.
b Number of estimable parameters in approximating model.
c Difference in value between AICc of the current vs the best approximating

model (AICcmin).
d Akaike weight. Probability that the current model (wi) is the best approximating

model among those considered.
A Model with high empirical support (DAICc 6 2).
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moisture-dependent woodland salamanders associated with
mature and late-successional habitats (deMaynadier and Hunter,
1995; Pilliod et al., 2003; Russell et al., 2004; Renken, 2006;
Moorman et al., 2011). These forest management practices alter site
conditions (e.g., increase forest floor temperatures and decrease soil
moisture), potentially making habitat conditions less suitable for
woodland salamanders and causing a reduction in populations
(deMaynadier and Hunter, 1995; Moorman et al., 2011). However,
the results of our study and previous research indicate that wood-
land salamanders do remain in forests subjected to combined shel-
terwood and burning management regimes (Greenberg and
Waldrop, 2008; Ford et al., 2010). Specifically, our results indicate
that species responded differently to changes in habitat characteris-
tics within post-shelterwood-burn sites.
Among species captured, mountain dusky salamanders
appeared most sensitive to the effects of shelterwood harvesting,
similar to salamander responses following shelterwood harvests
in the Ozarks of Missouri (O’Donnell et al., 2015). The best-
approximating model explaining mountain dusky salamander rel-
ative abundance was the single-variable model ‘‘canopy cover.”
This species was strongly associated with control plots, which con-
tained significantly greater amounts of overhead canopy than shel-
terwood harvest sites. Also at the Fernow Experimental Forest,
Moseley et al. (2008) observed that the best-approximating model
explaining the abundance of stream-dwelling Desmognathus spp.
was overstory volume/ha removed over a 50-year period, with
salamander abundance decreasing with increased timber removal.
Although mountain dusky salamanders are known to disperse
from streams into upland forests as much as 61 m (Hairston,
1949), this species is thought to require relatively undisturbed,
mesic habitats (Petranka, 1998), reflecting potential physical con-
straints for microhabitats more indicative of streamside areas
(Grover and Wilbur, 2002). Therefore, this species’ preference for
mesic areas appears to make it more sensitive to shelterwood har-
vest, at least in the short-term, when compared to other woodland
salamander species.

In contrast, slimy salamanders were more strongly linked with
other aspects of vegetative structure. The two best-approximating
models explaining slimy salamander relative abundance were
‘‘ground cover” and ‘‘vegetation.” With the exception of canopy
cover, understory vertical structure, and fine woody debris, vari-
ables within these models were not significantly different among
treatments. Also, the abundance of slimy salamanders did not dif-
fer among treatments, indicating that conditions within treatment
sites were suitable for this species. Likewise, slimy salamander
abundance was similar between clearcut and mature forest stands,
suggesting that this species may be more resilient to disturbances
associated with various forest management practices (Petranka
et al., 1993). Understory vegetation is important for woodland sala-
mander foraging and providing shade, especially to mitigate effects
of canopy removal (Pough et al., 1987; Homyack and Haas, 2009).
In fact, the composition or type of understory cover by itself may
not be as important to woodland salamanders as the cool, moist
conditions maintained underneath (Heatwole, 1962). Within our



Table 3
Parameter estimates (B) and standard errors (SE) from the best-approximating
models explaining the influence of habitat variables on mountain dusky salamander,
slimy salamander, and eastern red-backed salamander relative abundance in the
Canoe Run study area, Fernow Experimental Forest, Tucker County, WV, USA,
2011–2012.

Model B SE R2

Mountain dusky salamander
Canopy covera 0.29
Intercept �1.53 0.34
Canopy cover 0.03 0.01

Timber harvest 0.32
Intercept �1.08 0.44
Basal area 0.26 0.24
Canopy cover �0.01 0.09
Large woody debris 0.02 0.01
Fine woody debris �0.01 0.01

Slimy salamander
Ground covera 0.28
Intercept 1.50 0.58
Moss 0.03 0.02
Herbaceous vegetation �0.25 0.11
Fern 0.02 0.01
Grass 0.02 0.02
Leaf litter �0.01 0.01
Fine woody debris �0.02 0.01

Vegetationa 0.29
Intercept �0.54 0.71
Canopy cover 0.01 0.01
Basal area 0.33 0.25
Understory obscurity 0.01 0.01
Moss 0.04 0.01
Herbaceous vegetation �0.22 0.11
Fern 0.03 0.01
Grass 0.04 0.02

Eastern red-backed salamander
Leaf littera 0.10
Intercept �0.21 0.25
Leaf litter 0.01 0.01

Cover objectsa 0.16
Intercept �0.86 0.43
Large woody debris �0.10 0.10
Fine woody debris 0.02 0.01
Leaf litter 0.01 0.01

Decay class 0.01
Intercept 0.01 0.49
Decay class 0.14 0.15

Air temperature 0.07
Intercept �1.01 0.68
Air temperature 0.06 0.03

Ground cover 0.21
Intercept 0.09 0.69
Moss 0.00 0.02
Herbaceous vegetation �0.29 0.13
Fern 0.00 0.01
Grass 0.00 0.02
Leaf litter 0.02 0.01
Fine woody debris 0.01 0.01

Landscape 0.09
Intercept �0.97 0.80
Elevation 0.00 0.00
Aspect �0.17 0.14

a Model with high empirical support (DAICc 6 2).

Table 4
Mean relative abundance and standard error (SE) of woodland salamanders in control
(n = 4), shelterwood-burn (n = 10), and fenced shelterwood-burn (n = 10) treatments
by coverboard array within the Canoe Run study area, Fernow Experimental Forest,
Tucker County, West Virginia, USA, 2011–2012.

Treatment Mountain
dusky
salamander

Slimy
salamander

Eastern
red-backed
salamander

Mean SE Mean SE Mean SE

2011
Control 0.33 0.10 0.06 0.04 0.19 0.09
Shelterwood-burn 0.01 0.01 0.10 0.03 0.08 0.04
Fenced shelterwood-burn 0.03 0.02 0.07 0.03 0.11 0.04

2012
Control 0.36 0.11 0.25 0.09 0.19 0.09
Shelterwood-burn 0.01 0.01 0.07 0.03 0.03 0.02
Fenced shelterwood-burn 0.01 0.01 0.09 0.03 0.17 0.04

Table 5
One-way repeated measures ANOVA of treatment effects (control (n = 4), shelter-
wood-burn (n = 10), and fenced shelterwood-burn (n = 10)), accounting for month
variability (May, July and August–September), for mountain dusky salamanders,
slimy salamanders, and eastern red-backed salamanders relative abundance in the
Canoe Run study area, Fernow Experimental Forest, Tucker County, West Virginia,
USA, 2011–2012.

Species Effect df MS F P

Mountain dusky salamander Treatment 2 6.99 23.37 <0.01
Error 21 0.30
Total 23

Slimy salamander Treatment 2 0.49 1.84 0.18
Error 21 0.27
Total 23

Eastern red-backed salamander Treatment 2 0.77 1.35 0.28
Error 21 0.57
Total 23

Table 6
Fisher’s Exact tests comparing mountain dusky salamander, slimy salamander, and
eastern red-backed salamander age-class structure between control and shelter-
wood-harvested plots in the Canoe Run study area, Fernow Experimental Forest,
Tucker County, West Virginia, USA, 2011–2012. Numbers of captures within each
treatment type are separated by commas. Significance was set at P 6 0.025 and df = 1
for all comparisons.

Treatment comparison Juveniles Adults Fisher’s Exact
test (P)

Mountain dusky salamander
Control vs shelterwood-burn 5, 0 20, 2 1.00
Control vs fenced shelterwood-burn 5, 2 20, 2 0.24

Slimy salamander
Control vs shelterwood-burn 9, 13 2, 1 0.57
Control vs fenced shelterwood-burn 9, 10 2, 1 1.00

Eastern red-backed salamander
Control vs shelterwood-burn 11, 6 3, 4 0.39
Control vs fenced shelterwood-burn 11, 20 3, 5 1.00
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study, treatment plots exhibited significantly greater understory
vertical structure as a consequence of the shelterwood-burn, which
may have at least partially offset any potential effects of canopy
reduction on slimy salamanders.

Eastern red-backed salamander relative abundance was best
explained by the models ‘‘leaf litter” and ‘‘cover objects,” indicating
that this species was positively associated with an increase in leaf
litter cover. Abundance of woodland salamanders has been posi-
tively correlated with deposition of leaf litter after silvicultural dis-
turbances (Pough et al., 1987). However, in our study percent cover
of leaf litter did not differ significantly among treatments. Fine
woody debris was the only variable within the best-
approximating models for eastern red-backed salamanders that
was significantly different among treatments. Nevertheless, the
impacts of shelterwood harvest on eastern red-backed salaman-
ders appear negligible as fine woody debris was greater in
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shelterwood-burn plots and abundance did not differ among treat-
ments. Therefore, within treatment sites, retained and/or the con-
tinual formation of leaf litter and woody debris may have been
adequate to counteract any deleterious effects of significant
canopy reduction on this species by providing sufficiently cool,
moist microhabitat conditions.

Although the most important explanatory habitat variables dif-
fered amongmountain dusky salamanders, slimy salamanders, and
eastern red-backed salamanders, abundance for all species
appeared to relate to habitat characteristics that influence forest
floor moisture and temperature. All three species belong to Family
Plethodontidae, but there are marked life history differences
between Desmognathus spp. and Plethodon spp. Mountain dusky
salamanders and other Desmognathus spp. are associated with
streams and riparian habitats to a much greater extent than spe-
cies in the genus Plethodon. Relative to Desmognathus spp., slimy
salamanders and eastern red-backed salamanders appear less sen-
sitive to habitat alterations, including timber harvest, than previ-
ously thought (Petranka et al., 1993; Hocking et al., 2013). For
example, large numbers of eastern red-backed salamanders were
found in silvo-pastures and hay meadows in West Virginia that
contained little to no overstory cover (Riedel et al., 2008). Simple
presence or retention of dense, moisture-trapping herbaceous veg-
etation probably enables this species to occupy non-forested habi-
tats. Similarly within our study, the retention of leaf litter, fine
woody debris, and other ground cover after shelterwood harvest-
ing may explain the apparent insensitivity of eastern red-backed
salamanders and slimy salamanders to partial removal of the forest
canopy. Also, compared to mountain dusky salamanders, the larger
body size of slimy salamanders, and even eastern red-backed sala-
manders, may enable these species to more readily occupy
shelterwood-harvested and other disturbed sites. Petranka et al.
(1993) found clearcuts contained significantly fewer individuals
of several species of Plethodon spp. and Desmognathus spp. than
mature forests, but slimy salamander abundance was similar
between cut and uncut stands. Larger-bodied salamanders lose
water at a slower rate (Spotila and Berman, 1976; Feder, 1983),
potentially allowing these individuals to survive drier conditions
when compared to smaller-bodied individuals.

The shelterwood harvest that we evaluated was the next step in
a management regime that started with the application of two pre-
scribed burns in 2002–2003 and 2005 (Ford et al., 2010). Because
of large differences in detection probabilities, partly related to dif-
ferences in mark-recapture methods, we were unable to directly
incorporate data from Ford et al. (2010) into our analyses. In addi-
tion, Ford et al. (2010) separated treatments more finely to account
for differences in slope position. Regardless, captures of each spe-
cies appeared noticeably reduced in treatment plots when com-
pared to previous data collected from the same plots (Ford et al.,
2010). Therefore, it is possible that the cumulative effects of burn-
ing and harvesting may have reduced abundance of woodland sala-
manders to a greater degree than either treatment separately in
the short-term.

However, noticeable differences in mean captures between our
study and research initiated 10 years previously on the same plots
(Ford et al., 2010) could be related to post-harvest changes in forest
floor habitats that influenced coverboard use by salamanders
rather than a negative effect of harvesting by itself. When leaf lit-
ter, woody debris, or other natural cover is reduced or removed,
surface-active woodland salamanders may instead be found under
artificial coverboards more frequently (Ford et al., 2010; O’Donnell
et al., 2015) or exclusively (Riedel et al., 2008). In contrast, when
natural surface cover is abundant, salamanders may be less
attracted to artificial cover, and therefore, under represent actual
numbers of surface active individuals (Marsh and Goicochea,
2003; Bailey et al., 2004). In our study shelterwood harvest likely
increased the amount of large woody debris, lessening salamander
dependence on coverboards compared to previous conditions of
reduced natural cover immediately following prescribed fire on
the same sites (Ford et al., 2010).

In addition to relative abundance, we evaluated whether age-
class structure of woodland salamanders was affected by the
shelterwood-burn silvicultural treatment. If populations exhibit
atypical age-class distributions, sex ratios, or physical condition
(e.g., mass), density estimates may not accurately reflect habitat
quality or population health (Ash et al., 2003; Riedel et al., 2012).
Because of their larger surface area to volume ratios when com-
pared to adults, juvenile salamanders are less able to remain
hydrated in areas with reduced canopy cover and therefore more
prone to desiccation-induced mortality (Hairston, 1987; Marsh
and Goicochea, 2003). However, in contrast with some previous
studies (e.g., Ash et al., 2003; Homyack and Haas, 2009; Riedel
et al., 2012), we found no significant differences in the proportion
of juvenile to adult mountain dusky salamanders, slimy salaman-
ders, or eastern red-backed salamanders among treatments.
Similarly, Ford et al. (2010) found differences in age-class structure
were largely equivocal, suggesting that consecutive prescribed
fires did not alter the adult to juvenile ratios.

Although woodland salamander abundance potentially
declined with the cumulative effects of prescribed burning and
shelterwood harvesting, salamander community composition
was similar to that reported by Ford et al. (2010) prior to timber
harvesting. Specifically, the existing woodland salamander
assemblage, largely consisting of mountain dusky salamanders,
slimy salamanders, and eastern red-backed salamanders,
remained intact despite application of prescribed burning
followed by shelterwood harvesting. Similarly, woodland sala-
manders, including slimy salamanders and eastern red-backed
salamanders, were unaffected by shelterwood-burn treatments
within oak-dominated forests of the Virginia Piedmont (Keyser
et al., 2004). Overall, the post-shelterwood-burn salamander
assemblage within our study area remained throughout 10 years
of forest management.
5. Conclusions

The shelterwood-burn silvicultural system requires several
stand entries for both prescribed fire and timber removal, taking
10 years or more to complete (Burns and Honkala, 1990). There-
fore, this process has the potential to exert cumulative negative
impacts on salamander communities (Moseley et al., 2008;
Moorman et al., 2011; O’Donnell et al., 2015). Within our study
area, the overall salamander assemblage appeared largely unaf-
fected by multiple prescribed burns followed by shelterwood har-
vesting. However, our results indicate that some species, including
mountain dusky salamanders, may experience at least temporary
declines in abundance related to these treatments.

Temporary negative impacts of shelterwood-burn forest man-
agement to a few site-specific species, including mountain dusky
salamanders, should not outweigh benefits to wildlife communi-
ties as a whole. Restoring oaks within Appalachian landscapes is
important not only for ecological restoration purposes or commer-
cial timber value but also because these trees serve as critical for-
age and cover for a variety of wildlife species (Brose et al., 1999;
McWilliams et al., 2002). Furthermore, shelterwood-burn treat-
ments are usually applied on a relatively small scale in the region
enabling salamanders or other treatment-sensitive wildlife species
to persist within the surrounding landscape until conditions within
active management areas become more suitable over time.

Although our research fills an important gap in our understand-
ing of salamander responses to the cumulative effects of forest
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management treatments, continued monitoring of woodland sala-
mander responses to shelterwood treatments in conjunction with
burn prescriptions, as well as other silvicultural practices, is sug-
gested. A more complete understanding of woodland salamander
responses to these prescriptions can provide forest managers with
valuable information on how to conserve wildlife habitats while
maintaining forest composition and structure within central
Appalachian deciduous forests.
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