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1.  INTRODUCTION 

The Central Appalachian region in the eastern USA 
is a global biodiversity hotspot for amphibians and 
contains several high-elevation endemic woodland 
salamanders (genus Plethodon) of conservation con-
cern (Stuart et al. 2004, Rissler & Smith 2010). High 
biodiversity in the region is likely associated with 
wide variability in environmental conditions due to 
mountainous topography and lack of glaciation dur-

ing the last glacial maximum (Stephenson 2013, 
Kozak & Wiens 2016). Climatic patterns in the Cen-
tral Appalachians are changing, but there is high spa-
tial variability in the direction of observed changes 
due to the complex topography (Stephenson 2013, 
Butler et al. 2015). Overall trends between 1906 and 
2016 in West Virginia included increased minimum 
temperature, decreased maximum temperature, and 
increased annual precipitation, but directional pat-
terns varied across weather stations (Kutta & Hubbart 
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2018, 2019). Projections of future climate change in 
the region also indicate that directional patterns will 
vary spatially (Butler et al. 2015, Fernandez & Zegre 
2019). The distributions of many wildlife species are 
shifting on the landscape in response to climatic 
changes (e.g. Root et al. 2003, Chen et al. 2011). How -
ever, woodland salamanders are generally restricted 
by low vagility and narrow ranges of thermal and 
hydrological tolerances (Markle & Kozak 2018). Home 
ranges for Plethodon species are typically small but 
can vary by species and sex, and most Plethodon spe-
cies exhibit male-biased dispersion (Liebgold et al. 
2011). For example, Muñoz et al. (2016) estimated 
that mean home range sizes substantially differed for 
male (47.9–76.3 m2) and female (4.9–10.6 m2) eastern 
red-backed salamanders P. cinereus. Salamanders re -
stricted to montane habitats often have limited ther-
mal and moisture tolerances and thus are particularly 
vulnerable to increases in temperature, as their re -
stricted ranges reduce the availability of climatic ref-
ugia on the landscape (Elsen & Tingley 2015, Markle 
& Kozak 2018). 

Several studies have suggested that climate changes 
in the eastern USA will negatively impact montane 
woodland salamanders due to impacts on climatic 
suitability. For example, Milanovich et al. (2010) pro-
jected substantial declines in habitat suitability for 41 
salamander species in the southern and central Appa-
lachians, and Sutton et al. (2015) projected 25 species 
of salamanders in the northeastern USA would lose 
between 3 and 100% of their climate niche within this 
century. In addition to direct im pacts on habitat qual-
ity, climate change could result in increased competi-
tion pressure for montane salamanders as lower eleva-
tion salamanders increase their local distributions into 
higher elevations (Fraser 1976, Griffis & Jaeger 1998, 
Reichenbach & Kniowski 2009). For example, Kroschel 
et al. (2014) documented an increase in the occurrence 
probability of P. cinereus at mid- and high elevations 
in West Virginia between 1978 and 2011, and Mosk-
wik (2014) documented shifts in the elevation distri-
bution of several woodland salamanders in North Car-
olina. There is evidence that the lower elevational 
distributions of high-elevation endemic woodland sal-
amanders are restricted by climate (Grant et al. 2018), 
and thus lower elevation limits could contract with 
projected climate change. Furthermore, it is unlikely 
that woodland salamanders with strict microclimate 
requirements would be able to extend their lower 
elevational limits (Spotila 1972, Gifford & Kozak 2012, 
Hocking et al. 2013, Farallo et al. 2020). 

One species of high conservation concern in the 
Central Appalachian region is the federally threat-

ened Cheat Mountain salamander P. nettingi, a high-
elevation endemic woodland salamander that is re -
stricted to the Allegheny Mountains of West Virginia 
(Pauley 2008a). The known distribution of this species 
includes 81 areas of observed presence across a latitu-
dinal and longitudinal distance of approximately 31 
and 84 km, respectively. This species is typically 
observed at elevations greater than 900 m, but one 
observed population has documented ob servations as 
low as 730 m above sea level (Pauley 2008a). The US 
Fish and Wildlife Service (2009) identified climate 
change and increased interspecific competition as 
factors that could potentially impact the long-term 
viability of the species. At least 7 species from the Ple-
thodontidae family of salamanders occur in sympatry 
with P. nettingi (Pauley 2008b), with P. cinereus being 
the most frequently observed sympatric species 
(Pauley 2005). Previous research suggests P. cinereus 
could compete with P. nettingi for food resources and 
nesting sites (Pauley & Clovis 1980, Green & Pauley 
1987, Pauley 2005). Furthermore, recent field studies 
have documented an increasing prevalence of P. cin-
ereus at sites historically dominated by P. nettingi 
(Kroschel et al. 2014, Rucker et al. 2022). 

There is a strong need to project the influence of cli-
mate changes on habitat quality for P. nettingi and P. 
cinereus to inform current P. nettingi recovery action 
planning and improve our understanding of the 
influence of climatic conditions on woodland sala-
mander habitat quality. Projecting how changes in 
climate may impact the occurrence of species at a dis-
tribution-wide scale requires knowledge and quanti-
fication of the species’ ecological niche (Broenni-
mann et al. 2012). Several field and modeling studies 
have provided insights into the ecological niche of 
P.  nettingi (e.g. Dillard et al. 2008a, Pauley 2008a, 
Brown et al. 2022); specifically, that the occurrence of 
this species is associated with high-elevation forests 
with a red spruce Picea rubens or eastern hemlock 
Tsuga canadensis component (Pauley 2007, 2008a, 
2022), and lithological and topographical characteris-
tics are important (Dillard et al. 2008a). Little research 
has been conducted on the climatic niche of P. nettingi, 
but several studies have suggested that P. nettingi 
appear to be associated with high-moisture environ-
ments (Brooks 1948, Pauley 2007, Dillard et al. 2008a, 
Brown et al. 2022). 

P. cinereus is one of the most wide-ranging and 
well-studied woodland salamanders in eastern North 
America. Most studies have found that P. cinereus 
occurrence and density is positively associated with 
mature deciduous forests (e.g. DeGraaf & Rudis 1990, 
Brooks 2001, Beier et al. 2012), but the species has a 
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high tolerance for a wide range of environmental con-
ditions (Brooks 2001, Riedel et al. 2008, Markle & 
Kozak 2018). Several studies have found that weather 
and climatic variability influence growth rate and 
body size in P. cinereus (e.g. Caruso et al. 2014, Biddle 
et al. 2017, McCarthy et al. 2017), but little research 
has focused on quantifying the species’ climatic niche. 
However, field studies in the Central Appalachian 
region indicate that occupancy probability declines 
from mid- to high elevations (Kroschel et al. 2014, 
Grant et al. 2018), and that frequency of reproduction 
may be lower at high elevations (Takahashi & Pauley 
2010). 

The purpose of this study was to improve our under-
standing of the potential for climate change to in -
fluence habitat quality and interspecific competition 
pressure for P. nettingi. We used an ecological niche 
(EN) modeling approach, which is frequently used for 
terrestrial species to assess species–habitat relation-
ships and predict the relative quality of habitat within 
a focal area (Warren & Seifert 2011, Sillero et al. 2021). 
We estimated the ecological niches for P. nettingi and 
P. cinereus (within the regional distribution of P. net-
tingi) based on historical occurrence data, projected 
their contemporary and potential future geographic 
distributions based on the modeled environmental 
relationships and climate projections, and quantified 
ecological niche overlap between the 2 species. To 
our knowledge, this is the first study to use an EN 
modeling approach for investigating potential im -
pacts of climate change on interspecific competition 
pressure between woodland salamanders. 

2.  MATERIALS AND METHODS 

2.1.  Study area and occurrence data 

To delineate the geographic distribution of Pletho-
don nettingi, we obtained all documented occurrence 
locations for the species (n = 702) from the West Vir-
ginia herpetofauna database, held by the West Vir-
ginia Division of Natural Resources. This data set is 
primarily the result of P. nettingi survey efforts from 
one of the authors (T. K. Pauley), who has searched 
>1300 locations since 1976 and documented locations 
of all salamander species found (Pauley 2022). We 
created a minimum convex polygon, which is the 
smallest polygon that contains all occurrence loca-
tions (Burgman & Fox 2003), around observed loca-
tions on the periphery of the known distribution. 
Within the geographic distribution, we restricted the 
lower elevation boundary to 700 m, as all presence 

locations of P. nettingi were above 730 m. The distri-
bution of P. nettingi encompassed approximately 
186 565 ha in the Allegheny Mountains of eastern 
West Virginia, primarily within the Monongahela 
National Forest (Fig. 1). To quantify the ecological 
niche of P. cinereus within the regional distribution of 
P. nettingi, we restricted our area of inference to 
within 30 km of the P. nettingi distribution (n = 1246 
occurrence locations), thus allowing for environmen-
tal conditions outside of the P. nettingi distribution 
boundary to inform the P. cinereus model. 

2.2.  Initial candidate landscape variables 

We identified 9 candidate landscape predictors 
based on a literature review for P. nettingi habitat asso-
ciations, findings of previous ENMs for P. nettingi and 
other high-elevation salamanders, and ex pert opinion 
from the P. nettingi working group. We obtained a 30 
m2 resolution digital elevation model (DEM) through 
the US Geological Survey National Elevation Dataset 
(1 arc-second; USGS 2017) and used the DEM to cal -
culate elevation, heat load index (HLI), and topo-
graphical position index (TPI). We included HLI as a 
can didate predictor because aspect is a geophysical 
characteristic correlated with P. nettingi occurrence 
(Green & Pauley 1987, Pauley 2008a, Kroschel et al. 
2014). As temperatures are not symmetrical around 
the north–south axis, slopes with afternoon sun have 
greater maximum temperatures than slopes with 
morning sun (McCune & Keon 2002). The HLI allows 
us to account for this variation, providing an accurate 
representation of the influence of aspect on habitat 
quality while avoiding the circular nature of aspect 
measurements (McCune & Keon 2002). We included 
TPI as a candidate predictor, which is calculated from 
DEMs by comparing the elevation of raster cells to the 
mean elevation of neighboring cells. Positive TPI 
values signify locations that have a higher topographic 
position (i.e. ridges and rises), while negative values 
signify areas that have a lower topographic position 
than surrounding cells (i.e. depressions, drainages, 
and valleys; Vinod 2017). 

The occurrence of P. nettingi is associated with the 
occurrence of red spruce Picea rubens and eastern 
hemlock Tsuga canadensis (Pauley 2022). We used 
the LANDFIRE 2016 Remap existing vegetation type 
database (https://landfire.gov/data/lf2016) (hereaf-
ter existing vegetation) to create 4  vegetation cate-
gories, including red spruce and eastern hemlock, 
deciduous forest, ‘other’ forest (e.g. pine forests), and 
non-forest (e.g. grassland, development). We also 
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included canopy cover because woodland salaman -
ders are typically associated with mature forests (Heat-
wole 1962, Petranka 1998, Means 2000, Blankers et 
al.  2012). We used the canopy cover layer created 
by  Chazal et al. (2017), which was derived from the 
National Land Cover Database Tree Canopy Cover 
layer (Ruefenacht et al. 2015). 

We included 4 candidate predictors representing 
soil and geological characteristics. Euclidean distance 
to rocky habitat was derived from the West Virginia 
Terrestrial Habitat Map, which was created by the 
West Virginia Division of Natural Resources based on 
the Northeast Terrestrial Habitat Map (NTHM; Fer-
ree & Anderson 2013) with some revisions specific to 
West Virginia, including addition of completed hab-
itat layers, reclassification of similar ecosystems, and 
corrections of known errors. The NTHM was devel-
oped from NatureServe’s Ecological System Classifi-

cation (Comer et al. 2003) and the National Vegeta-
tion Classification (FGDC 2008). Soil type was de -
rived from the GSSURGO database (Soil Survey Staff 
2014) and reclassified to represent the major soil orders 
associated with P. nettingi occurrence (Alfisols, In -
ceptisols, Spodosols, and Ultisols; all other categories 
reclassified as ‘other’) using the official soil descrip-
tion for each soil type located within the study area. 
Soil skeletal type was derived from the soil taxonomic 
class information. Rock type classification (surface 
geology) was created by the West Virginia Geological 
and Economic Survey and obtained from the West 
Virginia Division of Natural Resources. This layer was 
reclassified into 6 categories: alluvium, limestone, 
sandstone, shale, and siltstone (all other categories 
reclassified as ‘other’). We created landscape variable 
layers using ArcGIS (v.10.7; Environmental Systems 
Research Institute). 
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Fig. 1. (a) Geographic boundary for potential Cheat Mountain salamander Plethodon nettingi and eastern red-backed sala-
mander P. cinereus habitat in the Allegheny Mountains of eastern West Virginia, USA. (b) The area of inference (blue shading) 
was delineated by creating a 30 km buffer around the periphery of observed P. nettingi locations and further restricted to eleva-
tions above 700 m for P. nettingi. (c) Known distribution of P. nettingi (dashed line) as defined by the periphery of observed 
locations. This area was used to estimate occurrence–habitat relationships and the potential influence of climate change on  

P. nettingi and to compare the environmental niches and habitat overlap of P. nettingi and P. cinereus
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2.3.  Initial candidate climate variables 

We used 30 yr averages (1981–2010) of estimated 
monthly precipitation and temperature to derive con-
temporary climate. Gridded climatic data from World-
CLIM (approximately 1 km2 resolution) were sta -
tistically downscaled to approximately 0.5 km2 by 
CLIM systems. The cells were then clipped to the study 
area extent and resampled to the cell size of the ENM 
(30 m2). We calculated 19 bioclimatic variables from the 
contemporary climate that are widely used in ENMs 
(Fick & Hijmans 2017). We derived the median, 10th 
percentile, and 90th percentile for projected future cli-
matic conditions at mid-century (2050) and end-of-
century (2100) using an ensemble of 31 climate models 
and used the 4.5 and 8.5 representative concentration 
pathways (RCPs) to account for multiple potential fu-
ture emissions scenarios (Knutti et al. 2010). We created 
climate variable layers using R (v.4.2.1; R Core Team 
2022) with the packages ‘dismo’ (v.1.3-9; Hijmans et 
al. 2022a) and ‘raster’ (v.3.5-15; Hijmans et al. 2022b). 

2.4.  Final candidate variables 

We used a variance inflation factor (VIF) to assess 
correlations among the candidate landscape and climate 
predictors; predictors with VIF > 10 were considered 
to have high collinearity with other predictors (Hair et al. 
1995). For highly correlated predictors, we retained the 
predictor with the highest explanatory power based on 
comparative single-variable logistic regressions with the 
P. nettingi data set (Marcoulides & Raykov 2019). Our 
final candidate predictors in cluded 8 landscape vari-
ables and 3 climate variables (Table 1): 
existing vegetation, canopy cover, eleva-
tion, HLI, TPI, rock type, soil type, Eucli-
dean distance to rocky habitat, annual 
mean temperature, temperature sea-
sonality (i.e. the standard deviation of 
monthly temperature multiplied by 
100), and precipitation in the warmest 
quarter (i.e. precipitation from June to 
August). Our final candidate predictors 
were as sessed again with a VIF, and the 
highest VIF score returned was 1.30. 

2.5.  Ecological niche modeling 

To estimate relationships between 
species occurrence and environmental 
variables for P. nettingi and P. cinereus, 

we used an EN modeling approach (Guisan & Zim-
merman 2000). During preliminary analyses, we tested 
the performance of several models, including random 
forest (RF) with observed non-detection lo cations as 
absence points, RF with background locations as 
pseudo-absence points equal to the number of pres-
ence points for each species, logistic regression with 
the same pseudo-absence points as RF, and MaxLike 
with randomly generated pseudo-absence points 
equal to the number of presence points for each spe-
cies. We found the RF model with pseudo-absence 
points had substantially higher explanatory power 
based on accuracy metrics (i.e. balanced accuracy, 
specificity error, and sensitivity error) than the other 
models, and we used this model for the final analyses. 

RF is a machine learning model that uses bootstrap 
sampling to create multiple decision trees, with each 
decision tree grown with a subset of randomized pre-
dictors (Breiman 2001). Many uncorrelated trees oper-
ating as an ensemble typically outperforms the use of 
an individual tree approach (i.e. classification and re-
gression trees [CART]) in predictive performance and 
minimizes the overfitting that commonly occurs in 
CART models (Prasad et al. 2006). RF ENMs have been 
found to perform well in predicting the distributions 
of many vegetation and wildlife species, in cluding am-
phibians (e.g. Girardello et al. 2010, Murphy et al. 2010). 

We created ENMs for the focal species and used the 
estimated environmental relationships to project con-
temporary and potential future changes in habitat 
quality. We withheld a random subset of 10% of the 
original data to create a validation data set, and the 
training control was created using a 10-fold cross-
validation approach. We used the ‘tuneRF’ function 
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Landscape covariates                                  References 
 
Elevation                                                          Pauley (2007), Dillard et al. (2008a) 
Heat load index                                             Dillard et al. (2008a) 
Existing vegetation type                            Dillard et al. (2008a), Pauley (2008a,b) 
Soil type                                                            Expert opinion 
Canopy cover                                                 Margenau et al. (2020) 
Rock type (surface geology)                     Dillard et al. (2008b) 
Topographical position index                  Jacobsen et al. (2020) 
Euclidean distance to rocky habitat       Expert opinion 

Climate covariates                                        References 
 
Mean annual precipitation                        Sutton et al. (2015), Jacobsen et al. (2020) 
Precipitation in warmest quarter             Sutton et al. (2015), Jacobsen et al. (2020) 
Temperature seasonality                            Sutton et al. (2015), Jacobsen et al. (2020)

Table 1. Final landscape and climatic candidate predictors used for ecological 
niche modeling for the Cheat Mountain salamander Plethodon nettingi and 
eastern red-backed salamander P. cinereus in the Allegheny Mountains. All  

continuous variables were centered and scaled prior to analyses
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to conduct a random search and generate accuracy 
estimates to select the most efficient tune length. We 
first created a global model containing all candidate 
predictors and then used backward selection (Speiser 
2021) based on the mean decrease in accuracy to 
determine the importance of each predictor to the 
model. Through backward selection, variables were 
removed based on their importance until accuracy 
metrics (i.e. balanced accuracy, specificity error, and 
sensitivity error) did not improve. All models were 
optimized for the receiver operating classification 
curve (ROC), and the out-of-bag (OOB) error was cal-
culated for each prediction model. After the most 
accurate model was selected, we predicted classes for 
the independent validation data set, and an area under 
the curve (AUC) score was calculated. We considered 
models with AUC > 0.70 to be informative and AUC 
> 0.90 to be highly informative (Guisan et al. 2017). 

We used accumulated local effects (ALE) plots to 
calculate model-estimated covariate relationships (Mol-
nar et al. 2018). These plots describe how each individ-
ual predictor influences the output prediction of RF 
models by isolating the changes in a prediction that re-
sults from the change in that predictor. ALE plots are 
an alternative to partial dependence plots, which can 
be difficult to interpret when there are many predictors 
in a model and some of those predictors are correlated 
with one another (Apley & Zhu 2020). We also quanti-
fied niche similarity between the 2 focal species within 
the current geographic distribution of P. nettingi. Using 
the contemporary ENM predictions within the P. net-
tingi distribution, we calculated the I statistic, which 
estimates the niche similarity of 2 ENMs on a scale of 
0  (no niche overlap) to 1 (complete niche overlap; 
Warren et al. 2008). To compute this metric, we used 
the package ‘spatialEco’ (v.1.3-7; Evans 2021) in R. 

We used the model-estimated covariate relation-
ships to project spatially explicit contemporary habitat 
 quality for P. nettingi and P. cinereus. We used the 
P. cinereus area of inference (i.e. P. nettingi distribution 
boundary + 30 km) for both projections to identify 
areas potentially suitable for P. nettingi that are out side 
of their known distribution. We created a mask from 
the DEM layer and loaded the final predictor covariate 
raster layers into a raster stack (i.e. collection of rasters 
with the same extent and resolution). Using the raster 
stack and the final model, we predicted the relative 
habitat quality value for each cell across the study area. 
The prediction raster was exported and used to create a 
visual representation of habitat quality for the study 
area with values that ranged from 0 (lowest quality) to 1 
(highest quality; Rather et al. 2020). To maximize the 
value of this product for managers, we grouped quality 

scores into 4 categories: high-, moderate-, and low-
quality cells, and non-suitable cells. The category 
thresholds were established by P.  nettingi managers 
with the West Virginia Division of Natural Resources 
and US Fish and Wildlife Service West Virginia Eco-
logical Field Office to reflect both regulatory and man-
agement needs. The low-quality threshold was delin-
eated by extracting the quality scores in which 
specificity error was minimized (with an accepted false 
positive rate <5%). The moderate-quality threshold 
was delineated by extracting the quality scores in 
which sensitivity and specificity were balanced (with 
an accepted false negative rate of 5–15%). The high-
quality threshold was delineated by extracting the 
quality scores in which sensitivity error was minimized 
(with an accepted false negative rate of <5%). 

For both species, we used the best approximating 
model to project the potential influence of climate 
change on habitat availability and quality at the mid-
century and end-of-century time periods (i.e. 2050 
and 2100). We also quantified the change in the over-
lap of moderate- and high-quality habitat between 
the 2 focal species. We conducted this analysis in Arc-
Map (v.10.7-1) using the tabulate intersection geo-
processing tool. Model construction and plotting was 
conducted in R using the ‘raster’ (v.3.5-15; Hijmans et 
al. 2022b), ‘rgdal’ (v.1.5-28; Bivand et al. 2021), ‘sp’ 
(v.1.4-4; Pebesma & Bivand 2005, Bivand et al. 2013), 
‘caret’ (v.6.0-93; Kuhn 2022), ‘rpart’ (v.4.1-15; Ther-
neau & Atkinson 2019), ‘randomForest’ (v.4.6-14; Liaw 
& Wiener 2002), and ‘iml’ (v.0.10.1; Molnar et al. 2018) 
packages. 

3.  RESULTS 

3.1.  Ecological niches 

The best approximating model for Plethodon net-
tingi included elevation, existing vegetation, HLI, can-
opy cover, soil type, rock type, Euclidean distance to 
rocky habitat, annual mean temperature, temperature 
seasonality, and precipitation in the warmest quarter. 
This model returned an OOB error of 11.37% and an 
AUC score of 0.96. The best approximating model for 
P. cinereus included elevation, HLI, canopy cover, 
rock type, Euclidean distance to rocky habitat, annual 
mean temperature, temperature seasonality, and pre-
cipitation in the warmest quarter. This model returned 
an OOB error of 11.53% and an AUC score of 0.94. 

For the test of niche similarity, we found that the 
environmental niches of the 2 species were 80.5% 
similar based on the I metric. Based on mean decrease 
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in accuracy, the 4 most influential environmental 
variables for P. nettingi were elevation, rock type, pre-
cipitation in the warmest quarter, and annual mean 
temperature (Fig. 2); for P. cinereus, the most influ -
ential variables were precipitation in the warmest 
quarter, annual mean temperature, elevation, and 
temperature seasonality (Fig. 3). For P. nettingi, the 
ALE plots indicated that species presence was posi-
tively associated with elevation, canopy cover, pres-
ence of red spruce and eastern hemlock, presence of 
the sandstone rock type, presence of the Spodosol 
and Inceptisol soil types, temperature seasonality, 
and precipitation in the warmest quarter (Fig. S1 
in the Supplement at www.int-res.com/articles/suppl/
n057p103_supp.pdf). The ALE plots indicated that P. 
nettingi presence was negatively associated with HLI, 
Euclidean distance to rocky habitat, and annual mean 
temperature (Fig. S1). For P. cinereus, the ALE plots 
indicated that species presence was positively associ-
ated with elevation, temperature seasonality, canopy 
cover, and presence of the sandstone rock type, and 
negatively associated with HLI, Euclidean distance to 
rocky habitat, annual mean temperature, and precipi-
tation in the warmest quarter (Fig. S2). 

3.2.  Contemporary habitat availability and quality 

The best approximating model for P. nettingi iden-
tified 6.6% (12 062 ha), 23.2% (42 316 ha), 12.4% 
(22 514 ha), and 57.8% (105 199 ha) of cells within the 
known P. nettingi distribution as high-quality habitat, 
moderate-quality habitat, low-quality habitat, and non-
habitat, respectively (Fig. 4). Most (75%) of the high-
quality habitat occurred within the high elevation re -
gions of the Monongahela National Forest. The model 
identified an additional 8538 ha and 112 107 ha of 
high- and moderate-quality cells, re spectively, within 
30 km of the known geographic distribution (Fig. 4). 
The best approximating model for P. cinereus identi-
fied 84.3% (1 274 198 ha), 12.0% (181 267 ha), 3.3% 
(49 175 ha), and 0.5% (7606 ha) of the cells within the 
area of inference as high-quality habitat, moderate-
quality habitat, low-quality habitat, and non-habitat, 
respectively (Fig. 4). Much of the high-quality P. 
nettingi habitat was classified as moderate- or low-
quality habitat for P. cinereus (Fig. 4). 

3.3.  Future habitat availability and quality 

For P. nettingi, the climate models projected a 10–
46% decrease in high-quality habitat and 25% de -

crease to a 27% increase in moderate-quality habitat 
by 2050, and a 63–100% decrease in high-quality hab-
itat and a 26% increase to 71% decrease in moderate-
quality habitat, respectively, by 2100 (Table 2, Fig. 5). 
For P. cinereus, the median climate models projected 
a 10–19% increase in high-quality habitat and 43–
100% decrease in moderate-quality habitat by 2050, 
and a 14–19% increase in high-quality habitat and 
67–100% decrease in moderate-quality habitat by 
2100 (Table 2, Fig. 6). 

Within the geographic distribution of P. nettingi, 
the percentage overlap of high and moderate-quality 
habitat between P. nettingi and P. cinereus differed 
between the contemporary and projected future cli-
matic conditions. Under contemporary climatic con-
ditions, overlap in high-quality habitat was 23.0%, 
meaning that 23.0% of the area identified as high-
quality habitat for P. nettingi was also high-quality 
habitat for P. cinereus. For the 2050 median climate 
change projections, overlap in high-quality habitat 
changed to 19.6–44.4%, although we note that very 
little high-quality habitat remained for P. nettingi. 
Since our model projected no high-quality habitat for 
P. nettingi in 2100 based on the median climate 
change projections, there was no overlap between the 
2 species. Under contemporary climatic conditions, 
overlap in moderate-quality habitat was 49.2%. For 
the 2050 median climate change projections, overlap 
in moderate-quality habitat changed to 20.9–83.7%, 
and for the 2100 median climate change projections, 
overlap in moderate-quality habitat increased even 
further to 80.6–82.9%. Furthermore, the overlap in 
moderate-quality P. nettingi habitat with high-quality 
P. cinereus habitat in 2100 was 5.5–6.4%. 

4.  DISCUSSION 

Our study suggests that climatic change could re -
sult in the majority of high-quality Plethodon nettingi 
habitat being lost this century. This finding is consis-
tent with previous climate change response studies 
for high-elevation endemic salamanders in the Ap -
palachian region (Milanovich et al. 2010, Sutton et 
al. 2015, Jacobsen et al. 2020). However, Sutton et al. 
(2015) projected that P. nettingi could lose 98% of 
their potential habitat by 2050. The more robust ana -
lysis we performed here resulted in more conserva-
tive projections of habitat loss by mid-century, but 
still indicates that Cheat Mountain salamander hab-
itat availability and quality will decrease due to cli-
mate change. Additionally, our results suggest that 
P. nettingi has a restricted contemporary geographic 
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distribution, consistent with previous modeling and 
field studies for this species (e.g. Dillard et al. 2008a, 
Pauley 2022). Based on our ENM, the majority of 
high-quality habitat occurs within the Monongahela 
National Forest, which is largely protected from 
development. 

Our ENMs support and quantify previous empiri-
cally based inferences for P. nettingi habitat associa-
tions, particularly that the occurrence of the species 
is positively associated with red spruce, Spodosols, 
and rocky habitat (Pauley 2008a, Dillard et al. 2008b). 
Red spruce occurrence in West Virginia is associated 
with spodic soils, which are strongly acidic (Adams et 
al. 2019). Brown et al. (2022) speculated that P. net-
tingi may have a competitive advantage over P. ciner-
eus in red spruce forests due to the lower tolerance 
of P. cinereus to acidic soils (Wyman & Hawksley-
Lescault 1987, Sugalski & Claussen 1997). P. nettingi 
is one of several high-elevation endemic salamanders 
in the Appalachian region that are strongly associ-
ated with red spruce (e.g. Weller’s salamander Pletho-
don welleri, pygmy salamander Desmognathus wrighti; 
Petranka 1998, Rossell et al. 2018), and thus are pre-
sumably adapted to acidic soil conditions. Pauley 
(2008b) suggested the strong association of P. nettingi 

with rocky habitat was likely a result of population 
loss in less rocky areas during historical landscape-
scale clearcutting and wildfires in West Virginia. 

Our projection that climatic changes will increase 
habitat quality at high elevations for P. cinereus is 
consistent with recent empirical research in the study 
area. Rucker et al. (2022) quantified climatic changes 
and estimated P. cinereus occupancy probability over 
a 34 yr period using 43 long-term monitoring plots in 
a high-elevation red spruce forest occupied by P. net-
tingi and found that minimum temperature at the site 
and P. cinereus plot occupancy increased over time. 
Kroschel et al. (2014) assessed changes in the occu-
pancy probability of P. cinereus between 1978–1979 
and 2011 along elevation gradients at 4 localities 
within the P. nettingi distribution and found that 
occupancy increased over time at sampling locations 
below 1300 m. P. cinereus is currently present at 89% 
of the known P. nettingi localities but relative prev-
alence of the 2 species is highly variable among sites 
(Pauley 2022). To date, no studies have been con-
ducted on competition dynamics in the wild between 
these species, and thus additional research is needed 
to understand how increasing the density of P. ciner-
eus could impact P. nettingi population viability. 
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Kilometers

0 20 40 60 8010
Kilometers

0 20 40 60 8010
Kilometers
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Fig. 4. Contemporary relative habitat quality derived from random forest ecological niche models (ENMs) for the Cheat Moun-
tain salamander Plethodon nettingi and eastern red-backed salamander P. cinereus in the Allegheny Mountains, including hab-
itat quality for P. nettingi within (a) the known geographic extent of the species and (b) the broader area of inference in eastern 
West Virginia, and (c) habitat quality for P. cinereus. Solid white line in (b,c): known geographic extent of P. nettingi. For P. net-
tingi, the model included 10 predictors: elevation, forest type (Landfire), canopy cover, soil type, heat load index, rock type 
classification, Euclidian distance to rocky habitat, annual mean temperature, temperature seasonality, and precipitation in the 
warmest quarter (out-of-bag error [OOB]: 11.37%; area under the curve [AUC]: 0.9268). For P. cinereus, the model included 8 
predictors: elevation, Euclidian distance to rocky habitat, canopy cover, heat load index, rock type classification, annual mean  

temperature, temperature seasonality, and precipitation in the warmest quarter (OOB error: 14.72%; AUC: 0.9397)
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However, these species are rarely found occupying 
the same cover object (Pauley 2022), indicating P. cin-
ereus likely reduces microhabitat availability for 
P.  nettingi. Furthermore, Brophy & Reichenbach 
(2020) found that removal of P. cinereus increased 
the relative abundance of another regional high-
elevation endemic species, the Peaks of Otter sala-
mander P. hubrichti. 

Most additional studies assessing responses of 
high-elevation woodland salamanders to climate 
change indicate that these species may be a particu-
larly vulnerable group of vertebrates (e.g. Milanovich 
et al. 2010, Barrett et al. 2014, Jacobsen et al. 2020). 
Recent research suggests that amphibians may have 
the physiological capacity to adapt to rapidly chang-
ing environmental conditions (Urban et al. 2014, 
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Climate model                                                         Quality category                        10th Area (ha)                 50th Area (ha)                90th Area (ha) 
 
Cheat Mountain salamander                                                                                                                                                                                    
Contemporary                                                         High quality                                           –                                 12062                                – 
                                                                                     Moderate quality                                 –                                 42316                                – 
                                                                                     Low quality                                             –                                 22514                                – 
                                                                                     Non-suitable                                          –                                104846                               – 
2050 RCP 4.5                                                           High quality                                       10900                              9680                              10390 
                                                                                     Moderate quality                              53407                             50043                            40915 
                                                                                     Low quality                                         27952                             25090                            24772 
                                                                                     Non-suitable                                      89479                             96926                           105660 
2050 RCP 8.5                                                           High quality                                        6545                               8053                               9905 
                                                                                     Moderate quality                              57999                             52615                            31814 
                                                                                     Low quality                                         27050                             20304                            25589 
                                                                                     Non-suitable                                      90144                            100767                          114430 
2100 RCP 4.5                                                           High quality                                        7082                                   0                                      0 
                                                                                     Moderate quality                              57555                             52493                            32839 
                                                                                     Low quality                                         27070                             20694                            25074 
                                                                                     Non-suitable                                      90032                            108551                          123825 
2100 RCP 8.5                                                           High quality                                        4468                                   0                                      0 
                                                                                     Moderate quality                              66952                             35208                            12312 
                                                                                     Low quality                                         40670                             40278                            35010 
                                                                                     Non-suitable                                      69649                            106253                          134417 
Eastern red-backed salamander 
Contemporary                                                         High quality                                           –                              1274198                             – 
                                                                                     Moderate quality                                 –                                181267                               – 
                                                                                     Low quality                                             –                                 49175                                – 
                                                                                     Non-suitable                                          –                                  7606                                 – 
2050 RCP 4.5                                                           High quality                                     1405796                        1497105                       1512441 
                                                                                     Moderate quality                             103228                            15416                                81 
                                                                                     Low quality                                          4085                                   0                                      0 
                                                                                     Non-suitable                                           0                                      0                                      0 
2050 RCP 8.5                                                           High quality                                     1459456                        1512498                       1512511 
                                                                                     Moderate quality                              53606                                23                                   11 
                                                                                     Low quality                                              1                                      0                                      0 
                                                                                     Non-suitable                                           0                                      0                                      0 
2100 RCP 4.5                                                           High quality                                     1452788                        1512401                       1512506 
                                                                                     Moderate quality                              59681                                120                                  16 
                                                                                     Low quality                                             53                                     0                                      0 
                                                                                     Non-suitable                                           0                                      0                                      0 
2100 RCP 8.5                                                           High quality                                     1512521                        1512521                       1512521 
                                                                                     Moderate quality                                   0                                      0                                      0 
                                                                                     Low quality                                              0                                      0                                      0 
                                                                                     Non-suitable                                           0                                      0                                      0 

Table 2. Percent change in habitat quality predictions for the Cheat Mountain salamander Plethodon nettingi and eastern red-
backed salamander P. cinereus in the Allegheny Mountains based on the median, 10th percentile, and 90th percentile for pro-
jected future climatic conditions at mid-century (2050) and end-of-century (2100) using an ensemble of 31 climate models and 
RCP 4.5 and RCP 8.5. Percent change was calculated relative to estimated contemporary habitat quality. Dash values represent 
‘no data’ as we did not calculate the 10th and 90th percentiles for contemporary climate. Zero values are 0 ha of the area  

of inference fell within that category
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Fig. 5. Future relative habitat quality for the Cheat Mountain salamander Plethodon nettingi in the Allegheny Mountains de-
rived from random forest ecological niche models (ENMs) and median future climate projections from a 31-model ensemble. 
The best approximating ENM was used to project mid-century and end-of-century (i.e. 2050 and 2100) habitat quality and 
availability based on representative concentration pathway (RCP) 4.5 and RCP 8.5. Projections include (a) contemporary ENM,  

(b) mid-century 4.5 RCP, (c) end-of-century 4.5 RCP, (d) mid-century 8.5 RCP, and (e) end-of-century 8.5 RCP
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Fig. 6. Same as Fig. 5 but for the eastern red-backed salamander Plethodon cinereus. Projections include (a) contemporary  
ENM, (b) mid-century 4.5 RCP, (c) end-of-century 4.5 RCP, (d) mid-century 8.5 RCP, and (e) end-of-century 8.5 RCP
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Lyons & Kozak 2020). However, the ability of sala-
manders to adapt to invasion of competing species is 
unclear. Additional research is needed to better under-
stand the potential for high-elevation salamanders to 
adapt physiologically or behaviorally to warming en -
vironments, as well as invasion of potential com -
petitors, as traditional ENMs do not consider that 
occurrence–climate relationships may change in the 
future, potentially overestimating climate change 
vulnerability. 

Our study suggests that climate change will neg-
atively impact habitat availability and quality for a 
high-elevation endemic salamander while increasing 
habitat quality for a generalist species. Our results 
can inform management strategies for P. nettingi, a 
federally threatened species. In particular, the con-
temporary ENM can be used to direct survey 
efforts that could result in the discovery of 
additional P. nettingi populations, as well as identify 
target areas for habitat restoration and management, 
and design experiments to address information 
gaps. The future projection models can be used to 
identify focal management areas to maximize the 
probability of persistence of this species as the cli-
mate changes. 
 
 
Acknowledgements. We thank all the volunteers and stu-
dents who assisted with salamander surveys and submitted 
observation records. We thank P. B. Wood and A. Silvis for 
providing suggestions that im proved the quality of the 
manuscript. We thank the Cheat Mountain Salamander 
Working Group for their participation in the expert elicita-
tion process. D.J.B. and L.E.R. were supported by the United 
States Department of Agriculture (USDA) National Institute 
of Food and Agriculture, McIntire Stennis projects 
WVA00122 and WVA00820, The West Virginia Agricultural 
and Forestry Experiment Station, and the USDA Forest Ser-
vice Northern and Pacific Northwest Research Stations. Any 
use of trade, product, or firm names is for descriptive pur-
poses only and does not imply endorsement by the US Gov-
ernment. The findings and conclusions in this publication 
are those of the authors and should not be construed to rep-
resent any official USDA or US Government determination 
or policy. 
 
 

LITERATURE CITED 
 
Adams MB, Kelly C, Kabrick J, Schuler J (2019) Temperate 

forests and soils. In:  Busse M, Giardina CP, Morris DM, 
Page-Dumrose DS (eds) Global change and forest soils:  
cultivating stewardship of a finite natural resource. Else-
vier, Cambridge, MA, p 83– 108 

Apley DW, Zhu J (2020) Visualizing the effects of predictor 
variables in black box supervised learning models. J R Stat 
Soc Series B Stat Methodol 82: 1059– 1086  

Barrett K, Nibbelink NP, Maerz JC (2014) Identifying prior-
ity species and conservation opportunities under future 

climate scenarios:  amphibians in a biodiversity hotspot. 
J Fish Wildl Manag 5: 282– 297  

Beier CM, Woods AM, Hotopp KP, Gibbs JP and others 
(2012) Changes in faunal and vegetation communities 
along a soil calcium gradient in northern hardwood for-
ests. Can J Res 42: 1141– 1152  

Biddle JR, Grant AH, Liebgold EB (2017) Factors affecting 
the growth of eastern red-backed salamanders, Pletho-
don cinereus. Herpetologica 73: 89– 93  

Bivand RS, Pebesma EJ, Gomez-Rubio V (2013) Applied spa-
tial data analysis with R, 2nd edn. Springer, New York, 
NY 

Bivand RS, Keitt T, Rowlingson B (2021) rgdal:  bindings 
for the ‘geospatial’ data abstraction library. R package 
version 1.5-28. https: //CRAN.R-project.org/package=
rgdal 

Blankers T, Adams DC, Wiens JJ (2012) Ecological radiation 
with limited morphological diversification in salamanders. 
J Evol Biol 25: 634– 646  

Breiman L (2001) Random forests. Mach Learn 45: 5– 32  
Broennimann O, Fitzpatrick MC, Pearman PB, Petitpierr B 

and others (2012) Measuring ecological niche overlap 
from occurrence and spatial environmental data. Glob 
Ecol Biogeogr 21: 481– 497  

Brooks M (1948) Notes on the Cheat Mountain salamander. 
Copeia 1948: 239– 244  

Brooks RT (2001) Effects of the removal of hemlock from 
hemlock-dominated forests on eastern redback sala-
manders. For Ecol Manage 149: 197– 204  

Brophy TR, Reichenbach N (2020) Range limitation of the 
Peaks of Otter salamander (Plethodon hubrichti) due to 
competition with the eastern red-backed salamander 
(Plethodon cinereus) in sympatry. Herpetol Bull 152: 
1– 6  

Brown DJ, Rucker LE, Johnson C, Jones S, Pauley TK (2022) 
Microhabitat associations for the threatened Cheat Moun-
tain salamander in relation to early-stage red spruce res-
toration areas. J Fish Wildl Manag 13: 68– 80  

Burgman MA, Fox JC (2003) Bias in species range estimates 
from minimum convex polygons:  implications for conser-
vation and options for improved planning. Anim Conserv 
6: 19– 28  

Butler PR, Iverson L, Thompson I, Frank R and others (2015) 
Central Appalachians forest ecosystem vulnerability as -
sessment and synthesis:  a report from the Central Appa-
lachians Climate Change Response Framework project. 
General Technical Report NRS– 146. US Forest Service, 
Northern Research Station, Newtown Square, PA 

Caruso NM, Sears MW, Adams DC, Lips KR (2014) Wide-
spread rapid reductions in body size of adult salamanders 
in response to climate change. Glob Change Biol 20: 
1751– 1759  

Chazal AC, Howard TG, Hazler K, Gilb R, Conley A, Tracey 
C (2017) Species distribution modeling of threatened and 
endangered species throughout Region 5. Natural Her-
itage Technical Report 17– 12. Virginia Department of 
Conservation and Recreation, Division of Natural Her-
itage, Richmond, VA 

Chen IC, Hill JK, Ohlemuller R, Roy DB, Thomas CD (2011) 
Rapid range shifts of species associated with high levels 
of climate warming. Science 333: 1024– 1026  

Comer PJ, Faber-Langendoen D, Evans R, Gawler SC and 
others (2003) Ecological systems of the United States:  a 
working classification of US terrestrial systems. Nature-
Serve, Arlington, VA 

115

https://doi.org/10.1111/rssb.12377
https://doi.org/10.3996/022014-JFWM-015
https://doi.org/10.1139/x2012-071
https://doi.org/10.1655/HERPETOLOGICA-D-16-00047.1
https://cran.r-project.org/package=rgdal
https://doi.org/10.1111/j.1420-9101.2012.02458.x
https://doi.org/10.1023/A%3A1010933404324
https://doi.org/10.1126/science.1206432
https://doi.org/10.1111/gcb.12550
https://doi.org/10.1017/S1367943003003044
https://doi.org/10.3996/JFWM-21-042
https://doi.org/10.33256/hb152.16
https://doi.org/10.1016/S0378-1127(00)00553-3
https://doi.org/10.2307/1438709
https://doi.org/10.1111/j.1466-8238.2011.00698.x


Endang Species Res 57: 103–118, 2025

DeGraaf RM, Rudis DD (1990) Herpetofaunal species 
composition and relative abundance among three 
New England forest types. For Ecol Manage 32: 
155– 165  

Dillard LO, Russell KR, Ford WM (2008a) Macrohabitat 
models of occurrence for the threatened Cheat Moun-
tain  salamander, Plethodon nettingi. Appl Herpetol 5: 
201– 224  

Dillard LO, Russell KR, Ford WM (2008b) Site-level habitat 
models for the endemic, threatened Cheat Mountain sal-
amander (Plethodon nettingi):  the importance of geo-
physical and biotic attributes for predicting occurrence. 
Biodivers Conserv 17: 1475– 1492  

Elsen PR, Tingley MW (2015) Global mountain topography 
and the fate of montane species under climate change. 
Nat Clim Chang 5: 772– 776  

Evans JS (2021) spatialEco. R package version 1.3-7. https: 
//github.com/jeffreyevans/spatialEco 

Farallo VR, Munoz MM, Uyeda JC, Miles DB (2020) Scaling 
between macro- to microscale climatic data reveals 
strong phylogenetic inertia in niche evolution in pletho-
dontid salamanders. Evolution 74: 979– 991  

Fernandez R, Zegre N (2019) Seasonal changes in water and 
energy balances over the Appalachian region and be yond 
throughout the twenty-first century. J Appl Meteorol 
Climatol 58: 1079– 1102  

Ferree C, Anderson MG (2013) A map of terrestrial habitats 
of the northeastern United States:  methods and ap -
proach. The Nature Conservancy, Eastern Conservation 
Science, Eastern Regional Office, Boston, MA 

FGDC (Federal Geographic Data Committee) (2008) National 
vegetation classification standard, version 2. www.
fgdc.gov/standards/projects/FGDC-standards-projects/
vegetation/ (accessed 17 January 2018) 

Fick SE, Hijmans RJ (2017) WorldClim 2:  new 1 km spatial 
resolution climate surfaces for global land areas. Int J Cli-
matol 37: 4302– 4315  

Fraser DF (1976) Empirical evaluation of the hypothesis of 
food competition in salamanders of the genus Plethodon. 
Ecology 57: 459– 471  

Gifford ME, Kozak KH (2012) Islands in the sky or 
squeezed at the top? Ecological causes of elevational 
range limits in montane salamanders. Ecography 35: 
193– 203  

Girardello M, Griggio M, Whittingham MJ, Rushton SP 
(2010) Models of climate associations and distributions 
of amphibians in Italy. Ecol Res 25: 103– 111  

Grant EHC, Brand AB, De Wekker SFJ, Lee TR, Wofford JEB 
(2018) Evidence that climate sets the lower elevation 
range limit in a high-elevation endemic salamander. Ecol 
Evol 8: 7553– 7562  

Green NB, Pauley TK (1987) Amphibians and reptiles in 
West Virginia. University of Pittsburgh Press, Pittsburgh, 
PA 

Griffis MR, Jaeger RG (1998) Competition leads to an extinc-
tion-prone species of salamander:  interspecific territori-
ality in a metapopulation. Ecology 79: 2494– 2502  

Guisan A, Zimmerman NE (2000) Predictive habitat distribu-
tion models in ecology. Ecol Modell 135: 147– 186  

Guisan A, Thuiller W, Zimmerman NE (2017) Habitat suit-
ability and distribution models with applications in R. 
Cambridge University Press, New York, NY 

Hair JF Jr, Anderson RE, Tatham RL, Black WC (1995) Mul-
tivariate data analysis. MacMillan Publishing Company, 
New York, NY 

Heatwole H (1962) Environmental factors influencing local 
distribution and activity of the salamander, Plethodon 
cinereus. Ecology 43: 460– 472  

Hijmans RJ, Phillips S, Leathwick J, Elith J (2022a) dismo:  
species distribution modeling. R package version 1.3-9. 
https: //CRAN.R-project.org/package=dismo 

Hijmans RJ, van Etten J, Sumner M, Cheng J and others 
(2022b) raster:  geographic data analysis and modeling. 
R  package version 3.5-15. https: //CRAN.R-project.org/
package=raster 

Hocking DJ, Babbitt KJ, Yamasaki M (2013) Comparison of 
silvicultural and natural disturbance effects on terrestrial 
salamanders in northern hardwood forests. Biol Conserv 
167:194–202 

Jacobsen CD, Brown DJ, Flint WD, Pauley TK, Buhlmann 
KA, Mitchell JC (2020) Vulnerability of high-elevation 
endemic salamanders to climate change:  a case study 
with the Cow Knob salamander (Plethodon punctatus). 
Glob Ecol Conserv 21: e00883 

Knutti R, Abramowitz G, Collins M, Eyring V, Gleckler PJ, 
Hewitson B, Mearns L (2010) Good practice guidance 
paper on assessing and combining multi model climate 
projections. In:  Stocker T, Dahe Q, Plattner GK, Tignor M, 
Midgley P (eds) IPCC Expert Meeting on Assessing and 
Combining Multi Model Climate Projections, Boulder, CO 

Kozak KH, Wiens JJ (2016) What explains patterns in spe-
cies richness? The relative importance of climatic-niche 
evolution, morphological evolution, and ecological limits 
in salamanders. Ecol Evol 6: 5940– 5949  

Kroschel WA, Sutton WB, McClure CJW, Pauley TK (2014) 
Decline of the Cheat Mountain Salamander over a 32-
year period and the potential influence of competition 
from a sympatric species. J Herpetol 48: 415– 422  

Kuhn M (2022) caret:  classification and regression training. 
R package version 6.0-93. https: //CRAN.R-project.org/
package=caret 

Kutta E, Hubbart J (2018) Changing climatic averages and 
variance:  implications for mesophication at the eastern 
edge of North America’s eastern deciduous forest. For-
ests 9: 605  

Kutta E, Hubbart J (2019) Climatic trends of West Virginia:  a 
representative Appalachian microcosm. Water 11: 1117  

Liaw A, Wiener M (2002) Classification and regression by 
randomForest. R News 2: 18– 22 

Liebgold EB, Brodie ED, Cabe PR (2011) Female philopatry 
and male-biased dispersal in a direct-developing sala-
mander, Plethodon cinereus. Mol Ecol 20: 249– 257  

Lyons MP, Kozak KH (2020) Vanishing islands in the sky? A 
comparison of correlation- and mechanism-based fore-
casts of range dynamic for montane salamanders under 
climate change. Ecography 43: 481– 493  

Marcoulides KM, Raykov T (2019) Evaluation of variance 
inflation factors in regression models using latent va -
riable modeling methods. Educ Psychol Meas 79: 
874– 882  

Margenau EL, Wood PB, Brown DJ (2020) Efficacy and 
biases of cover object survey design for sampling eastern 
red-backed salamanders (Plethodon cinereus) at forest 
edge and interior locations. Herpetol Conserv Biol 15:
440–447 

Markle TM, Kozak KH (2018) Low acclimation capacity of 
narrow-ranging thermal specialists expose susceptibility 
to global climate change. Ecol Evol 8: 4644– 4656  

McCarthy T, Masson P, Thieme A, Leimgruber P, Gratwicke 
B (2017) The relationship between climate and adult 

116

https://doi.org/10.1016/0378-1127(90)90167-A
https://doi.org/10.1163/157075408785911057
https://doi.org/10.1007/s10531-008-9356-x
https://doi.org/10.1038/nclimate2656
https://github.com/jeffreyevans/spatialEco
https://doi.org/10.1111/evo.13959
https://doi.org/10.1175/JAMC-D-18-0093.1
http://www.fgdc.gov/standards/projects/FGDC-standards-projects/vegetation/
https://doi.org/10.1002/joc.5086
https://doi.org/10.2307/1936431
https://doi.org/10.1111/j.1600-0587.2011.06866.x
https://doi.org/10.1007/s11284-009-0636-z
https://doi.org/10.1002/ece3.4198
https://doi.org/10.1890/0012-9658(1998)079%5b2494%3ACLTAEP%5d2.0.CO%3B2
https://doi.org/10.1002/geo2.31
https://doi.org/10.1002/ece3.4006
https://doi.org/10.1177/0013164418817803
https://doi.org/10.1111/ecog.04282
https://doi.org/10.1111/j.1365-294X.2010.04946.x
https://doi.org/10.3390/w11061117
https://doi.org/10.3390/f9100605
https://cran.r-project.org/package=caret
https://doi.org/10.1670/13-002
https://doi.org/10.1002/ece3.2301
https://doi.org/10.1016/j.biocon.2013.08.006
https://cran.r-project.org/package=raster
https://cran.r-project.org/package=dismo
https://doi.org/10.2307/1933374
https://doi.org/10.1016/S0304-3800(00)00354-9


Rucker et al.: Future geographic distribution of Plethodon nettingi

body size in redback salamanders (Plethodon cinereus). 
Geo 4: e00031  

McCune B, Keon D (2002) Equations for potential annual 
direct incident radiation and heat load. J Veg Sci 13: 
603– 606  

Means DB (2000) Southeastern US coastal plain habitats of 
the Plethodontidae:  the importance of relief, ravines, and 
seepage. In:  Bruce RC, Jaeger RG, Houck LD (eds) The 
biology of Plethodontid salamanders. Springer, Boston, 
MA, p 287– 302 

Milanovich JR, Peterman WE, Nibbelink NP, Maerz JC, 
Wright J (2010) Projected loss of a salamander diversity 
hotspot as a consequence of projected global climate 
change. PLOS ONE 5: e12189  

Molnar C, Casalicchio G, Bischl B (2018) iml:  an R package 
for interpretable machine learning. J Open Source Softw 
3: 786  

Moskwik M (2014) Recent elevational range expansions in 
plethodontid salamanders (Amphibia:  Plethodontidae) in 
the southern Appalachian Mountains. J Biogeogr 41: 
1957– 1966  

Muñoz DJ, Miller DAW, Sutherland C, Grant EHC (2016) 
Using spatial capture– recapture to elucidate population 
processes and space-use in herpetological studies. J Her-
petol 50: 570– 581  

Murphy MA, Evans JS, Storfer A (2010) Quantifying Bufo 
boreas connectivity in Yellowstone National Park with 
landscape genetics. Ecology 91: 252– 261 

Pauley TK (2005) Reflections upon amphibian conservation. 
In: Lannoo MJ (ed) Amphibian declines: the conservation 
status of the United States species. University of Califor-
nia Press, Berkeley, CA, p 277–281 

Pauley TK (2007) Revised notes on the range of the Cheat 
Mountain salamander, Plethodon nettingi, (Amphibia:  
Cau data). Proc W Va Acad Sci 79: 16– 21 

Pauley TK (2008a) Status of the federally threatened Cheat 
Mountain salamander, Plethodon nettingi (Amphibia:  
Caudata):  sixty years later. Proc W Va Acad Sci 80: 26– 29 

Pauley TK (2008b) The Appalachian inferno:  historical 
causes for the disjunct distribution of Plethodon net-
tingi  (Cheat Mountain salamander). North-East Nat 15: 
595– 606  

Pauley TK (2022) Forty-years of field notes:  the Cheat 
Mountain salamander (Plethodon nettingi). Proc W Va 
Acad Sci 94: 1– 37 

Pauley TK, Clovis JF (1980) The ecological status of the 
Cheat Mountain salamander. Unpublished report to the 
US Department of Agriculture, Forest Service Report 
7798, Huntington, WV 

Pebesma EJ, Bivand RS (2005) Classes and methods for spa-
tial data in R. R News 5: 9– 13. https: //CRAN.R-project.
org/doc/Rnews/ 

Petranka JW (1998) Salamanders of the United States and 
Canada. Smithsonian Institution Press, Washington, 
DC 

Prasad AM, Iverson LR, Liaw A (2006) Newer classification 
and regression tree techniques:  bagging and random for-
ests for ecological prediction. Ecosystems 9: 181– 199  

R Core Team (2022) R:  a language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna 

Rather TA, Kumar S, Khan JA (2020) Multi-scale habitat 
modelling and predicting change in the distribution of 
tiger and leopard using random forest algorithm. Sci Rep 
10: 11473  

Reichenbach N, Kniowski A (2009) The ecology of the Peaks 
of Otter salamander (Plethodon hubrichti) in sympatry 
with the eastern red-backed salamander (Plethodon cin-
ereus). Herpetol Conserv Biol 4: 285– 294 

Riedel BL, Russell KR, Ford WM, O’Neill KP, Godwin HW 
(2008) Habitat relationships of eastern red-backed sala-
manders (Plethodon cinereus) in Appalachian agro forestry 
and grazing systems. Agric Ecosyst Environ 124: 229– 236  

Rissler LJ, Smith WH (2010) Mapping amphibian contact 
zones and phylogeographical break hotspots across the 
United States. Mol Ecol 19: 5404– 5416  

Root TL, Price JT, Hall KR, Schneider SH, Rosenzweig C, 
Pounds JA (2003) Fingerprints of global warming on wild 
animals and plants. Nature 421: 57– 60  

Rossell CR Jr, Haas IC, Williams LA, Patch SC (2018) Com-
parison of relative abundance and microhabitat of Des-
mognathus organi (northern pygmy salamander) and 
Desmognathus wrighti (southern pygmy salamander) in 
North Carolina. Southeast Nat 17: 141– 154  

Rucker LE, Brown DJ, Watson MB, Pauley TK (2022) Long-
term occupancy dynamics for the threatened Cheat 
Mountain salamander and its competitors in relation to lin-
ear habitat fragmentation. For Ecol Manage 505: 119847  

Ruefenacht B, Benton R, Johnson V, Biswas T and others 
(2015) Forest Service contributions to the National Land 
Cover Database (NLCD):  tree canopy cover production. 
In:  Stanton SM, Christensen GA (eds) New directions in 
inventory techniques and applications Forest Inventory 
Analysis (FIA) Symposium. Gen Tech Rep PNW-GTR-
931, Portland, OR, p 241– 243 

Sillero N, Arenas-Castro S, Enriquez-Urzelai U, Vale CG and 
others (2021) What to model a species niche? A step-by-
step guideline on correlative ecological niche modelling. 
Ecol Model 456: 109671  

Soil Survey Staff (2014) Gridded soil survey geographic 
(gSSURGO) database for West Virginia. United States 
Department of Agriculture, Natural Resources Conserva-
tion Service. https: //gdg.sc.egov.usda.gov/ 

Speiser JL (2021) A random forest method with feature 
selection for developing medical prediction models 
with clustered and longitudinal data. J Biomed Inform 
117: 103763  

Spotila JR (1972) Role of temperature and water in the ecol-
ogy of lungless salamanders. Ecol Monogr 42: 95– 125  

Stephenson SL (2013) A natural history of the Central Appa-
lachians. West Virginia University Press, Morgantown, 
WV 

Stuart SN, Chanson JS, Cox NA, Young BE, Rodrigues ASL, 
Fischman DL, Waller RW (2004) Status and trends of 
amphibian declines and extinctions worldwide. Science 
306: 1783– 1786  

Sugalski MT, Claussen DL (1997) Preference for soil mois-
ture, soil pH, and light intensity by the salamander, Ple-
thodon cinereus. J Herpetol 31: 245– 250  

Sutton WV, Barrett K, Moody AT, Loftin CS, DeMaynadier 
PG, Nanjappa P (2015) Predicted changes in climatic 
niche and climate refugia of conservation priority sala-
mander species in the northeastern United States. For-
ests 6: 1– 26  

Takahashi MK, Pauley TK (2010) Resource allocation and 
life history traits of Plethodon cinereus at different eleva-
tions. Am Midl Nat 163: 87– 94  

Therneau T, Atkinson B (2019) rpart:  recursive partitioning 
and regression trees. R package version 4.1-15. https: //
CRAN.R-project.org/package=rpart 

117

https://doi.org/10.1111/j.1654-1103.2002.tb02087.x
https://doi.org/10.1371/journal.pone.0012189
https://doi.org/10.21105/joss.00786
https://doi.org/10.1111/jbi.12352
https://doi.org/10.1670/15-166
https://doi.org/10.1890/08-0879.1
https://doi.org/10.1656/1092-6194-15.4.595
https://doi.org/10.55632/pwvas.v94i2.842
https://cran.r-project.org/doc/Rnews/
https://doi.org/10.1007/s10021-005-0054-1
https://doi.org/10.1038/s41598-020-68167-z
https://doi.org/10.1016/j.agee.2007.10.001
https://cran.r-project.org/package=rpart
https://doi.org/10.1674/0003-0031-163.1.87
https://doi.org/10.3390/f6010001
https://doi.org/10.2307/1565392
https://doi.org/10.1126/science.1103538
https://doi.org/10.2307/1942232
https://doi.org/10.1016/j.jbi.2021.103763
https://gdg.sc.egov.usda.gov/
https://doi.org/10.1016/j.ecolmodel.2021.109671
https://doi.org/10.1016/j.foreco.2021.119847
https://doi.org/10.1656/058.017.0111
https://doi.org/10.1038/nature01333
https://doi.org/10.1111/j.1365-294X.2010.04879.x


Endang Species Res 57: 103–118, 2025

Urban MC, Richardson JL, Freidenfelds NA (2014) Plas -
ticity and genetic adaptation mediate amphibian and 
reptile responses to climate change. Evol Appl 7: 
88– 103  

US Fish and Wildlife Service (2009) Cheat Mountain sala-
mander (Plethodon nettingi) 5-year review:  summary and 
evaluation. US Fish and Wildlife Service West Virginia 
Field Office, Elkins, WV 

US Geological Survey (2017) 1 arc-second digital eleva-
tion models (DEMs) — USGS national map 3DEP down-
loadable data collection. https: //data.usgs.gov/data
catalog/data/USGS: 35f9c4d4-b113-4c8d-8691-47c428c
29a5b  

Vinod PG (2017) Development of topographic position index 
based on Jenness algorithm for precision agriculture at 
Kerala, India. Spat Inf Res 25: 381– 388  

Warren DL, Seifert SN (2011) Ecological niche modeling in 
Maxent:  the importance of model complexity and the 
performance of model selection criteria. Ecol Appl 21: 
335– 342  

Warren DL, Glor RE, Turelli M (2008) Environmental niche 
equivalency versus conservatism:  quantitative ap proaches 
to niche evolution. Evolution 62: 2868– 2883  

Wyman RL, Hawksley-Lescault DS (1987) Soil acidity affects 
distribution, behavior, and physiology of the salamander 
Plethodon cinereus. Ecology 68: 1819– 1827

118

Editorial responsibility: Michael Mahony,  
 Callaghan, New South Wales, Australia 
Reviewed by: 2 anonymous referees 
Submitted: November 14, 2024; Accepted: March 13, 2025 
Proofs received from author(s): May 30, 2025 

This article is Open Access under the Creative Commons by 
Attribution (CC-BY) 4.0 License, https://creativecommons.org/
licenses/by/4.0/deed.en. Use, distribution and reproduction 
are unrestricted provided the authors and original publication 
are credited, and indicate if changes were made

https://doi.org/10.1111/eva.12114
https://data.usgs.gov/datacatalog/data/USGS:35f9c4d4-b113-4c8d-8691-47c428c29a5b
https://doi.org/10.1007/s41324-017-0104-8
https://doi.org/10.2307/1939873
https://doi.org/10.1111/j.1558-5646.2008.00482.x
https://doi.org/10.1890/10-1171.1



