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Abstract: Global climate change represents one of the most extensive and pervasive
threats to wildlife populations. Amphibians, specifically salamanders, are particularly
susceptible to the effects of changing climates due to their restrictive physiological
requirements and low vagility; however, little is known about which landscapes and
species are vulnerable to climate change. Our study objectives included, (1) evaluating
species-specific predictions (based on 2050 climate projections) and vulnerabilities to climate
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change and (2) using collective species responses to identify areas of climate refugia for
conservation priority salamanders in the northeastern United States. All evaluated
salamander species were projected to lose a portion of their climatic niche. Averaged
projected losses ranged from 3%-100% for individual species, with the Cow Knob
Salamander (Plethodon punctatus), Cheat Mountain Salamander (Plethodon nettingi),
Shenandoah Mountain Salamander (Plethodon virginia), Mabee’s Salamander (Ambystoma
mabeei), and Streamside Salamander (Ambystoma barbouri) predicted to lose at least 97%
of their landscape-scale climatic niche. The Western Allegheny Plateau was predicted to
lose the greatest salamander climate refugia richness (i.e., number of species with a
climatically-suitable niche in a landscape patch), whereas the Central Appalachians
provided refugia for the greatest number of species during current and projected climate
scenarios. Our results can be used to identify species and landscapes that are likely to be
further affected by climate change and potentially resilient habitats that will provide
consistent climatic conditions in the face of environmental change.

Keywords: amphibians; bioclimatic variable; caudata; climatic niche; climate refugia;
global climate model; macrorefugia; representative concentration pathway; salamander

1. Introduction

Forest ecosystem dynamics can be shaped by a number of complex interactions occurring between
the leaf litter and soil, some of which are mediated by forest floor biota [1,2]. Because of their
exceptionally abundant biomass, amphibians are known to greatly influence nutrient cycling [3—5] and
leaf-litter food webs [2]. Furthermore, salamanders are important for structuring invertebrate
communities in primary stream [5,6] and forested [7,8] environments, sequestering forest carbon
stocks [8], and providing a significant and nutritious prey source for other predators [3].

Prompt conservation of amphibians and the ecosystem services they provide is suggested given the
rapid declines of many amphibian species. During a seminal World Congress of Herpetology in 1989,
researchers provided multiple accounts of amphibians declining globally; amphibians are now
considered the most threatened class of vertebrates worldwide, with approximately one third of all species
imperiled [9]. Habitat disturbances (e.g., fragmentation, urbanization, and intensive forestry), invasive
species, aquatic pollution, emerging pathogens, and global climate change are primary factors in these
declines [10,11]. Each of these stressors plays a unique role in amphibian declines and can operate
synergistically in their influence on amphibian populations [12]. With respect to other ongoing threats,
especially habitat destruction and emerging pathogens, climate change is likely a lesser threat for
amphibians over the short-term; however, it represents one of the greatest threats for persistence of
vulnerable amphibian populations over the long-term [13]. Salamanders, in particular, possess a
variety of adaptations (e.g., cutaneous respiration, low vagility) that make them sensitive to
environmental modifications, such as stream alteration and urbanization [14,15], forest
management [16,17], and emerging pathogens [18,19]. These same characteristics and sensitivities
also make forest salamanders useful biological indicators [20] of global climate change effects.
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Overwhelming evidence exists for climate-induced phenological and spatial shifts in species’
geographic ranges throughout many ecosystems worldwide [21,22]. For example, >50 bird species in
California recently have shifted geographic ranges to match the climatic niche (i.e., the collective
climatic patterns that regulate an organism’s distribution) of their ranges originally observed in the
early 20th century [23]. Birds, along with other mobile wildlife species (e.g., large mammals) have a
distinct advantage over smaller vertebrates in their ability to move large distances over short time scales. In
contrast, amphibians have low vagility and in the case of some salamander species [24], have low
reproductive rates and close associations with isolated habitat patches. The inability to rapidly adapt or
migrate in the face of environmental change emphasizes the importance of resilient landscapes, which
are those that retain function, structure, and feedbacks in response to perturbation [25] for long-term
conservation of amphibians and other vulnerable forest taxa.

Not all landscapes equally experience the effects of climate change. A variety of factors, including
topographic complexity, aspect, and slope can have a large influence on the climatic patterns
experienced at a given locale [26,27]. Collectively, landscapes that provide relatively consistent local
temperature and moisture conditions in the face of climate change offer the greatest potential as habitat
refugia for vulnerable species. The northeastern United States (U.S.) has experienced a variety of
landuse changes over the past three centuries, including urbanization, forest clearing followed by
subsequent reforestation, and habitat fragmentation [28]. In addition, the southern terminus of this
region is projected to experience relatively large temperature and precipitation increases owing to
climate change throughout the next century [29,30]. The synergistic effects of on-going habitat
disturbance and climate change emphasize the importance of identifying climate refugia and
understanding species-specific vulnerabilities for long-term conservation of amphibian populations.

Previous studies have evaluated potential effects of climate change on a subset of priority
amphibian species (including salamanders) in the southeastern U.S. [31,32]; however, we are unaware
of studies that have modeled the vulnerability of salamanders in the northeastern U.S. to climate
change. Given the importance of salamanders to forest ecosystems [2,4—6] and relatively high
salamander richness and abundance in much of the northeastern region, our primary objective was to
evaluate the vulnerability of conservation priority salamander species (23 total species) to climate
change based on changes in the climatic niche. We modeled the climatic niche for each species and
projected these distributions onto current-day climatic data (1950-2000 interpolated average) and 2050
projected climatic data to estimate changes in the climate niche over the next 40 years. We defined
climatic refugia based on the “macrorefugia” concept [33] owing to the large geographic scale and
number of species examined in the study. Overall, our work provides a methodology to (a) rank
relative sensitivity of conservation priority species and (b) identify areas that provide potential climate
refugia for salamanders and other vulnerable forest taxa.

2. Experimental Section
2.1. Priority Species Selection

We modeled the bioclimatic niche of conservation priority salamander species in the northeastern
U.S. due to their potential sensitivity to climate change. Our objective was to identify potential climate
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refugia for conservation that would protect these priority species, thereby also protecting populations
of species with lower conservation concern status. The geographic focus of our study centered on
states that are part of the North Atlantic Landscape Conservation Cooperative (NALCC; Figure 1). The
LCCs (www.lccnetwork.org) seek to complement conservation efforts among states, particularly those
pertaining to large-scale stressors such as climate change. Although West Virginia is not part of the
NALCC, we included priority species from this state in our analysis because it borders the NALCC, is
part of the Northeast Partners in Amphibian and Reptile Conservation (NEPARC) network, and
possesses relatively rich salamander species diversity.
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Figure 1. Study site extent in the northeastern U.S. depicting EPA Level I1I ecoregions and
the North Atlantic Landscape Conservation Cooperative (NALCC) Boundary (area within
red boundary). This figure should be used to reference Tables 1 and 2.

Table 1. Mean climate refugia richness (i.e., number of salamander species with a

climatically-suitable niche in a landscape patch) within U.S. EPA Level III Ecoregions in

the northeastern U.S. (Figure 1) based on current and 2050 projected climatic conditions.

Mean refugia richness was calculated for both current and projected scenarios among two
Global Climate Models (CCSM4 (CCSM) and HadGEM2-CC (Hadley)) and two
Representative Concentration Pathways (RCP 4.5 and 8.5).

Level III Ecoregion Current Average RCP 4.5 Average RCP 8.5 Average
(& SE) (& SE) (= SE)
Acadian Plains and Hills 3.01+0.62 2.68 £0.47 2.15+£047
Atlantic Coastal Pine Barrens 348 +1.98 3.85+0.93 3.20+0.73
Blue Ridge 8.50 £2.37 7.72+1.10 5.96+122
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Table 1. Cont.

Level III Ecoregion Current Average RCP 4.5 Average RCP 8.5 Average
(= SE) (= SE) (= SE)

Central Appalachians 11.00 +1.79 9.07+1.14 6.94 +1.45
Eastern Great Lakes Lowlands 5.23+1.02 4.06 £0.83 3.74+0.79
Erie Drift Plain 8.92+1.59 6.40 +1.41 5.94+1.33
Middle Atlantic Coastal Plain 328 +1.35 2.87+0.52 2.26+£0.47
North Central Appalachians 8.86 141 7.04 +1.39 6.23 £1.36
Northeastern Coastal Zone 3.39+1.40 3.37+0.78 2.81 +0.55
Northeastern Highlands 4.50 £ 0.60 3.66 +0.64 3.37 £0.65
Northern Allegheny Plateau 7.79 +£1.23 6.36 1.19 5.90+1.20
Northern Piedmont 6.70 £1.96 5.37+0.96 4.16 £0.90
Piedmont 4.82+1.93 442 +0.52 3.15+£0.57
Ridge and Valley 9.50 +2.08 7.34+1.27 5.67+1.35
Southeastern Plains 3.73+£1.33 3.23+£0.39 2.28 £0.56
Western Allegheny Plateau 10.59 +1.99 7.17+1.24 5.15+£1.26

Table 2. Mean change in climate refugia richness (i.e., number of salamander species with
a climatically-suitable niche in a landscape patch) within U.S. EPA Level III ecoregion of
the northeastern U.S. (Figure 1) based on 2050 projected climatic scenarios (CCSM4
(CCSM) and HadGEM2-CC (Hadley)) and two Representative Concentration Pathways
(RCP 4.5 and 8.5). Negative numbers indicate a decrease in the average number of priority
salamander species for which an ecoregion provides suitable climatic conditions.

Level I1I Ecoregion CCSM Hadley CCSM Hadley Average
RCP 4.5 RCP 4.5 RCP 8.5 RCP 8.5 Change (+ SE)

Acadian Plains and Hills -0.15 -0.52 -0.72 -1.00 -0.60+£0.18
Atlantic Coastal Pine Barrens +0.06 +0.67 —0.23 -0.33 +0.04 £ 0.23
Blue Ridge -0.97 -0.61 -2.14 -2.95 —1.67 £0.54
Central Appalachians -1.25 -2.59 -3.25 —4.86 -2.99+£0.75
Eastern Great Lakes Lowlands —0.86 —1.47 -1.25 -1.71 -1.32+£0.18
Erie Drift Plain -1.85 -3.19 -2.43 -3.53 -2.75+0.38
Middle Atlantic Coastal Plain -0.52 -0.30 —0.65 -1.39 -0.71+0.24
North Central Appalachians —0.97 -2.67 -1.71 -3.54 -2.22+0.56
Northeastern Coastal Zone +0.07 -0.09 -0.39 -0.77 -0.29+£0.18
Northeastern Highlands —0.44 -1.25 —0.94 -1.32 -0.99+0.20
Northern Allegheny Plateau -0.66 -2.20 —-1.44 -2.33 -1.66 £0.39
Northern Piedmont -1.48 -1.18 -2.16 -2.92 -1.94+0.39
Piedmont -0.23 -0.55 -0.64 -2.68 -1.03 £0.56
Ridge and Valley -1.81 -2.51 -3.26 -4.41 -3.00 £ 0.56
Southeastern Plains -0.12 —-0.89 -0.30 -2.60 -0.98 £0.57
Western Allegheny Plateau -3.01 -3.82 —4.71 -6.17 —4.43 £0.68

We used multiple data sources to develop a catalog of conservation priority salamander species in
the northeastern U.S. (Table 3). We considered a salamander species “priority” if it was included in the
International Union for the Conservation of Nature (IUCN) Redlist (Near Threatened, Vulnerable,
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Endangered, or Critically Endangered), Natureserve Global Conservation Rank Listing (G1-G3
ranking), U.S. Endangered Species Act List (Federally Threatened or Endangered), and State-Level
Threatened and Endangered Species Lists. We also used the NEPARC Priority Species List [34] to
identify species of regional concern (i.e., species in which 50% of the geographic range occurs in
NEPARC states) and/or species that occur on at least 50% of northeastern state Wildlife Action Plans.
Several priority species were represented as species complexes (i.e., Jefferson’s Salamander (4.
Jeffersonianum)/Blue-spotted (Ambystoma laterale) complex and the Northern Slimy (Plethodon
glutinosus)/Cumberland Plateau Slimy (P. kentucki)/White-spotted Slimy Salamander (P.
cylindraceus) complex; Table 3) owing to ecological similarities and known difficulties with reliable
identification on appearance alone in a field setting.

2.2. Climate Scenario Selection

Because we focused on the climatic niche, we limited our modeling efforts to variables representing
temperature and precipitation patterns. We accounted for known variability in projected climate data
by modeling the climatic niche with two future (based on 2050 projected data) global climate models
(GCMs), the CCSM4 (CCSM) and the HadGEM2-CC (Hadley). Although there is no consensus on
what makes an “accurate” GCM, it is highly recommended to consider outputs from multiple GCMs to
increase accuracy of climate projections [35]. Our choice of both the CCSM and Hadley GCMs was
based on hindcast accuracy of these GCMs in the northern hemisphere [33], along with the availability
of the projected data at both the 4.5 and 8.5 representative concentration pathways (RCPs). The RCPs
(RCP 2.6, 4.5, 6.0, and 8.5) represent a range of four greenhouse gas concentrations denoted by the
amount of radiative forcing (i.e., difference of sunlight absorbed by the Earth and energy radiated back
to space) projected into the future compared to pre-industrial values [36]. Each scenario represents a
different greenhouse gas emission trajectory. For example, RCP 2.6 indicates future mitigation of
greenhouse emissions (i.e., a scenario where greenhouse gas concentrations are projected to decrease over
the long-term), whereas RCP 8.5 indicates a fully unmitigated greenhouse gas trajectory (i.e., a scenario
where greenhouse gas concentrations are projected to increase drastically in the future). We included
RCP 4.5 and RCP 8.5 trajectories to provide multiple perspectives of increased greenhouse
emissions—one being a gradual increase in greenhouse emissions (RCP 4.5) and the other a rapid
increase in greenhouse emissions (RCP 8.5).

We obtained current and projected climatic data from the Worldclim database (www.worldclim.
org). Current (1950-2000) bioclimatic data [37] were available during the implementation of this
study, but not for projected climate scenarios at the 4.5 and 8.5 RCPs. We used maximum temperature,
minimum temperature, and precipitation data for both the Hadley and CCSM GCMs at both 4.5 and
8.5 RCPs to develop the same 19 bioclimatic variables as the current bioclimatic data via the biovars
procedure in Program R with the Dismo, Raster, and Rgdal packages. We removed eight highly
correlated (>0.75) variables [31,32,38] and retained a final set of 11 bioclimatic variables (Table 4) to
model the climatic niche for each species based on current and projected climatic data.
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Table 3. Conservation rankings for priority salamander species in the North Atlantic Landscape Conservation Cooperative and the
Northeastern Partners in Amphibian and Reptile Conservation (NEPARC) regional networks. Abbreviations are as follows: ITUCN
(International Union for the Conservation of Nature), T (Threatened), E (Endangered), NT (Near Threatened), VU (Vulnerable), CE
(Critically Endangered), and G1-G3 (Natureserve Global Conservation Ranks). The number in parentheses under the “State” ranking refers to
the number of states in the northeastern U.S. that a given species is Threatened or Endangered. A ranking of “Y” in the last two columns
denotes whether a species is a NEPARC regional responsibility species and is listed in >50% of northeastern state Wildlife Action Plans.

NEPARC >50% of Stat
IUCN Red State , = 7 O DT
. Federally NatureServe . (Regional Listed in Species
Scientific Name Common Name List (NT, VU, Tor E - . )
(T or E) (G1-G3) Responsibility Wildlife Action
E, or CE) (# States) ]
Species) Plan
Ambystoma barbouri Streamside Salamander - - NT -—- -—- -—-
Jefferson’s
Ambyst ' ] /
mbystoma jefjersoniantm Salamander/Blue-spotted - [ - /=== --/Y(3) Y/--- Y'Y
Ambystoma laterale
Salamander
Ambystoma opacum Marbled Salamander --- --- --- Y(2) --- Y
Ambystoma mabeei Mabee’s Salamander - - - Y(1) - -
Ambystoma tigrinum Eastern Tiger Salamander - - - Y(5) - Y
Aeneides aeneus Green Salamander --- G3 NT Y(2) -—- Y
Cryptobranchus alleganiensis Hellbender - G3 NT Y(1) --- Y
Northern Dusky
D th --- --- - - ---
esmognathus fuscus Salamander
Desmognathus monticola Seal Salamander - - - - -
Allegheny Mountain
D th hroph --- --- -—- --- ---
esmognathus ochrophaeus Dusky Salamander
] Northern Pygmy
D th --- G3 --- --- Y ---
esmognathus organi Salamander
g bislineat Northern Two-lined
urycea bislineata Salamander
Eurycea longicauda Long-tailed Salamander -—- - -—- Y(1) Y Y
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Table 3. Cont.

NEPARC >50% of States
Federall NatureServe IUCN Red State (Regional Listed in Species
Scientific Name Common Name y List (NT, VU, TorE g . oo P .
(TorE) (G1-G3) Responsibility Wildlife Action
E, or CE) (# States) ]
Species) Plan
Gyrinophilus porphyriticus Spring Salamander - - - Y(1) Y -
West Vireinia Spri
Gyrinophilus subterraneus est VITSinia Sprg - Gl E - Y -
Salamander
Necturus maculosus Common Mudpuppy - --- - --- - Y
Northern Slimy
Sal der/Cumberland
Plethodonglutinosus/ alamander ur.n erian
) Plateau Slimy
Plethodon kentucki/ . )= - R [==m] - Y(1)/---/--- YX/Y e mmm -
] Salamander/White-
Plethodon cylindraceus )
spotted Slimy
Salamander
Vall d Rid
Plethodon hoffmani A - --- - --- Y -
Salamander
Peaks of
Plethodon hubrichti caks of Otter - G2 vu --- Y -
Salamander
Cheat M tai
Plethodon nettingi cat viountain T G2 NT Y(1) Y -
Salamander
Plethodon punctatus Cow Knob Salamander - G3 NT --- Y -
Plethodon shenandoah Shenandoah Salamander E Gl VU Y(1) Y -—-
Plethodon sherando Big Levels Salamander - G2 vu --- Y -
o Shenandoah Mountain
Plethodon virginia - G2 NT --- Y -
Salamander
Plethodon wehrlei Wehrle’s Salamander -—- -—- -—- -—- Y ---
Plethodon welleri Weller’s Salamander - G3 E - --- -
Pseudotriton montanus Mud Salamander - --- - Y(3) - Y
Pseudotriton ruber Red Salamander - -—- - -—- Y Y
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Table 4. Bioclimatic variables used to model the climatic niche for priority salamanders
based on current and 2050 projected climate scenarios (CCSM4 (CCSM) and
HadGEMCC-2 (Hadley)) in the northeastern U.S.

Bioclimatic Variable Bioclimatic Variable Description
BIO1 Annual Mean Temperature
BIO2 Mean Diurnal Range (Mean of monthly (max temp—min temp))
BIO3 Isothermality (Mean Diurnal Range/Minimum Temp Range) X 100
BIO7 Temperature Annual Range (Max Temperature of Warmest
Month—Max Temperature of Coldest Month)
BIO8 Mean temperature of Wettest Quarter
BIOY9 Mean temperature of Driest Quarter
BIO15 Precipitation seasonality (Coefficient of Variation)
BIO16 Precipitation of Wettest Quarter
BIO17 Precipitation of Driest Quarter
BIO18 Precipitation of Warmest Quarter
BIO19 Precipitation of Coldest Quarter

2.3. Data Preparation and Climate Modeling

We compiled locality data throughout the known geographic range of all priority salamander
species using multiple sources including HerpNet (www.herpnet.org), the Biodiversity Information
Serving our Nation (BISON) database (www.bison.usgs.ornl.gov), and state natural heritage databases
for Maine, New Hampshire, Vermont, New Jersey, New York, Massachusetts, Connecticut, Maryland,
West Virginia, and Virginia. We acquired additional locality data for the following species from the
corresponding southeastern states in which we lacked adequate locality data: Hellbender
(Cryptobranchus alleganiensis) in Tennessee, North Carolina, and Georgia; Mabee’s Salamander
(Ambystoma mabeei) in North Carolina; and Weller’s Salamander (Plethodon welleri) in North
Carolina and Tennessee. To increase accuracy of modeling outputs, we used locality data that included
at least four decimal places in at least one of the latitude/longitude coordinate fields [39]. Our accuracy
requirement of four decimal places was chosen based on the 1 km? spatial extent of the bioclimatic
data used to model the current and future climate niche of priority salamander species during this
study. We used the Maximum Entropy Algorithm (MaxEnt; [40]) to model the current and projected
climate niche for priority salamander species. We chose MaxEnt over other correlative, presence-only
distribution models owing to the growing body of literature illustrating the utility and accuracy of this
method as a species distribution modeling technique (e.g., [41]). The inability to assign a probability to
apparent “absences” is one of the primary criticisms of presence-only modeling techniques. We
acknowledge this criticism and agree that approaches using repeated samples to acquire a sampling
history through species detections and non-detections (e.g., [42]) are likely superior to presence-only
modeling techniques. However, as repeated sample detection data are rarely available across large
geographic scales for most species, presence-only techniques provide an alternative approach for
modeling species distributions [31,32].

An additional criticism of presence-only models is the inability to assign confidence levels to the
historical data used to model species distributions. Often in presence-only modeling efforts, locality
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data are acquired from multiple sources, making it difficult to differentiate between sites with large
populations and sites that have been surveyed at relatively greater intensity, such as research stations
and national parks. We reduced the potential effects associated with oversampling bias by filtering
records with a 5 km buffer. The choice of the 5 km buffer was somewhat arbitrary; however, this
distance was supported by the generally low vagility of salamanders and therefore represents a
biological relevant estimate [43]. We allocated background data samples using a targeted background
approach (e.g., [44]) to reduce potential errors associated with randomly distributed background
samples. A targeted background approach is particularly useful when the sampling history of the
presence data is unknown or likely to be regionally biased [44]. The regional bias was particularly true
in our study due to the abundance of species locality data from the northeastern U.S. Therefore, we used
all available northeastern U.S. records of conservation priority amphibians and reptiles as a target
background to simulate biases associated with acquisition of species locality data (e.g., sampling near
roads and well-known diversity hot-spots). We included records from all priority amphibian and reptiles
species rather than just salamanders to assure we maximized the available number of background
samples. We removed duplicate and spatially clustered points in the background layer with a 100 m
filter, which ensured that we allocated as many background points as possible to model the climate
niche for each species.

We buffered all species ranges (www.naturserve.org) by 50 km to account for the potential lack
of sampling and subsequent non-detection of records near the edge of published species ranges. We
included all occurrences for a given species if they fell in this buffered range and removed outlier
points that fell outside of the ranges. We also used these buffered species ranges to clip the filtered
background points layer to standardize the geographic inference of both the presence and background
layers [45]. We extracted climatic data from each of the 11 bioclimatic layers for both the presence and
background layer points and used these data to determine climatic distributions under current
and projected (i.e., CCSM 4.5, CCSM 8.5, Hadley 4.5, and Hadley 8.5) climate scenarios for each
priority species.

We used the species-with-data format with a replicated runs approach (10 total replicates per
scenario) to obtain a mean estimate of the climatic niche for each species. We projected the resulting
climatic niche onto five climatic distributions including the current, CCSM-RCP 4.5, CCSM-RCP 8.5,
Hadley-RCP 4.5, and Hadley-RCP 8.5 climate projections to obtain geographic niche predictions for
each species. We used three thresholding approaches, including the minimum training presence ((mtp);
threshold with all training points correctly predicted), the fixed 10 cumulative ([f10]; threshold resulting
in 10% omission of training data), and the minimum training sensitivity plus specificity threshold (mtr)
to produce a range of liberal to conservative binary data layers that predict suitable and unsuitable
climate distributions for the current and each of the projected climate distributions [31,32]. The
thresholding process resulted in 15 total binary distributions (3 current and 12 projected distributions)
for each salamander species.
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2.4. Analysis of Species/Climate Distributions

We evaluated model fit with Area Under the Curve (AUC) estimates obtained from a test via
cross-validation of sub-sampled replicates (10 total). We considered a model informative if the mean
AUC score was >0.70 [46]. Although the limitations of AUC values as a proxy for model support have
been discussed extensively in the published literature [45,47], we used these values as a basic indicator
of model performance and a general ability to characterize the climatic niche. In addition, we avoided
significant errors associated with this metric by restricting our modeled area to the known range of the
focal species in question [32,45]. We evaluated the relative contribution of individual bioclimatic
variables to the climate niche using the permutation importance test in MaxEnt. We evaluated average
variable contribution among salamander families (Ambystomatidae, Plethodontidae, and all taxa) and
breeding categories (pond breeder, stream breeder, terrestrial breeder, and all taxa).

We summed the resulting binary climate outputs to produce a climatic ensemble (e.g., [48]) for each
species at both the 4.5 and 8.5 RCP climate trajectories. This process resulted in each species receiving
a score 0—6, which indicated a range of suitability from no climatic suitability (0) to high climatic
suitability (6) across both GCMs (i.e., Hadley and CCSM; Figure 2). We determined proportional
changes in climate refugia for each priority species by subtracting raster cells in the current distribution
threshold layers from each of the projected, thresholded raster cells for each GCM/RCP combination.
We divided this difference by the total number of suitable rasters in the current distribution threshold
layer to derive a proportional loss/gain value (i.e., proportional climate niche change). We averaged
these loss/gain values within a given GCM/RCP combination and overall (Table 5).

A

Figure 2. Cont.



Forests 2015, 6 12

Legend

D Gyrinophilus porphyritcus Range
Climate Model Ensemble
Value

o

1

3
4
5
L]

RROCEN

Figure 2. Ensembled climatic distribution within the known geographic range (area with
the dark black border) of the Spring Salamander (Gyrinophilus porphyriticus) based on
two Global Circulation Models (CCSM4 (CCSM) and HadGEMCC-2 (Hadley)) and two
Representative Concentration Pathway (RCP) trajectories (RCP 4.5 (Figure 1A) and 8.5
(Figure 1B)) for 2050. The scale of 0—6 in the legend refers to the number of projected
models that represent a suitable climatic niche. Areas within the geographic range with no
model agreement indicate a climatically unsuitable niche. Maps such as this were
generated for all modeled species.

We summed each of the binary distribution layers for each species within a particular current
or projected GCM, RCP trajectory (4.5 and 8.5), and threshold (mtp, f10, and mtr) layer to derive
an estimate of overall climatic suitability and to identify potential refugia throughout the northeastern
U.S. This process resulted in 15 total summed climate suitability maps (e.g., 3 current, 6 CCSM, and
6 Hadley). We then developed an overall average climate refugia richness (i.e., number of species with
a climatically-suitable niche in a given landscape patch) map by averaging across the summed
threshold layers within the current, RCP 4.5, and RCP 8.5 trajectories. We determined potential gains
and losses in overall climate refugia richness by calculating the difference between each
GCM/RCP/threshold suitability raster and the respective current climate distribution raster. We
calculated the overall averages of species refugia richness within each RCP trajectory and between
both RCP trajectories.
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Table 5. Projected proportional change between the current climatic niche and the 2050
projected climatic niche for priority salamander species (Table 3) in the northeastern U.S.

We report average percent suitable climate niche based on current and projected climate
scenarios (CCSM4 (CCSM) and HADGEM2-CC (Hadley)) under two Representative
Concentration Pathway (RCP) scenarios (RCP 4.5 and RCP 8.5).
CCSM Average
Species AUC Hadley Hadley Change
(= SD) RCP 4.5 RCP 8.5
(= SE)
Ambystoma barbouri 34 0.76+£0.13 -0.98 -0.98 -0.94 -1.00 -0.97 £0.01
*Ambystoma jeffersonianum/
* Ambystoma laterale 527 0.76£0.03  —0.03 —-0.10 —0.06 -0.10 -0.07 £0.02
Ambystoma mabeei 35 0.79+£0.09 -0.98 -0.99 —-1.00 —-1.00 —0.99 £ 0.05
Ambystoma opacum 497 0.76 £0.02 —-0.03 -0.11 -0.15 -0.11 -0.10+0.03
Ambystoma tigrinum 145 0.80+0.08 -0.22 -0.16 -0.20 -0.10 -0.17+0.03
Aneides aeneus 171 0.86+0.04 -0.13 -0.57 —-0.52 —-0.75 -0.49 +£0.13
Cryptobranchus
alleganiensis 342 0.89+0.02 -0.37 —-0.60 —0.66 -0.79 —-0.61 £0.09
Desmognathus fuscus 1394 0.74+0.02 -0.16 -0.37 -0.28 -0.54 -0.34+0.08
Desmognathus monticola 397 0.78+0.03 -0.33 —-0.80 -0.49 -0.84 —0.61 +£0.12
Desmognathus ochrophaeus 359 0.79+0.03 -0.70 -0.75 -0.89 -0.93 —0.81 £ 0.05
Desmognathus organi 16 091+£0.06 -0.99 -1.00 -0.77 -0.98 —0.94 £ 0.05
Eurycea bislineata 953 0.75+£0.02  +0.05 -0.09 +0.01 -0.09 —0.03 £ 0.03
Eurycea longicauda 515 0.73+£0.03 -0.31 -0.41 -0.52 -0.63 —0.47 £0.07
Gyrinophilus porphyriticus 764 0.76 £0.02 —0.34 -0.62 -0.52 -0.73 —0.55+0.08
Necturus maculosus 143 0.83+0.03 —-0.09 -0.15 —0.12 —-0.09 —0.11 £0.01
*Plethodon glutinosus/
*Plethodon kentucki/ 1741 0.76 £0.02  -0.25 -0.52 —-0.39 —0.74 -0.48 £0.10
*Plethodon cylindraceus
Plethodon hoffmani 212 0.79+0.03  -0.90 —0.96 —0.93 -0.93 -0.93 £0.01
Plethodon nettingi 34 092+£0.06 —0.94 -0.99 —-1.00 -1.00 —-0.98 £ 0.02
Plethodon punctatus 17 0.88+£0.15 -1.00 -1.00 -1.00 -1.00 —1.00 £ 0.00
Plethodon virginia 24 0.88+0.06 -1.00 -1.00 —-1.00 -1.00 —1.00 + 0.00
Plethodon wehrlei 150 0.80+0.07 —0.32 —0.84 -0.54 —0.88 -0.65+0.13
Plethodon welleri 15 0.74+£0.10 -0.15 -0.99 -0.74 —0.94 -0.71£0.20
Pseudotriton montanus 97 0.79+0.08 —-0.05 -0.33 —0.17 —-0.61 —0.29+0.12
Pseudotriton ruber 719  0.69 +0.02 0.00 -0.52 -0.18 —-0.59 -0.33+0.14

* Indicates individual species analyzed as a species complex.
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3. Results

We modeled the current and projected climatic niche for 24 of 28 priority salamander species
or species complexes in the NALCC and NEPARC networks (Table 3). Geographic ranges for the four
remaining species, including the Peaks of Otter Salamander (Plethodon hubrichti), Shenandoah
Salamander (Plethodon shenandoah), Big Levels Salamander (Plethodon sherando), and West Virginia
Spring Salamander (Gyrinophilus subterraneus) were too small (<50 km?) to model the climatic niche
with confidence. Several of the modeled salamander species were identified as regional priorities
based on multiple conservation listing criteria, including the Cheat Mountain Salamander (Plethodon
nettingi), Green Salamander (4neides aeneus), Hellbender (Cryptobranchus alleganiensis), Shenandoah
Mountain Salamander (Plethodon virginia), Cow Knob Salamander (Plethodon punctatus), and
Long-tailed Salamander (Eurycea longicauda; Table 3).

All priority salamander species evaluated in this study were projected to lose a proportion of
the current climatic niche owing to climate change (Table 5). Two species, the Cow Knob Salamander
and Shenandoah Mountain Salamander were projected to lose 100% of the current climatic niche (Table 5).
The Cheat Mountain Salamander, Ridge and Valley Salamander (Plethodon hoffinani), Northern
Pygmy Salamander (Desmognathus organi), Mabee’s Salamander (Ambystoma mabeei), and
Streamside Salamander (Ambystoma barbouri) were predicted to lose an average of at least 90% of
their respective climatic niche (Table 5). Only the Northern Two-lined Salamander (Eurycea
bislineata), Jefferson’s/Blue-spotted Salamander complex (Ambystoma jeffersonianum/laterale), and
Marbled Salamander (Admbystoma opacum) were projected to lose <10% of their climatic niche
(Table 5). Of the other highest priority salamander species, the Green Salamander and Hellbender were
projected to lose 49% and 61% of their climatic niche, respectively (Table 4). AUC estimates ranged
0.69-0.92 (mean = 0.80) across all species, suggesting adequate model fit for most species. Although
the Red Salamander (Pseudotriton ruber) had a relatively low AUC value (0.69 £ 0.02), we chose to
include this species in calculations of climate refugia richness because the standard deviation estimate
included the lower bound of the AUC evaluation threshold (AUC = 0.70).

Among salamander families, mean projected refugia loss was greater in the Plethodontidae (62%
loss) compared to the Ambystomatidae (46% loss). Within the family Plethodontidae, terrestrial
species were projected to lose a greater proportion of their average climatic niche (80% loss) compared
to semi-aquatic species (43% loss). We did not make direct comparisons by family for the
Cryptobranchidae and Proteidae, because these groups were represented by one conservation priority
species. Annual Mean Temperature (bioclimatic variable 1) and Temperature Annual Range
(bioclimatic variable 7) were the most important variables for predicting the climatic niche across all
salamander taxa (Figure 3). There was a greater contribution of Precipitation Seasonality and
Precipitation of Warmest Quarter (Table 4) in the bioclimatic niche for terrestrial breeding and
pond-breeding salamanders, respectively compared to stream breeders and across all taxa (Figure 3).
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Figure 3. Average percent contribution of individual bioclimatic variables for predicting

the climatic niche of priority salamander species, (A) by family and (B) salamander

breeding category. Please see Table 4 for a description of bioclimatic variables.

Within the current-day climatic scenario, the Central Appalachians, Western Allegheny Plateau, and

Ridge and Valley geographic provinces were predicted to provide the greatest relative salamander

climate refugia richness, whereas the Acadian Plains and Hills, Middle Atlantic Coastal Plain,

Northeastern Coastal Zone, and Atlantic Coastal Plain Barrens were predicted to provide the least

salamander climate refugia richness (Table 1, Figures 1 and 4).
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Figure 4. Mean climate refugia richness (i.e., number of species with a
climatically-suitable niche in a landscape patch) for priority salamander species in the
northeastern U.S. based on, (A) current climate data, (B) Representative Concentration
Pathway (RCP) 4.5, and (C) RCP 8.5 projected data. Projected climatic data were derived
from the CCSM4 (CCSM) and HadGEMCC-2 (Hadley) Global Climatic Models. The
numerical scale indicates increasing climate refuge species richness. Please see the
methods section for a detailed description of how averages were calculated.

The Central Appalachians, Western Allegheny Plateau, and Ridge and Valley geographic provinces
were predicted to lose the greatest mean salamander climate refugia richness (Table 2, Figures 1
and 5). Specifically, mean loss in salamander climate refugia richness ranged 3.0-6.2 species (mean
4.4 species) in the Western Allegheny Plateau, with greatest loss in the two RCP 8.5 trajectories
(Table 2, Figures 1 and 5). Although losses also occurred in the Central Appalachians (mean
loss = 3.0; Table 2), this province was predicted to provide the greatest climate refugia richness in the
RCP 4.5 and 8.5 trajectories with means of 9.1 and 6.9 salamander species, respectively (Table 1,
Figures 1 and 4). Losses were predicted across all Environmental Protection Agency (EPA) Level 11
Ecoregions except for the Atlantic Coastal Pine Barrens, with a marginal increase (+0.04) in climatic
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suitability (Table 2, Figures 1 and 5). This predicted change translated to an increase from 3.5 to 3.9 in
refugia richness and a decrease from 3.5 to 3.2 in refugia richness based on the mean RCP 4.5 and
RCP 8.5 trajectories, respectively (Table 1, Figures 1 and 4). Marginal losses in refugia richness were
predicted in the Northeastern Coastal Zone geographic province, ranging +0.07 to —0.8 (mean: —0.3 mean
loss in refugia richness) depending on the GCM and RCP combination (Table 2, Figures 1 and 5). The
Atlantic Coastal Pine Barrens, Northern Allegheny Plateau, and Blue Ridge ecoregions were predicted to
experience proportionally lower losses in refugia richness, whereas the Western Allegheny Plateau was
predicted to experience the largest proportional loss in refugia richness across all ecoregions
(Figure 6).
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Figure 5. Mean loss in salamander climatic refugia richness (i.e., number of species with a
climatically-suitable niche in a landscape patch) based on two Global Climatic Models
(CCSM4 (CCSM) and HadGEMCC-2 (Hadley)). Our results were averaged across
Representative Concentration Pathways (RCP), including the (A) RCP 4.5, (B) RCP 8.5,
and (C) overall RCP average. Negative values correspond with a loss in climate refugia

richness compared to the current climatic distribution.
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Figure 6. Mean current predicted refugia richness (i.e., number of species with a
climatically-suitable niche in a landscape patch) versus mean predicted change in refugia
richness for priority salamander species in northeastern U.S. EPA Level III ecoregions
(Figure 1). Current predicted richness and mean predicted richness loss values were
obtained from Tables 4 and 5, respectively. Ecoregion markers at greater distances above
and below the best fit line indicate proportionally lesser and greater predicted changes,
respectively in refugia richness due to climate change.

4. Discussion

Anticipating effects of climate change on long-term species conservation is a pressing issue in
contemporary environmental conservation. Given that most organisms have physiological tolerances
that have evolved over millions of years, it is important to understand how these physiological
limitations potentially affect species survival in a rapidly changing climate. Recent advancements in
species distribution modeling provide tools for assessing relative vulnerability within species
assemblages to environmental stressors such as climate change, yet many of these techniques have
limitations and unknowns, including the effects of sampling bias on model accuracy, transferability of
current distributions onto future environmental scenarios, and the degree to which predicted
vulnerability translates to future population change [49-51].

Our models predict that 14 out of 24 conservation priority salamander species or species complexes
in the northeastern U.S. are projected to lose at least 50% of their climatic niche by the year 2050. We
modeled the climatic niche for a wide array of salamander species and natural history strategies and
found that five species (Mabee’s Salamander, Streamside Salamander, Cheat Mountain Salamander,
Cow Knob Salamander, and Shenandoah Mountain Salamander) are projected to be most vulnerable,
while only three species (the Jefferson’s/Blue-spotted Salamander complex, Northern Two-lined
Salamander, and Marbled Salamander) are projected to experience minimal effects (<10% loss of
climate refugia) due to climate change.
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We noted that salamanders in the family Plethodontidae were predicted to lose a greater proportion
of the climatic niche compared to other salamander families. Plethodontid salamanders are lungless
and occupy a variety of habitats, including forested uplands as well as low-order riparian habitats.
Lunglessness has led to rapid diversification of tongue and hyoid apparatus morphology, but at the cost
of primary reliance on cutaneous respiration [52]. This adaptation requires relatively high
environmental moisture to transfer oxygen across skin surfaces [52,53]. This is likely one of the
primary reasons why regions with abundant rainfall (along with topographic complexity) in the
northern hemisphere (e.g., eastern and northwestern U.S., Central America) have diverse plethodontid
salamander assemblages. Our results also suggest that terrestrial plethodontids possess relatively higher
vulnerability to climate change compared to semi-aquatic plethodontids. This is likely due to
complexity of streamside habitats that create a diverse climate, which has the potential to buffer
impacts to streamside salamander species from changing climatic conditions. In addition, three
of the five species (Cheat Mountain Salamander, Cow Knob Salamander, and Shenandoah
Mountain Salamander) predicted to lose the greatest proportion of their respective climatic niche
are forest-dwelling, endemic species that occupy the highest elevation environments in their
respective ranges.

Although montane environments provide species with a large gradient of environmental conditions,
species adapted to these environments are limited in their ability to move upslope and access additional
suitable environmental conditions in a rapidly changing climate [54]. For example, the ranges of 28
small mammal species in Yosemite National Park have moved upslope an average of 500 m in
response to a 3 °C increase in minimum temperatures [55]. Vertical range changes of salamander
species in the eastern U.S. have been noted [56], however, these changes have been attributed to a
combination of landuse history, forest-stand age, and species competitive interactions. Local climate
change (caused by deforestation) is hypothesized as one of the potential causes (in addition to an
emerging pathogen) behind rapid declines of a Neotropical, montane plethodontid salamander
assemblage [57,58]. Climate-modeled species distributions coupled with long-term field data collected
over multiple time periods will establish stronger relationships between population dynamics and
climate-driven environmental change [23,55]. In addition, long-term studies that pair historical and
current data will be improved by accounting for errors in species detection and differences in survey
effort, which can bias predicted range change estimates [59] and complicate conservation planning.

In addition to several plethodontids, the Mabee’s Salamander was also predicted to lose a large
proportion of its climatic niche, which was centered along the Middle Atlantic Coastal Plain in
Virginia, North Carolina, and South Carolina. Coastal ecoregions generally lack the topographic
complexity of montane environments, which likely reduces climate buffering aspects of these
environments. An amphibian vulnerability assessment in the southeastern U.S. also has noted that
coastal-distributed species were vulnerable to potential effects from climate change [32]. The Mabee’s
Salamander was the only coastal-distributed salamander species that we evaluated, which limits our
understanding of the vulnerability of other coastal-distributed salamanders in the northeastern U.S. to
climate change. The Streamside Salamander was also predicted to experience relatively large climatic
niche loss. In our study region, this species is disjunctly distributed within the Western Allegheny
Plateau, which was predicted as the most vulnerable geographic province. Although the Streamside
Salamander occurs in habitats adjacent to riparian habitats, the potentially high vulnerability of this
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species to climate change suggests implementation of conservation measures (e.g., maintenance of
riparian forest buffers) to mitigate potential climatic impacts.

A reduction in the climatic niche for a given species should not be directly interpreted as a decrease
in patch occupancy. As previously mentioned, we modeled the climate niche based on the
macrorefugia concept [33]. The bioclimatic data used during this study were downscaled at the
geographic resolution of 1 km?, which is too large to account for the contributions of microtopography
and other small-scale climate buffering aspects of the landscape (i.e., microrefugia). In addition, our
climate models were not parameterized to include physiological thresholds of priority species. Our
models operate under the assumption that current distributions represent the geographic and
physiological limits for the salamander species evaluated during this study. Given that temperate zone
salamanders have the capacity to acclimate physiologically to small increases in temperature [60],
models that incorporate physiological parameters (i.e., mechanistic models) are more appropriate for
understanding the physiological mechanisms that underpin species distributions and predicate the
ability for organisms to adapt to changing environmental conditions [54]. Although congruency has
been found between predictions of both correlative and mechanistic models, multiple lines of evidence
from both modeling approaches will provide a larger context for projected species distributions [61].
Rather than using our study findings as a direct prediction of species loss due to climate change, our
results are better interpreted as a relative index of species sensitivity to complement a comprehensive
vulnerability assessment [62] that incorporates additional spatially-explicit landscape and landuse data,
and information about physiological sensitivity and potential responses to climate change.

The inability of many salamander species to immigrate to suitable habitats in the face of rapid
environmental change emphasizes the importance of identifying climatically-resilient refugia to help
buffer impacts of a changing climate. Our results suggest that the Western Allegheny Plateau
geographic province is vulnerable to effects from climate change as evidenced by a relatively large
projected loss of salamander refugia richness. Although this region is characterized by moderate
topographic complexity and extensive coverage of mixed hardwood forests, many of the salamander
species predicted to lose suitable climate conditions have geographic distributions located near the edge
of this province. Populations located near biome or ecoregion boundaries may be especially susceptible
to climate change, because these organisms already may be near their physiological limits, and
additional climatic shifts may have further negative effects [63]. Although the Central Appalachians
geographic province was projected to lose climatically suitable conditions for some species, this
ecoregion was projected to provide refugia for the greatest number of priority salamander species
under both current and projected climate scenarios. This ecoregion is well known for possessing
salamander diversity, and future conservation efforts that preserve topographically complex habitats
will enhance availability of climate refugia.

Although long-term solutions to climate change are complex and seemingly inaccessible to many
land managers, strategic conservation planning is a proactive and tangible approach to providing
climate refugia. At the local scale, adaptive management by developers, foresters, land trusts, and
municipal planners that recognizes the importance of protecting microhabitat diversity and
enhancement and restoration of breeding and refuge sites can help mitigate local effects of climate
change [64]. At the landscape scale, public conservation lands provide a network of potential
conservation priority areas to conserve and manage. Additional land conservation efforts such as fee
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acquisition and working forest conservation easements can be used to increase the size and
connectivity of existing public lands. Recent taxa-focused conservation efforts, such as the Important
Bird Areas (IBAs) effort has been successful for furthering conservation of priority avian habitats
worldwide [65]. A similar conservation effort for amphibian and reptiles (i.e., Priority Amphibian and
Reptile Conservation Areas (PARCASs)) currently is being evaluated as a potential tool for addressing
the specialized conservation needs of vulnerable amphibian and reptile populations [66]. Overall, our
study provides an additional conservation tool that can be used to identify priority habitats that host
potentially critical climate refugia for salamanders and other sensitive forest taxa. Identifying and
protecting these refugia may help maintain the exceptionally high diversity and abundances of
salamanders in the streams and forests of the northeastern U.S., conserving an important component of
the region’s natural heritage and forest ecosystem function.

5. Conclusions

Our results indicate that priority salamanders in the northeastern U.S. are likely to display
species-specific sensitivities to climate change. Endemic terrestrial plethodontids (i.e., Cow Knob
Salamander, Shenandoah Mountain Salamander, and Cheat Mountain Salamander) along with two
ambystomatid salamanders (i.e., Mabee’s Salamander and Streamside Salamander) are predicted as
most vulnerable in regards to 2050 projected climatic trends. In addition, northeastern U.S. geographic
provinces are predicted to provide a gradient of refugia to climate change. Specifically, the Western
Allegheny Plateau was predicted to lose the greatest salamander refugia richness, whereas the Central
Appalachians were predicted to provide refugia for the greatest number of salamander species based
on 2050 predictions. As our predictions were based on correlative, presence-only modeling efforts,
models that incorporate physiological parameters (i.e., mechanistic models) are necessary to further
develop more precise estimates of species responses to climate change. Although our results suggest
that many northeastern species will lose portions of their respective climatic niche to climate change,
these changes should not be interpreted as a direct indication of losses in species occupancy. Rather,
these data should be interpreted as a measure of relative species sensitivity and potentially as part of a
larger vulnerability analysis that integrates spatially-explicit landscape and landuse data. Collectively,
these data can be used to identify landscapes that are likely to be further affected by climate change
and potentially climatically-resilient habitats for salamanders and other sensitive forest taxa.
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