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ARTICLE INFO ABSTRACT

Keywords: Developing strategies to protect biodiversity is an overriding goal of conservation biology. Am-
Ecoregion phibians represent a taxon under decline due to the collective impacts of anthropogenic land use,
Land use

emerging pathogens, pollution, and climate change. One salamander species that is currently in
decline throughout its range is the eastern Hellbender (Cryptobranchus alleganiensis alleganiensis).
Population declines of this fully aquatic species are driven by a combination of anthropogenic
stressors, yet, a landscape scale vulnerability analysis has not been conducted. We analyzed the
spatially-explicit vulnerability of eastern Hellbenders as a combined measure of threats from
current land use, future climate change, and paucity of formally protected habitat. Overall, we
found that projected loss of climatic suitability and relative lack of habitats with formal protec-
tion were the primary drivers of vulnerability. Of the ecoregions that accounted for greater than
1% of the predicted suitable habitat for the eastern Hellbender, the Northern Allegheny Plateau,
Erie Drift Plains, Interior Plateau, and Interior River Valleys and Hills ecoregions were predicted
as most vulnerable. As 35.6% of the total predicted suitable habitat for the eastern Hellbender
occurs in these ecoregions, it is imperative that conservation efforts are implemented in these
landscapes to reduce vulnerability. Establishment of permanent conservation areas, continued
conservation and monitoring of currently protected habitats, increasing stream connectivity, and
restoration of targeted stream ecosystems are the most attainable strategies to decrease vulner-
ability for the eastern Hellbender.
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1. Introduction

Concerns for the conservation of biodiversity have increased given global trends of human-influenced species declines and ex-
tinctions (Butchart et al., 2010), with current rates of extinction estimated as significantly greater than accepted background rates (De
Vos et al., 2014). The primary drivers of these declines are various and include overharvesting, habitat destruction and degradation,
pollution, emerging pathogens, and climate change (Johnson et al., 2017). One of the goals of conservation biology is to identify
vulnerable ecosystems and develop strategies to protect biodiversity that occurs within these habitats. However, the synergistic im-
pacts of landscape alteration and climate change increases the difficulties of establishing long-term strategies to conserve biodiversity
and the landscapes they inhabit (Oliver et al., 2016; Northrup et al., 2019), especially for species with large or under-surveyed
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geographic ranges.
Species Distribution Models (SDMs) have become increasingly important tools to better delineate species distributions and quantify
climate and land-use patterns, which are all effective for conservation planning at the landscape scale (e.g., Arbuckle and Downing,
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Fig. 1. Eastern Hellbender presence localities (orange points) and background localities (grey points) of sympatric salamander species used to

create the bias file. Top right: Adult eastern Hellbender (photograph credit: WBS).
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2002). Briefly, SDMs combine species locality data and georeferenced environmental data to predict geographic areas that contain
suitable conditions for taxa of interest (Costa et al., 2010). Additionally, SDMs allow for the prediction of habitat suitability in the
future through incorporation of climate and land use change models (e.g., Milanovich et al., 2010; Gifford and Kozak, 2012). Previous
work has suggested that under climate change, climatically suitable habitat may shift into areas with less protection (Aratjo et al.,
2004; Hannah et al., 2007), highlighting the importance of incorporating these models into conservation planning. This concept is
especially important for species with relatively low vagility (e.g., Della Rocca and Milanesi, 2020), which decreases the ability of the
organism to migrate to suitable habitats in the face of habitat and climate change.

Although a majority of native biodiversity is predicted to be impacted by anthropogenic climate and land use change, amphibians
represent a taxon in particularly rapid decline (Houlahan et al., 2000; Semlitsch, 2003), with at least a third of the more than 6000
currently recognized species threatened with extinction (Wake and Vredenburg, 2008). Amphibians are threatened simultaneously on
multiple spatial scales, both regionally (e.g., climate change, pathogens) and locally (e.g., habitat destruction, fragmentation, invasive
species). Global climate change represents a broad-scale phenomenon that impacts many biological communities and their associated
habitats. Ectotherms are believed to be particularly at risk (Paaijmans et al., 2013), and large changes in climatic suitability has been
projected for many species (Milanovich et al., 2010; Sutton et al., 2015). In addition, habitat loss via anthropogenic disturbance,
including urbanization, deforestation, and agricultural land uses presents another primary threat to amphibian populations (Barrett
and Guyer, 2008; Cordier, 2021). These cumulative effects reduce and often isolate populations across an increasingly fragmented
landscape (Dodd and Smith, 2003).

Among the growing list of amphibian species currently at risk of decline is the Hellbender (Cryptobranchus alleganiensis), which is
currently differentiated as two subspecies, including the eastern Hellbender (Cryptobranchus alleganiensis alleganiensis) and the
federally-Endangered Ozark Hellbender (C. a. bishopi; Sabatino and Routman, 2009). Hellbenders are aquatic, long-lived habitat
specialists that utilize cool, clear, rocky rivers, and streams (Wheeler et al., 2003). The range of C. a. alleganiensis encompasses much of
the Southern and Central Appalachians, a global biodiversity and salamander diversity hotspot (Petranka, 1998; Buckley and Jetz,
2007). In addition, these regions are predicted as vulnerable to the effects of climate change (Milanovich et al., 2010; Sutton et al.,
2015), as well as land use change (Terando et al., 2014). Hellbender population declines are caused by multiple factors, including
riparian habitat degradation, habitat fragmentation, and aquatic sedimentation (Wheeler et al., 2003; Foster et al., 2009; Graham
et al., 2011; Freake et al., 2017). As a result of these declines, C. a. alleganiensis (eastern Hellbender, hereafter) is state listed as
protected or in need of management throughout most of its range (and listed as a Federally Endangered Distinct Population Segment in
Missouri (U.S. Fish and Wildlife Service, 2021)). Although potential sources of decline have been identified for eastern Hellbenders (e.
g., U.S. Fish and Wildlife Service, 2018), a range-wide quantitative assessment of the collective landscape and climatic stressors has not
been conducted.

The central aims of this research were to: 1) identify vulnerable populations of this species, 2) identify the primary causes of
vulnerability, and 3) develop strategic conservation recommendations to reduce long-term vulnerability. Based on previous work on
climate change assessments on salamanders (e.g., Sutton et al., 2015) and current land-use trends, we predicted that populations
within the Western Allegheny Plateau, Central Appalachians, and Interior Plateau ecoregions will have greatest vulnerability due to
current land-use trends and predicted impacts of future climate change, whereas the Blue Ridge and Northern Allegheny Plateau
ecoregions will have comparably lower vulnerability estimates due to existing protected lands and variability in climatic niche space
due to greater elevation variation in these ecoregions.

2. Materials and Methods
2.1. Habitat suitability

The geographic range of the eastern Hellbender spans 15 states and extends from south-central New York State southwest to
extreme northeastern Mississippi, with isolated populations in central Missouri (Powell et al., 2016). However, as the published
geographic range maps for the eastern Hellbender are over-predictive and include substantial areas of non-aquatic habitat (e.g.,
Lannoo, 2005; Powell et al., 2016), we first estimated lotic habitat suitability for the species using the Maxiumum Entropy (MaxENT)
and Random Forest (RF) SDM algorithms. We acquired eastern Hellbender occurrence data from the Global Biodiversity Information
Facility (GBIF [Table S1]; www.gbif.org), Biodiversity Information Serving Our Nation (BISON), VertNet (www.vertnet.org), and state
Natural Heritage databases, and only included data points from the years 1970 to present to better correspond with contemporary land
use and climate data. We inspected locality data for outliers, duplicate records, and those with insufficient specificity (records with less
than four decimal places for both latitude and longitude at each locality (e.g., Barrett et al., 2014; Sutton et al., 2015). We removed
several outlier localities, which were defined as records that occurred outside of the known geographic extent for the species. Prior to
any further analysis, we snapped all eastern Hellbender presence points to the Horizon Systems Corporation National Hydrography
Dataset (NHD) Version 2 https://nhdplus.com/NHDPlus/; accessed 06/10/2022) flowlines that corresponded with the capture
location. Overall, data curation resulted in 357 presence points for the eastern Hellbender (Fig. 1).

We used the MaxEnt algorithm (Phillips et al., 2006) within the R package dismo (Hijmans et al., 2020), as well as the RF algorithm
within the R package randomForest (Liaw and Wiener, 2002) to estimate lotic habitat suitability for the eastern Hellbender. MaxENT
and RF are two frequently used machine learning methods that perform better than other widely used regression methods for
ecological niche modeling (Elith et al., 2006). MaxENT is a correlative SDM that uses species occurrences in combination with
environmental covariates to estimate the geographic distribution of a species (Phillips et al., 2006; Baldwin, 2009) and is generally
favored among SDM algorithms due to its compatibility with ArcGIS and robustness and accuracy of model predictions (Baldwin, 2009;
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Elith and Graham, 2009). The RF approach uses a bootstrap aggregation method to average the output of regression trees to predict a
species geographic distribution (Liaw and Wiener, 2002). Previous work has suggested that RF models provide robust estimates of
species distributions from relatively few data points, and generally perform better than other machine learning methods at extrapo-
lating to under-sampled geographic areas (Mi et al., 2017).

We generated a bias file to select background locations while removing sampling bias (e.g., Phillips et al., 2009; Syfert et al., 2013),
rather than using a random allocation of background samples to estimate suitable habitat for the eastern Hellbender. The bias file
approach is useful when sampling bias is expected in the presence file, which is usually the case with occurrence data acquired from
state monitoring and museum databases (Phillips et al., 2009). To develop the bias file, we used the GBIF, VertNet, and BISON da-
tabases to acquire locations for all salamander species that occur within the geographic range of the eastern Hellbender (Table S2). We
used publicly-available range maps through both NatureServe (www.natureserve.org) and the International Union for the Conser-
vation of Nature (IUCN) Redlist (www.iucn.org) to determine which salamander species occur within the geographic range of the
eastern Hellbender. We used the resulting bias file to select 10,000 sampling points along the NHD flowlines (Fig. 1), which permitted
the generation of a sampling effort layer for salamander occurrence data throughout the study area. Use of a sampling bias grid to
select background points for distribution modeling can improve model performance and reduce the influence of sampling bias on
resulting model predictions (Phillips et al., 2009; Syfert et al., 2013).

We filtered the eastern Hellbender presence file by 5 km to remove duplicate samples and limit spatial bias due to oversampling at
well-known and accessible sampling locations (e.g., biological research stations, national parks, sites near roads) as recommended in
Kramer-Schadt et al. (2013). We limited background point selection to within 1 km of the NHD flowline shapefile that was clipped to
the known geographic extent of the eastern Hellbender. The number of background points used has the potential to influence model
accuracy and the relationship between model fit, and the ratio of background:presence points is algorithm specific (Barbet-Massin
et al., 2012). Specifically, model fit was greatest for RF models when the number of background points was equal to the number of
presence points, whereas for MaxENT, the greatest model fit occurred with the inclusion of 10,000 background points (Barbet-Massin
et al., 2012). Therefore, we used the bias file to allocate 10,000 background points for the MaxENT model and 357 background points
for RF models within the NHD stream flowline layer throughout the range of the eastern Hellbender.

We acquired geospatial data from the NHD Version 2 (https://nhdplus.com/NHDPlus/; accessed 06/10/2022) dataset. We
appended stream covariate data from the NHDPlusV2 Extended Feature Class and Tables dataset to the NHD flowline feature data set
via the Common ID (COMID) using the Spatial Join Function in ArcGIS v. 10.5 as conducted in McGarvey et al. (2021). From this
dataset, we used eight NHD variables similar to Leonard et al. (2015) to develop the eastern Hellbender stream habitat suitability
model, which included stream order (Strahler, 1957), flow, velocity, maximum elevation, minimum elevation, slope, precipitation,
and stream level. Prior to further analysis, we converted each of the stream flowline variables to raster datasets with a minimum data
grain of 1 km2 We conducted this analysis across the conterminous range of the eastern Hellbender, which did not include the isolated
portion of the eastern Hellbender range in Missouri, as we lacked adequate locality data to model suitability for this portion of the
range. In addition, we did not include land use data in the habitat suitability model as these data were evaluated in the evaluation of
vulnerability as described below.

We evaluated model fit for the MaxENT and RF models using Area Under the Curve (AUC) estimates determined through cross-
validation of five sub-sampled replicates. While the use of AUC as an indicator of model support has been called into question
(Lobo et al., 2007), we avoided errors associated with the use of AUC by restricting the modeled area to the NHD flowlines that
occurred within the geographic extent of the eastern Hellbender (Lobo et al., 2007). We created an ensembled habitat suitability SDM
by averaging the logistic MaxENT and RF outputs. We thresholded the ensembled SDM via a single value averaged across the maximum
sensitivity and specificity (MSS), fixed 10 cumulative (f10), and minimum training presence (MTP) threshold values, which represents
a series of conservative to liberal threshold approaches to generate a binary (1 - suitable, 0 — unsuitable) habitat suitability raster.

2.2. Climatic Suitabilityniche estimation

We used the MaxEnt and RF algorithms to model the current and projected climatic suitability of the eastern Hellbender. We used
similar methods described in the habitat suitability portion of the manuscript, except we used the modeled habitat suitability layer
(buffered by 5 km) as the climatic footprint to model current and projected climatic suitability. After we estimated current climatic
suitability, we projected this distribution on 12 projected Global Climatic Models (GCMs; Table S3). We incorporated output from
multiple GCMs to increase the accuracy of estimated projections (Overland et al., 2011). Due to the similarity of GCM predictions,
Knutti et al. (2013) generated a hierarchical clustering of models from a distance matrix of monthly climate projections, with each
cluster representing groups of similar GCMs. We selected 12 models that represented each distinct cluster of similar models to
incorporate the diversity of GCM predictions. Each model was selected at random from within a cluster of similar models following
Lyons and Kozak (2020). To account for uncertainty in climatic projections, we estimated change under two Representative Con-
centration Pathways (RCPs), including the RCP 4.5 and RCP 8.5 greenhouse gas scenarios. The RCPs represent a range of projected
greenhouse gas emission scenarios into the year 2100 (based on radiative forcing) to pre-industrial values (van Vuuren et al., 2011).
We evaluated the RCP 4.5 and 8.5 scenarios to estimate climate change based on moderate and extreme levels of future greenhouse gas
emissions as conducted in Sutton et al. (2015).

We acquired current and projected climatic data that were publicly available from the Worldclim database (http://www.world-
clim.org) at the 30-second resolution. These data represent 19 bioclimatic variables derived from global temperature and precipitation
grids (Hijmans et al., 2005). Prior to analysis, we removed 12 highly correlated (> 0.75) bioclimatic variables and maintained seven
bioclimatic variables (http://www.worldclim.org/bioclim) for current and projected climate scenarios (Table S4). We created a
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climatic ensemble (Aratijo and New, 2006) for the eastern Hellbender to indicate areas of climate refugia for both the RCP 4.5 and RCP
8.5 scenarios at both 2050 and 2070 by averaging each of the 12 distributions within a particular RCP scenario/year combination. We
averaged these four models into a single layer for downstream analyses using the raster package in R (v.3.4-10; Hijmans et al., 2015).

2.3. Landscape threats

In addition to examining potential threats of climate change on eastern Hellbenders, we evaluated land use trends throughout the
range of the species to estimate the potential impacts of additional landscape stressors. We used the habitat suitability SDM that we
developed for the eastern Hellbender to clip the climatic suitability, land-use integrity, protected areas, and land use raster datasets.

We used three data sources to assess land use threats, including the 2011 Land Use Land Cover (LULC) dataset (Homer et al., 2015),
the 2006 Landscape Integrity Index (LII; Theobold, 2013), and the Protected Areas Dataset of the United States (PADUS; U.S.
Geological Survey [USGS], Gap Analysis Program [GAP], 2018). Prior to analysis, we reclassified the LULC layer to provide the
following data: 1 — Open Water (LULC category 11), 2 — Urbanization (LULC categories 21, 22, 23, and 24), 3 — Barren (LULC category
31), 4 — Forested (LULC categories 41, 42, and 43), Shrub/Scrub (LULC category 52), Grassland/Herbaceous (LULC category 71),
Agriculture (LULC categories 81 and 82), and Wetlands (LULC category 90 and 95). As the LULC dataset provides only a thematic
representation of land use, we utilized the LII to obtain a quantitative estimate of landscape condition on a scale of 0 — 1, where
0 represents a fully intact landscape and 1 represents a highly-compromised and non-functional landscape (Theobold, 2013).

We utilized the PADUS dataset, and specifically, the GAP Status Code to assess the extent of landscape protection throughout the
study area. Briefly, the GAP Status Code is a measure of management intent to conserve biodiversity (U.S. Geological Survey (USGS)
Gap Analysis Project (GAP), 2018). The GAP Status Codes (SCs) are defined as follows: SC 1 — an area having permanent protection
from conversion of natural land cover and a mandated management plan in operation to maintain a natural state within which
disturbance events are allowed to proceed without interference or are mimicked through management; SC 2 — an area having per-
manent protection from conversion of natural land cover and a mandated management plan to maintain a primarily natural state, but
which may receive uses or management practices that degrade the quality of existing natural communities, including suppression of
natural disturbance; SC 3 — an area having permanent protection from conversion of natural land cover for the majority of the area, but
subject to extractive uses of either a broad, low-intensity type or localized intense type; and SC 4 — no known public or private
institutional mandates or legally recognized easements or deed restrictions held by the managing entity to prevent conversion of
natural habitat types to anthropogenic habitat types (U.S. Geological Survey (USGS) Gap Analysis Project (GAP), 2018). Our primary
aim was to evaluate the contributions of PADUS lands for potentially mitigating the impacts of climate and land use change on eastern
Hellbenders. Although it is likely that the degree of landscape protection does not scale linearly with the effect of protection within a
given PADUS landscape, our primary aim was to evaluate landscapes based on the benefits of maintaining protection, while scoring the
variable in a manner that accounted for the amount of anthropogenic disturbance permitted on these landscapes. Our assumption was
that PADUS landscapes that were protected in perpetuity and permitted occurrence of disturbances in-line with the historical
disturbance regime would provide greater adaptive capacity than PADUS lands that have protections, but permitted anthropogenic
disturbances that were not in-line with a natural disturbance regime.

2.4. Vulnerability calculation

We assessed the range-wide vulnerability of the eastern Hellbender to climate and land use change via a framework similar to
Magness et al. (2011). We defined vulnerability as the degree to which an ecosystem is susceptible to and the potential for system
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transformation when confronted with a stressor (Gallopin, 2006). We evaluated vulnerability by incorporating exposure (e.g., extent of
an environmental stressor), sensitivity (e.g., degree in which a species or landscape experiences a stressor), and adaptive capacity (e.g.,
capacity of a species or landscape to cope with a stressor) throughout the conterminous range of the eastern Hellbender (Fig. 2). We
used a direct index approach to calculate vulnerability, which permitted a geospatial representation of exposure, sensitivity, adaptive
capacity, and vulnerability, rather than a nested threshold-based approach used in Magness et al. (2011).

We evaluated exposure by scaling the LII from O to 100, where 100 represented landscapes with the greatest anthropogenic
impairment (Fig. 2). Land use change represents one of the greatest threats to amphibian populations (Cordier et al., 2021) and is
identified as a primary threat to eastern Hellbender populations, especially when habitat change results in increased sedimentation
and decreased water quality in impacted riparian zones (Jachowski and Hopkins, 2018).

To assess sensitivity, we determined change in climatic suitability based on current and predicted climate projections throughout
the conterminous geographic range of the eastern Hellbender. Global climate change represents a conservation threat for many
amphibians (e.g., Wake, 2007; Cohen et al., 2019) and is predicted to negatively impact eastern Hellbenders via increased water
temperatures and by increasing irregularity of droughts and large rainfall events (U.S. Fish and Wildlife Service, 2018). We estimated
climatic suitability change by subtracting the raster cell values for the RCP 4.5 and 8.5 scenario at years 2050 and 2070 from the
current climatic suitability raster. We then averaged the four RCP/year combinations to determine mean gains and losses in climatic
suitability. These values were relativized on a scale of 0 to 100, with O representing the greatest gain in climatic suitability and100
representing the greatest loss in climatic suitability (Fig. 2).

We estimated adaptive capacity by reclassifying the PADUS polygon layer to a raster based on the GAP Status Code via the Polygon
to Raster function in ArcGIS v. 10.5. We reclassified this raster on a scale from 0 to 4, where categories 1 — 4 were inverted to
correspond with the GAP Status Codes and 0 corresponded with landscapes that have no formal protection as identified via the PADUS
layer. We used this raster to determine the amount of PADUS lands (direct protection) that occurred in the eastern Hellbender habitat
suiability prediction. We then performed a 3 x 3 cell moving window analysis, which is an iterative spatial analysis that occurs in a
pre-determined geospatial window across the entire raster dataset via the Cell Statistics Tool in ArcGIS v. 10.5. We conducted this
analysis to form a gradient of mean habitat protection for habitats adjacent to borders of protected areas (indirect protection) to
account for conservation benefits that protected lands provide for adjacent private lands (Naughton-Treves et al., 2005). We then
relativized the direct protection raster on a scale of 0 — 100, where 0 represented no formal landscape protection and 100 represented
landscapes with the greatest landscape protection (Fig. 2), which corresponded with GAP status code 1. Although amphibian pop-
ulations are under-represented under current global protected areas (Nori et al., 2015), protected areas with formal habitat protection
are invaluable for eastern Hellbender conservation (Freake and DePerno, 2017).

For the respective components used to derive vulnerability, we used the LII score (range: 0 — 100) to represent exposure, change in
climatic suitability of the eastern Hellbender (range: 0 — 100) to represent sensitivity, and percent of protected lands (range: 0 — 100) to
represent adaptive capacity (Fig. 2). We determined vulnerability within each raster cell of the predicted eastern Hellbender habitat
suitability layer by subtracting 100 (a constant) from the sum of exposure and resiliency, the latter of which is defined as adaptive
capacity — sensitivity. We multiplied this total by 1/3 and took the absolute value of the product to provide a vulnerability estimate
between 0 and 100, where 100 represented greatest vulnerability (Fig. 2).

As previous evaluations of habitat suitability on eastern Hellbender occupancy found that ecoregion was important for predicting
occupancy (e.g., da Silva Neto et al., 2020), we summarized land use and climatic stressors within each EPA Level III ecoregion (U.S.
Environmental Protection Agency, 2006) that occurred within the conterminous range of the eastern Hellbender (Fig. 3). Ecoregions
represent areas of similar ecosystem characteristics (Omernik, 1987) that provide a framework for relating impacts of land use on
biodiversity patterns (Bryce et al., 1999; Yaffee, 1999; Turnock, 2002; Gallant et al., 2004) and are effective conservation units (Olson
and Dinerstein, 1998). However, as Hellbenders are fully aquatic organisms, it is important to evaluate land use patterns and primary
conservation threats at a watershed spatial scale. Therefore, we used the Adaptive Capacity Units (ACUs; Fig. 3) as identified in U.S.
Fish and Wildlife Service (2018) to further evaluate land use and climatic stressors. These ACUs were derived based on genetic re-
lationships within the eastern Hellbender range and represent evolutionary distinct lineages as identified by Hime (2017) at a large
watershed scale.

We used R (v. 4.1.0; R Core Team, 2021) to calculate mean ( & S.E.) values of current and projected climatic suitability, landscape
protection, and landscape impairment, and the proportion of each LULC category of suitable eastern Hellbender habitat within each
Level III ecoregion and ACU. We also generated mean exposure, sensitivity, adaptive capacity, and vulnerability scores of suitable
eastern Hellbender habitat within each Level III ecoregion and ACU. To account for the influence of Level III Ecoregion and ACU area,
we multiplied the mean vulnerability score by the percent of the suitable eastern Hellbender range within a given Level III ecoregion or
ACU.

3. Results

The habitat suitability SDM (Fig. 3) for the eastern Hellbender was well supported, with a mean AUC estimate of 0.83 &+ 0.03
(MaxENT: 0.81 £ 0.02; RF: 0.85 + 0.02). Within both modeling algorithms, the Flow variable had the greatest percent contribution to
the habitat suitability prediction (MaxENT [80.6], RF [31.2]), whereas the Velocity (MaxENT [1.5], RF [20.7]), Stream Order
(MaxENT [5.8], RF [19.3]), Minimum Elevation (MaxENT [6.5], RF [12.8]), and Maximum Elevation (MaxENT [1.2], RF [12.0])
variables were of secondary importance in terms of percent contribution for both SDM approaches. The Precipitation (MaxENT [1.0],
RF [11.0]) and Stream Level (MaxENT [1.0], RF [2.0]) variables had the lowest percent contribution for habitat suitability predictions.

Based on the eastern Hellbender habitat suitability SDM, 23.3% of the predicted suitable habitat occurred in the Interior Plateau
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(29,802.4 kmz), Western Allegheny Plateau (14.4% of range; 18,381.3 kmz), Ridge and Valley (13.7% of range; 17,468.6 kmz), and
Central Appalachians (12.2% of range; 15,648.2 km?, Table 1) ecoregions. The Blue Ridge, Interior River Valleys and Hills, South-
western Appalachians, North Central Appalachians, and Northern Allegheny Plateau ecoregions accounted for 9.1% (11,642.2 km?),
6.0% (7733.7 km?), 5.0% (6434.1 km?), 4.1% (5282.4 km?), and 3.7% (4688.7 km?), respectively (Table 1). The remaining ecor-
egions (Erie Drift Plains, Eastern Corn Belt Plains, Northern Piedmont, Southeastern Plains, Northeastern Highlands, Middle Atlantic
Coastal Plain, Eastern Great Lakes Lowlands, Northeastern Coastal Zone, Mississippi Alluvial Plain, Central Corn Belt Plains, and
Mississippi Valley Loess Plains accounted for the remaining 8.3% (10,675.4 km?) of the suitable habitat (Table 1). Within the proposed
geographic range of the eastern Hellbender, approximately 66.4% (82,497.6 km?) of the suitable habitat occurred in the Ohio River-
Susquehanna River Adaptive Capacity Unit (OACU), 25.6% occurred in the Tennessee River Adaptive Capacity Unit (TACU;
31,779.9 km?), and 8.0% occurred in the Kanawha River Adaptive Capacity Unit (KACU; 9954.2 km?; Table 1).

3.1. Land use

Within the predicted suitable habitat, forest cover was greatest in the Northeastern Highlands (84.7%; Table 2), Central Appala-
chians (79.7%), and North Central Appalachians (78.6%). Forest cover was least in the Mississippi Alluvial Plains (1.1%) and Middle
Atlantic Coastal Plains (8.5%). Land cover converted to agriculture was greatest in the Interior River Valley and Hills (50.0%), the
Eastern Great Lakes Lowlands (42.2%), and the Eastern Corn Belt Plains (40.6%). Urbanization was most extensive within the Middle
Atlantic Coastal Plains (38.8%), the Eastern Corn Belt Plains (23.6%), and the Mississippi Valley Loess Plains (23.3%). Within the
ACUs, forest cover was greatest in the KACU (73.1%), and least in the Ohio River-Susquehanna River ACU (53.1%; Table 2). The
greatest proportion of land converted to agriculture occurred in the OACU (26.4%). In addition, urbanized habitats were also most
extensive in the OACU (11.6%). Mean landscape impairment (LII) was greatest (most disturbance) in the Mississippi Valley Loess
Plains (69.8) and the Mississippi Alluvial Plains ecoregions (65.7; Table 2). The Northeastern Highlands had the lowest LII value
(33.1). Within ACUs, the greatest LII value (most disturbance) occurred in the OACU (49.2), whereas the lowest landscape LII value
occurred in the KACU (44.2).

3.2. Climatic suitability change

The test area-under-the-curve (AUC) estimate for the climatic suitability SDM was 0.68 + 0.02 for MaxENT and 0.71 + 0.02 for the
RF algorithm. Based on the MaxENT model, the Mean Diurnal Range (bio 2) and Annual Precipitation (bio 12) variables had the
greatest percent contribution values of 70.4 and 8.4, respectively. For the RF model, the Annual Precipitation (bio 12) and mean
Diurnal Range (bio 2) variables had the greatest contribution values of 29.9 and 28.8, respectively. The ecoregion projected to

Table 1

Area (km?) of protected lands (all protected areas defned in the PADUS dataset) based on eastern Hellbender habitat suitability among Adaptive
Capacity Units (ACUs) and EPA Level III Ecoregions. Areas identified as directly protected are rivers within protected lands, whereas areas identified
as indirectly were determined through a moving window analysis to account for protection conferred on rivers adjacent to protected lands. Values in
parentheses represent percentages of the total range (area km? column) and percentage of area protected within the ecoregion (Area indirectly
protected km? and Area directly protected km? columns).

Adaptive Capacity Unit / Ecoregion Area km? Area indirectly protected km? Area directly protected km?
Adaptive Capacity Unit

TACU 31,779.9 (25.6%) 23,016.7 (72.4%) 6178.6 (19.4%)

OACU 82,497.6 (66.4%) 53,217.9 (64.5%) 11,176.5 (13.5%)

KACU 9954.2 (8.0%) 6691.5 (67.2%) 1620.8 (16.3%)

Ecoregion

Blue Ridge 11,642.2 (9.1%) 10,711.3 (92%) 3875.9 (33.3%)

Central Appalachians

Central Corn Belt Plains
Eastern Corn Belt Plains
Eastern Great Lakes Lowlands
Erie Drift Plain

Interior Plateau

Interior River Valleys and Hills
Middle Atlantic Coastal Plain
Mississippi Alluvial Plain
Mississippi Valley Loess Plains
North Central Appalachians
Northeastern Coastal Zone
Northeastern Highlands
Northern Allegheny Plateau
Northern Piedmont

Ridge and Valley
Southeastern Plains
Southwestern Appalachians
Western Allegheny Plateau

15,648.2 (12.2%)
10.6 (0.01%)
3182.7 (2.5%)
178.2 (0.1%)
3352.3 (2.6%)
29,802.4 (23.3%)
7733.7 (6.0%)
184.9 (0.1%)
35.0 (0.02%)

6.2 (0.001%)
5282.4 (4.1%)
149.5 (0.1%)
237.8 (0.2%)
4688.7 (3.7%)
1803.3 (1.4%)
17,468.6 (13.7%)
1535.2 (1.2%)
6434.1 (5.0%)
18,381.3 (14.4%)

9155.65 (58.5%)
6.0 (56.3%)
2332.4 (73.3%)
97.9 (55.0%)
2576.1 (76.8%)
15,947.41 (53.5%)
4238.8 (54.8%)
184.9 (100%)
35.0 (100%)

4.8 (77.8%)
4770.6 (90.3%)
136.1 (91.1%)
237.8 (100%)
3355.4 (71.6%)
1722.4 (95.5%)
13,595.6 (77.8%)
1049.6 (68.4%)
4774.9 (74.2%)
11,069.3 (60.2%)

2651.2 (16.9%)
0 (0%)

443.4 (13.9%)
1.9 (1.1%)
372.7 (11.1%)
2989.2 (10.0%)
526.7 (6.8%)
53.7 (29.1%)
0.7 (2.0%)

0 (0%)

2371.5 (44.9%)
19.1 (12.8%)
62.5 (26.3%)
258.8 (5.5%)
232.4 (12.9%)
2240.2 (12.8%)
181.9 (11.8%)
1554.2 (24.2%)
1795.4 (9.8%)
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Table 2
Percent land-use composition based on eastern Hellbender habitat suitability within Adaptive Capacity Units (ACUs) and EPA Level III Ecoregions.
Greater scores for landscape integrity indicate greater landscape impairment.

Adaptive Capacity Unit / Urbanization  Barren  Forest  Shrub/ Grassland  Agriculture = Wetlands  Landscape
Ecoregion Scrub Integrity
Adaptive Capacity Unit

TACU 11.2 0.2 54.9 1.1 1.1 22.3 2.7 46.4
OACU 11.6 0.3 53.1 0.8 0.8 26.4 2.8 49.2
KACU 8.9 0.2 73.1 1.6 1.1 13.1 0.5 44.2
Ecoregion

Blue Ridge 11.5 0.1 73.9 0.9 0.7 10.8 0.2 45.3
Central Appalachians 8.4 0.4 79.7 1.7 1.5 6.1 0.8 43.8
Central Corn Belt Plains 6.5 0.2 52.7 0.1 1.1 39.1 0.1 39.7
Eastern Corn Belt Plains 23.6 0.5 28.5 0.2 0.6 40.6 2.0 59.1
Eastern Great Lakes Lowlands 12.7 0.8 31.4 0.6 0.9 42.2 5.7 64.6
Erie Drift Plain 15.4 0.2 37.1 0.3 0.5 30.5 11.1 57.5
Interior Plateau 9.8 0.2 43.2 0.6 0.7 36.6 2.6 47.4
Interior River Valleys and Hills 5.9 0.2 24.7 0.3 0.5 50.0 10.9 45.5
Middle Atlantic Coastal Plain 38.8 0.3 8.5 0.5 0.9 11.7 29.6 65.5
Mississippi Alluvial Plain 18.2 0.1 1.1 0.0 0.2 29.4 16.1 65.7
Mississippi Valley Loess Plains 23.3 0.1 30.5 0.4 0.1 17.8 14.4 69.8
North Central Appalachians 6.9 0.1 78.6 1.2 0.4 6.4 4.0 38.1
Northeastern Coastal Zone 135 0.5 41.0 0.4 0.7 7.6 10.9 62.8
Northeastern Highlands 6.7 0.1 84.7 0.3 0.5 4.0 2.5 33.1
Northern Allegheny Plateau 11.2 0.3 54.8 0.7 0.5 24.8 4.7 56.3
Northern Piedmont 19.9 0.3 30.2 1.0 0.3 39.2 2.0 59.5
Ridge and Valley 14.3 0.3 49.0 0.8 1.1 27.6 1.1 53.0
Southeastern Plains 6.3 0.3 42.5 2.9 1.2 22.2 13.5 37.2
Southwestern Appalachians 6.0 0.3 70.1 1.7 1.6 14.4 1.3 37.8
Western Allegheny Plateau 14.8 0.2 61.2 0.8 0.8 17.4 0.9 51.9

experience the greatest loss in average climatic suitability was the North Central Appalachians, which saw a 15.6% reduction (Table 3).
Additionally, the Mississippi Valley Loess Plains and Interior Plateau ecoregions were projected to experience 13.2% and 12.1% de-
creases in average climatic suitability, respectively (Table 3). Conversely, some ecoregions were projected to increase in average
suitability, with the Northern Piedmont (27.1%), and the Central Corn Belt Plains (26.1%) projected to experience an increase in

Table 3

Projected climatic suitability (% suitability + S.E.) within Adaptive Capacity Units (ACUs) and EPA Level III ecoregions for the eastern Hellbender
based on averaged 2050 and 2070 projected climatic scenarios (12 GCM models) and two Representative Concentration Pathways (RCP 4.5 and 8.5).
The last column represents relative percent change in climatic suitability ( + S.E.). Positive values in the average change column correspond with an
increase in climatic suitability, whereas negative values correspond with a decrease in climatic suitability.

Adaptive Capacity Unit / Current RCP 4.5 RCP 4.5 RCP 8.5 RCP 8.5 Predicted Average
Ecoregion Climate 2050 2070 2050 2070 Mean Change
Adaptive Capacity Unit

TACU 62.6 + 25.3 56.1 +19.2 55.0 +18.1 53.1 +17.8 53.0 +17.6 54.3 +17.8 -5.8+29
OACU 45.1 £27.9 43.2 £21.9 442 +£21.6 43.7 £21.1 429 +£21.3 43.5 £ 20.9 -1.6 £+ 1.2
KACU 50.9 + 21.5 58.0 &+ 16.0 60.4 + 15.6 59.4 +16.1 62.2 +16.3 60.0 + 15.6 9.1 £6.4
Ecoregion

Blue Ridge 72.3 + 30.6 64.7 + 20.6 62.3 +£17.9 60.7 +16.9 60.9 + 15.9 34.4+0.7 -10.2 £ 6.5
Central Appalachians 52.4 +26.5 55.2 +22.5 57.6 + 21.5 55.8 +21.6 56.7 +20.9 321+83 3.9+27
Central Corn Belt Plains 8.3+ 0.6 38.2+1.0 30.7 + 0.4 38.7 +1.4 29.9 +0.7 22.4+5.0 26.0 + 0.0
Eastern Corn Belt Plains 24.2 +19.9 31.1 £10.5 31.2+9.4 33.9+10.4 321+7.1 45.0 + 4.6 7.9 +58
Eastern Great Lakes Lowlands 30.9 £ 6.6 21.1 £24 23.3£3.7 244 +3.1 26.9 £3.5 26.7 £11.0 -69+18
Erie Drift Plain 30.1 +£23.4 26.6 £12.5 30.8 £12.1 33.2+134 36.8 +£10.1 31.8+11.8 1.8+5.8
Interior Plateau 57,0 + 23.4 46.1 +13.6 46.0 + 12.9 44.5 +12.4 43.0 +11.6 33.3+13.2 -12.1 +5.7
Interior River Valleys and Hills 36.7 + 25.4 34.2 + 8.6 33.7+7.7 33.2+77 31.4+8.0 40.4 + 5.4 -3.6 £ 8.8
Middle Atlantic Coastal Plain 27.2 +20.0 43.4+£5.6 40.3 £ 4.6 40.1 +£6.5 38.1 +5.6 41.3 + 6.4 13.2+7.3
Mississippi Alluvial Plain 33.6 £2.0 26.6 + 0.7 27.1+0.7 26.3 £ 0.6 25.2+0.9 46.5 + 4.5 -7.3+0.7
Mississippi Valley Loess Plains 46.7 + 4.3 345+ 0.4 34.1 +£0.3 33.1+0.2 32.6 + 0.4 62.1 +£17.5 -13.2+ 2.0
North Central Appalachians 48.9 + 26.4 30.6 +12.7 33.7 £ 14.2 32.8+13.2 36.2 +13.9 51.3 +19.6 -15.6 + 6.6
Northeastern Coastal Zone 35.9+3.9 40.3 £ 4.9 459 £ 4.1 43.9 £5.8 49.8 +£ 5.2 44.2 +£14.0 9.1+0.4
Northeastern Highlands 21.9 +£16.9 22.0 + 4.5 22.7 £5.5 21.5+5.9 23.5+5.1 56.3 + 21.1 1.0 £5.9
Northern Allegheny Plateau 36.9 £+ 23.6 23.0 £10.1 26.4 £12.1 26.5 +£10.5 30.9 +£13.2 52.9 +£16.9 -10.2+ 6.3
Northern Piedmont 14.2 +£23.8 41.3+7.2 40.1 £6.2 42.8 £7.4 41.1 £8.5 449 +£12.1 27.1 +£8.7
Ridge and Valley 45.4 +28.1 51.1 +21.9 51.4 +19.7 50.8 + 20.0 51.8 +19.3 33.1+78 5.8+4.3
Southeastern Plains 51.3 +£19.6 45.3 £ 4.9 47.3+5.3 47.3 £ 4.2 45.9 + 4.6 26.3 +0.7 -48+75
Southwestern Appalachians 48.7 £18.6 46.7 £ 15.5 45.0 £14.1 43.0 +£14.2 42.1 £12.3 33.6 £0.3 4.5+ 23
Western Allegheny Plateau 46.1 + 25.0 52.9 £19.1 54.3 +17.7 53.6 +17.6 50.9 +15.8 23.9+29 6.9 +4.1
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Fig. 4. A) Current climatic suitability for the eastern Hellbender determined through ensembling models built with the MaxENT and RF SDMs
(MaxENT AUC = 0.68 + 0.02, RF AUC= 0.71 + 0.02). Areas in blue represent high predicted suitability whereas areas in red represent predicted
low suitability. B) Predicted climatic suitability for the eastern Hellbender. The climatic suitability prediction was based on 12 Global Circulation
Models and two Representative Concentration Pathway (RCP) trajectories (RCP 4.5 and 8.5) for 2050 and 2070. C) Relative change in climatic
suitability was determined by subtracting the current climatic suitability raster (A), from the predicted climatic suitability raster (B).
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average suitability of greater than 25% (Table 3; Fig. 4). The OACU was projected as relatively stable with a 1.6% decrease in average
suitability. Conversely, the TACU was predicted to decrease in average climatic suitability by 5.8%.

3.3. Current Protection and Vulnerability

Analysis of the geographic range of the eastern Hellbender by land protection status (i.e., lands in some form of conservation
ownership) indicated that populations residing in the Interior Plateau and Interior River and Valleys were least secure with 46.5% and
45.2% of suitable habitat within these ecoregions receiving no direct or indirect protection (Table 1; Fig. 5A). However, when looking
only at direct protection, populations within the Central Corn Belt Plains and the Mississippi Valley Loess Plains ecoregions were least
secure with 0% of suitable habitat receiving direct protection (Table 1; Fig. 5A). Populations within the Middle Atlantic Coastal Plains,
the Mississippi Alluvial Plains, and the Northeastern Highlands were afforded the most indirect protection (100% of suitable habitat in
each). Populations in the North Central Appalachians and the Blue Ridge were afforded the most direct protection (44.9% and 33.3%
respectively). Populations within the Tennessee River ACU were offered the most direct protection (19.4%) followed by the Kanawha
River ACU (16.3%), as well as greatest indirect protection (72.4% and 67.2%, respectively).

Within-ecoregion vulnerability was greatest for eastern Hellbender populations in the Mississippi Valley Loess Plains, Mississippi
Alluvial Plains, Eastern Great Lakes Lowlands, North Allegheny Plateau, and Interior Plateau ecoregions, with vulnerability estimates
of 77.5, 74.4, 73.7, 71.1, and 69.2, respectively (Table 4; Fig. 5D; Fig. 6). After adjusting vulnerability by the percent of the total
suitable eastern Hellbender habitat within each ecoregion, the Interior Plateau, Western Allegheny Plateau, Ridge and Valley, and
Central Appalachians had the greatest predicted vulnerability, with relativized estimates of 16.1, 9.0, 8.5, and 7.2, respectively
(Table 4; Fig. 5D). The Interior Plateau ecoregion was most vulnerable due to relatively high exposure (47.4), high sensitivity (63.5),

Sensitivity

Fig. 5. Vulnerability analysis for the eastern Hellbender, where adaptive capacity (A) was determined as the relativized amount of protected lands
(range: 0 — 100), where red indicates low/no protection and blue indicates the highest level of protection; exposure (B) was determined as the
relativized landscape integrity index score (range 0 — 100), with a value of 100 (red) representing complete impairment, and value of 0 representing
areas of no impairment (blue); sensitivity (C) was determined as the relativized change in the climatic suitability (0  100) - areas with high
sensitivity, or the largest decrease in climatic suitability, are represented in red; and vulnerability (D) was estimated between 0 and 100, where areas
in red represent greatest vulnerability.
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and low adaptive capacity (10.0) (Table 4). Of the ACUs, the TACU and OACU had greatest vulnerability, with estimates of 64.6 and
64.7, respectively (Table 4; Fig. 6). After correcting for the amount of suitable habitat within each ACU, the OACU had greatest
vulnerability (Table 4). The relatively high vulnerability of the OACU was due primarily to high exposure (49.2).

4. Discussion

Our study demonstrates the development of a multi-metric vulnerability modeling approach for the eastern Hellbender by
incorporating habitat suitability predictions, along with the inclusion of multiple spatially-explicit datasets that permit the estimation
of exposure, sensitivity, and adaptive capacity. Our analysis predicts that portions of the eastern Hellbender geographic range in the
Northern Allegheny Plateau, Mississippi Valley Loess Plains, Eastern Great Lakes Lowlands, Mississippi Alluvial Plain, and Interior
Plateau ecoregions had the greatest estimated vulnerability. After accounting for the suitable habitat area within each ecoregion, the
Interior Plateau was supported as most vulnerable, whereas the Northern Alleghany Plateau scored relatively high vulnerability prior
to accounting for ecoregion size. The other vulnerable ecoregions before accounting for the amount of suitable habitat (e.g., Mississippi
Valley Loess Plains, Southeastern Plains, Erie Drift Plains) are located on the periphery of the eastern Hellbender geographic range and
harbor far fewer eastern Hellbender populations compared to the core portions of the range. This is a promising finding, however,
peripheral populations are often more tolerant to environmental variation and therefore represent important populations for future
dispersal, particularly in the face of climate change (Gibson et al., 2009). Of the most vulnerable ecoregions, the Interior Plateau and
Northern Allegheny Plateau compose nearly 27.0% (34,490.9 km?) of the estimated suitable habitat for the eastern Hellbender, and
represent two ecoregions within two genetically distinct ACUs that harbor eastern Hellbender populations, but are vulnerable from
anthropogenic land-uses, projected climatic stressors, and relative lack of habitat protections. The least vulnerable populations
occurred within the Central Appalachians, Southwestern Appalachians, Blue Ridge, and Western Allegheny Plateau ecoregions. This
result is somewhat fortunate as one of the least vulnerable ecoregions (Blue Ridge) contains three (French Broad, Hiwassee, and Ocoee)
of four (Holston) genetically distinct watersheds that were previously identified based on mitochondrial gene variability (Freake et al.,
2018).

At the larger ACU watershed scale, the OACU was predicted to have greatest vulnerability, which suggests this genetically distinct
portion of the eastern Hellbender range is under the greatest threats from landscape and climatic stressors. In particular, the OACU had
the greatest amount of agricultural land use and overall landscape impairment compared to the other ACUs. Watersheds with relatively
large anthropogenic impacts, such as agriculture, urbanization, and mining tend to have greater specific conductivity (Dow and
Zampella, 2000), along with other water quality issues. The negative interactions of anthropogenic disturbance and conductivity on
assemblage richness have been observed for several organisms including fish (Vieira and Tejerina-Garro, 2020), amphibians (Harmer
and Parris, 2011), and macroinvertebrates (Kasangaki et al., 2006). Additionally, studies have shown that eastern Hellbender site
occupancy is inversely related to stream specific conductivity (Keitzer et al., 2013; Jachowski and Hopkins, 2018), and within

Table 4

Estimates of exposure, sensitivity, adaptive capacity, and vulnerability by Adaptive Capcity Unit (ACU) and Level III ecoregion within suitable habitat
of the eastern Hellbender. The area corrected estimate of vulnerability is presented on a relative scale based on the original vulnerability score
multiplied by the proportion of suitable habitat within each ACU and level III Ecoregion.

Adaptive Capacity Unit / Ecoregion Exposure Adaptive Capacity Sensitivity Vulnerability Area Corrected Vulnerability
(Vulnerability X % Suitable Range)
Adaptive Capacity Unit
TACU 46.4 11.3 58.4 64.6 16.5
OACU 49.2 6.3 50.5 64.4 42.7
KACU 44.2 9.9 37.0 56.9 4.6
Ecoregion
Blue Ridge 45.3 21.4 61.1 61.5 5.6
Central Appalachians 43.8 9.6 43.5 59.1 7.2
Central Corn Belt Plains 39.7 0.4 15.9 52.0 0.01
Eastern Corn Belt Plains 59.1 2.9 38.5 65.1 1.6
Eastern Great Lakes Lowlands 64.6 0.7 57.1 73.7 0.1
Erie Drift Plain 57.5 3.1 46.2 66.8 1.7
Interior Plateau 47.4 3.4 63.5 69.2 16.1
Interior River Valleys and Hills 45.5 3.6 52.9 65.0 3.9
Middle Atlantic Coastal Plain 65.5 11.9 31.3 62.5 0.1
Mississippi Alluvial Plain 65.7 4.3 57.5 74.4 0.01
Mississippi Valley Loess Plains 69.8 1.2 64.9 77.5 0.01
North Central Appalachians 38.1 24.0 67.9 60.4 2.5
Northeastern Coastal Zone 62.8 5.0 37.0 65.3 0.07
Northeastern Highlands 33.1 26.1 47.7 51.7 0.09
Northern Allegheny Plateau 56.3 3.3 61.2 71.1 2.6
Northern Piedmont 59.5 4.4 14.5 56.6 0.8
Ridge and Valley 53.0 7.7 41.1 62.1 8.5
Southeastern Plains 37.2 6.0 54.5 61.8 0.7
Southwestern Appalachians 37.8 11.3 54.0 60.1 3.0
Western Allegheny Plateau 51.9 4.4 39.8 62.3 9.0
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Fig. 6. Lollipop graphical representation of exposure, sensitivity, adaptive capacity, and vulnerability for each Level III Ecoregion (top left) and
Adaptive Capacity Units (ACUs; top right) within the predicted suitable habitat for the eastern Hellbender. Relative position within the plots in-
dicates the primary drivers of vulnerability. Relative height of bars, along with color (Blue — Red) indicate progressively greater vulnerability. Labels
within the circles correspond with Level III Ecoregions and ACUs (O [OACU], T [TACU], and K [KACU]) in Fig. 3. The bottom figure provides
context on the influence of exposure, sensitivity, and adaptive capacity on vulnerability. Example conservation and management actions for the
eastern Hellbender are provided along each axis of the figure that correspond with patterns in exposure, sensitivity, adaptive capacity, and
vulnerability.

ecoregions that have a relatively greater history of anthropogenic disturbance at the landscape scale (Bodinof Jachowski et al., 2016;
Neto et al., 2020).

The relative amount of landscape protection was considerably different among ecoregions. Of the ecoregions that composed greater
than 1% of the eastern Hellbender geographic range, the Northern Allegheny Plateau (5.5%) and Interior River Valleys and Hills
(6.8%) ecoregions had the least direct protection; however, if indirect protection is included, the Interior Plateau and Interior River
Valleys and Hills ecoregions are the least secure with 53.5% and 54.8%, respectively of their land area receiving no direct, or indirect
protection from adjacent protected landscapes. In addition to providing important habitat for the conservation of biodiversity, pro-
tected areas play important roles for preventing conversion of habitats (Andam et al., 2008) and may be the only natural or
semi-natural landscapes that remain in some portions of the globe (Stolton et al., 2015). In this study, for ecoregions that composed
> 1% of the eastern Hellbender range, the greatest proportion of land area that was protected (both directly and indirectly) occurred in
the North Central Appalachians (Direct: 44.9%; Indirect: 90.3%) and Blue Ridge (Direct: 33.3%; Indirect: 92.0%) ecoregions. Joppa
and Pfaff (2009) found that protected area networks are biased towards landscapes that are not likely to face land conversion even
without protection. However, in many areas of the eastern Hellbender geographic range, protected areas provide key habitat for
Hellbender populations (Freake and DePerno, 2017). In addition, protected areas also serve as climate refugia for biodiversity (Haight
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and Hammill, 2020), and zones of species range expansions in landscapes with novel climatic conditions (Thomas et al., 2012).

Although designation and maintenance of protected habitats and biological reserves represents a highly effective conservation
strategy, additional conservation and management decisions will depend on the primary causes of elevated vulnerability. For example,
in protected area landscapes that are isolated by anthropogenic disturbances (i.e., high adaptive capacity, moderate exposure),
managers may need to conduct stream restoration practices that increase stream connectivity to permit animal migration and gene
flow among populations. For example, obsolete low-head dams represent barriers to migration for aquatic species (e.g., Reid et al.,
2008), and in these instances, dam removals may represent a direct conservation action that can result in restored population con-
nectivity. In landscapes where stream connectivity cannot be restored, assisted migration may be necessary to encourage gene flow in
fragmented eastern Hellbender populations (Nissen et al., 2023; Kraus et al., 2017). In general, eastern Hellbenders have high site
fidelity and relatively small (10 - 511 m?) annual home ranges (Peterson and Wilkinson, 1996; Humphries and Pauley, 2005).
However, long distance migrations of > 2.5 km have been documented in wild populations (Nissen et al., 2023), which suggests that
some individuals can move long distances and have the potential to emigrate to suitable habitat patches.

Maintenance of stream connectivity is of particular importance for landscapes that are at additional vulnerability due to loss of
climatic suitability (e.g., high sensitivity). In the face of landscape stressors such as climate change, habitat protection and restoration
of habitat connectivity likely serves as one of the most effective measures for mitigating the impacts of climate change, especially for
watersheds that possess a variety of climatic gradients. For example, Troia et al. (2019) found that species-specific traits, along with
aquatic connectivity, are important for providing adaptation potential in the face of climate change within watersheds. In habitats that
lack landscape protection and also exist in a landscape matrix with landscape impairment (i.e., low adaptive capacity, moderate
exposure), managers may need to focus efforts towards population-based management, which may include maintenance and provi-
sioning of microhabitat features, such as Hellbender nest boxes (e.g., Button et al., 2020) and small-scale stream restoration to provide
life-stage specific stream microhabitats (e.g., da Silva Neto et al., 2019; Hecht et al., 2019). In addition, translocation of zoo-raised
animals (Bodinof et al., 2012) may be used as a strategy to bolster declining populations and increase genetic diversity in isolated
populations.

Direct impacts of climate change on wildlife populations are often difficult to document. Primary climate change impacts often
manifest as shifting phenological patterns, which may result in mismatches in organismal interactions (e.g., pollinators and flowering
rates) and shifting distributional patterns that correlate with shifts in the climatic niche (Parmesan and Yohe, 2003; Tingley et al.,
2009). In reference to amphibian populations, drought has been documented as a causative agent for amphibian declines in several
instances (Corn and Fogleman, 1984; Pounds et al., 1999; Li et al., 2013). While there have been few studies directly measuring the
impact of climate change on eastern Hellbenders, previous work has shown that growth and immune function declined at warmer
temperatures consistent with climate change predictions (Terrell et al., 2021). In addition, warmer temperatures will likely decrease
the dissolved oxygen content of streams (U.S. Fish and Wildlife Service, 2018), which could negatively impact habitat suitability
during hot and dry periods. Unpredictability of precipitation patterns will likely result in the occurrence of flash droughts and floods,
which will both likely impact stream habitat suitability for benthic organisms.

As reported in previous analyses of climatic suitability change of salamanders (e.g., Milanovich et al., 2010; Barrett et al., 2014;
Sutton et al., 2015), the modeling algorithm(s) used in these studies (and the current study) is/are correlative and assume(s) that the
limits of climatic suitability for the target species are known. This assumption is a limitation, as salamanders have the capacity to adapt
to elevational and moisture gradients (Riddell and Sears, 2015). In addition, our models are not parameterized with laboratory
measurements of physiological limits (e.g., Gifford and Kozak, 2012) and are unable to estimate the physiological mechanisms that
determine an organisms’ vulnerability to climate change (see Troia, 2022). Lastly, the relatively large spatial scale of most climate data
makes it difficult to translate the predicted change in climatic suitability to population-level impacts. For example, the spatial scale of
the climate data used during this study was 1 km?, which is inadequate to incorporate the climate mitigating effects of microhabitats,
especially for organisms with high site fidelity, such as eastern Hellbenders. For the purposes of this analysis, our results should only be
used to compare relative vulnerability, exposure, sensitivity, and adaptive capacity of eastern Hellbender populations among Level III
Ecoregions and ACUs throughout the conterminous geographic range.

Understanding the collective impacts of anthropogenic change on organismal distributions is important for future protection of
global biodiversity (Butchart et al., 2010). Rarely do stressors impact ecosystems singularly, but rather synergistically. For example,
Hof et al. (2011) found that regions of the globe with greatest amphibian richness were more likely to be impacted by multiple stressors
(e.g., climate change, pathogens), and the synergistic nature of these stressors is predicted to further exacerbate amphibian declines.
Furthermore, small-scale experiments have shown that moderate climate change coupled with other stressors such as altered moisture
regimes and pollution via pesticides operate synergistically to alter amphibian behaviors (e.g., foraging), which can lead to loss of
individual body mass and potentially population declines (Rohr et al., 2013). These findings do not suggest that all stressors impact
organisms equally and at the same spatial scale. Therefore, estimates of ecosystem vulnerability need to be evaluated to understand the
relative contribution of sources of exposure, sensitivity, and adaptive capacity.

Foden et al. (2013) suggested that amphibians are among the most vulnerable taxa to global change. Therefore, our vulnerability
estimates provide an initial and valuable estimate of eastern Hellbender populations vulnerable to future climate and landscape
change. Based on our estimates of vulnerability, protection of natural landscapes via private land conservation programs (e.g., con-
servation easements), further acquisition and expansion of state and federally protected lands, and restoring stream connectivity likely
serve as the best strategies for management and conservation of eastern Hellbenders in the face of climate change. Specifically, we
suggest expanded land protection efforts in portions of the eastern Hellbender range with known populations that currently lack land
protection efforts. An example landscape would include the Lower Duck River watershed in the Interior Plateau ecoregion of Ten-
nessee. This area is an example of a landscape that harbors eastern Hellbender populations, but is impacted by anthropogenic land-use
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(e.g., agriculture), is projected to experience an overall loss of current climatic suitability, and generally lacks state, federal, or private
land protections. Our vulnerability analysis combined with the knowledge of extant eastern Hellbender populations can be used to
target landscapes for further conservation and management activities that will increase the resiliency of these populations to future
global change.
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