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ABSTRACT
Climate change and growing anthropogenic presence are phenomena impacting all species globally. Fortunately, with protection of key areas of suitable habitat and climate that serve as refugia for species, we can alleviate the worst of biodiversity loss. Globally, this is apparent in the persistence of taxa in montane regions. For this dissertation, I focus in particular on the eastern United States, where some of the oldest mountains on the planet can be found. These Appalachian Mountains run southwest to northeast, naturally forming a refugium compared to the surrounding landscape for many taxa and rare ecosystems. Particularly of interest, similar to other montane systems globally, are those that are unique to high elevation or are remnants of a past landscape. Within the focal region of the south-central Appalachians are the at-risk relict boreal ecosystems found at elevation, which are otherwise restricted to the northern US and Canada, and are home to numerous endemic taxa found only in this biodiverse region, marking it as a key ecological region of the United States.
Recent studies have focused either on the distant future (2080s or beyond), continental scale models, and/or a wide array of taxonomic groups to produce studies of broad ecological trends. Focus has also been given primarily to birds, amphibians, and plants, with a large gap in studies of mammals at a regional scale focused on climate change. To address this gap, I assessed the potential effects of future climatic conditions on species distributions, dispersal, and even relocation, for Appalachian mammals. I incorporated protected areas and landcover to highlight key refugial areas for these mammals examining first 59 species of greatest conservation need across five orders and 14 families, then narrowing the scope to determine the amount overlap of a single large order (Rodentia) with a single charismatic flagship species (the American black bear), and finally to the reintroduced subspecies of a single taxon (the wapiti) within the region.
Results highlighted that: mammalian refugia predominantly occur in the Blue Ridge and the Central Appalachians within the Appalachian Ecoregion; partnership with private landowners will be essential to protecting climate change refugia and creating connectivity across these landscapes in the near future; primary roadways within the Blue Ridge and Central Appalachians serve as major barriers to dispersal and connectivity in key refugial areas for both rodents and black bears alike; and that the wapiti released into both Tennessee and North Carolina are not climatically suited to the region compared to the subspecies released elsewhere in the Appalachians, potentially increasing susceptibility to disease and adding to stressing factors impacting slow population growth in those areas. I provided (1) recommendations for practitioners on key conservation areas for mammalian refugia as well as areas for partnership programs in the Appalachian Ecoregion, (2) proposed areas for modification of impermeable barriers in biodiverse areas to allow better connectivity of refugia for species with varying dispersal abilities, and (3) provided recommendations to state agencies based on ecological and genetic literature and subspecies models of suitable climate generated here to increase reestablishment success in suitable areas for the wapiti. Additionally, it is my hope that the novelty of the application and methods proposed in this dissertation can serve as a baseline for future research in the region, as well as for placement of this unique Appalachian system into the broader refugial context of montane systems globally.
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INTRODUCTION
[bookmark: _Hlk164385860]In the face of the ongoing global biodiversity crisis, species persistence is more dependent than ever on areas to shelter them from climate change and other anthropogenic impacts (Davis et al., 2018; Finn et al., 2023; O’Connor et al., 2020; Rull, 2022; Thomas et al., 2004). Specific geographic areas may naturally act as “refugia” from these adverse conditions in part due to their geologic history and structure of the topography compared to the surrounding landscape (Barratt et al., 2017; Bilton et al., 1998; Cartwright & Wolfe, 2016; García et al., 2022; Graham et al., 2010; G. Hewitt, 2000). Some of the oldest mountains on the planet are the Appalachian Mountains, having long served as climate refugia in the face of changing landscapes, such as through the Miocene grassland expansion and Pleistocene glaciations, and must do so again in the face of rapid changing climate driven by anthropogenic activities (Ashcroft, 2010; Berry & Smith, 2013; Crespi et al., 2003; DeSantis & Wallace, 2008; Tribsch & Schönswetter, 2003; Wallace & Wang, 2004). 
Pleistocene glaciation events within the eastern Nearctic facilitated dispersal and period of rapid colonization that created the Appalachian biodiversity hotspot containing high richness of biodiversity in freshwater fish, amphibians, reptiles, and mammals (Cartwright & Wolfe, 2016; Graham et al., 2010; G. Hewitt, 2000; Morelli et al., 2016; R. Smith et al., 2002). Even today, relict boreal ecosystems persist at high elevation within the south-central Appalachian Mountains (hereafter Appalachian Ecoregion) (Berry & Smith, 2013; Browne & Ferree, 2007; Gross, 2010; Reese et al., 2001; Sipe & Browne, 2004). However, given the rapid rate of climate change and growing urban areas in the region, a number of these relict species and ecosystems are becoming of conservation concern, thus it is imperative to evaluate the impacts of climate change and areas of potential refugia (Carroll, 2010; Lawler et al., 2015; McKinley et al., 2019; Minor & Lookingbill, 2010).
A pitfall in planning for the conservation of protected areas and climate refugia can be the over-reliance on a single charismatic taxon to inform actions (Bifolchi & Lodé, 2005; Simberloff, 1998; F. Wang et al., 2021). Variable species-specific dispersal abilities, particularly in animals small in size or home range can compound conservation planning issues (Lugon-Moulin & Hausser, 2002; Segelbacher et al., 2010; Sutherland et al., 2000, 2000; Van Vuren, 1998). Though dispersal barriers can inhibit gene flow between populations, mitigation is possible through implementation of wildlife corridors (Frankham, 2015; Gracanin & Mikac, 2023; Pertoldi et al., 2007; Ralls et al., 2020; Shafaghat et al., 2022). The Appalachian Ecoregion in particular, has been identified as a key dispersal route for species shifting their distributions to alleviate the pressures of climate change, making it an ideal region for these corridors to promote landscape connectivity (Hamaide et al., 2022; Lawler et al., 2013; Newmark, 1993; Zhu et al., 2021). Indeed, given the successful utilization of wildlife corridors in the western US (e.g., for mule deer, mountain lions, California quail, and various rodents) and in the eastern US (for the endangered Florida Panther), demand for corridors near populous regions and National Parks in the Appalachian Ecoregion has increased tremendously (Barnick et al., 2022; Beckmann et al., 2012; Caldwell & Klip, 2020; Donaldson, 2007; Foster & Humphrey, 1995; Shepherd et al., 2023). Similarly, avoidance of road mortalities is needed in the Appalachian Ecoregion for all species.
The wapiti (Cervus canadensis) was once an abundant, widely distributed cervid species, with population estimates of over 10 million individuals, consisting of three subspecies ranging from the Piedmont of the east to the western edge of the Rocky Mountains, two subspecies along the Pacific Coast, and a single subspecies spanning from the Temperate Sierras of Arizona and New Mexico southward into Mexico (O’Gara & Dundas, 2002; Popp et al., 2014).  By the mid-twentieth century, the most southern and eastern subspecies had become extinct, with remaining populations of the other four subspecies extirpated from much of their range due to overhunting in all but the most remote regions (O’Gara & Dundas, 2002; Popp et al., 2014). Given the conservation success of numerous keystone species in the west (e.g. sea otters, gray wolves, and prairie dogs), various states have begun efforts to restore wapiti populations to the east (Hale & Koprowski, 2018; Martínez-Meyer et al., 2006; O’Gara & Dundas, 2002; Popp et al., 2014; Sarrazin & Barbault, 1996). Eastern restoration efforts have had mixed results, with noted lack of studies of the wapiti herds established in the east compared to their western counterparts (O’Gara & Dundas, 2002; Padilla et al., 2023; Popp et al., 2014). There is a need for intensive planning to ensure successful reestablishment and long-term persistence of populations, particularly given that different subspecies introduced to the Appalachian Ecoregion experienced different degrees of genetic drift due to overhunting and habitat loss within the past 200 years  (IUCN, 1998; Martínez-Meyer et al., 2006; O’Gara & Dundas, 2002; Popp et al., 2014).
Broadly, this dissertation evaluates the impact of climate change in the near future (by the 2040s) for mammals in the Appalachian Ecoregion. Chapter 1 focuses on identifying priority climate refugial areas and opportunity areas for conservation for 59 mammalian species, of which three are federally listed species, three have federally listed subspecies, and one is a proposed candidate species for listing. The rest of the species were identified as of greatest conservation by the Appalachian Land Scape Conservation Cooperative and State Wildlife Action Plans of the 13 states overlapping the Appalachian Ecoregion. Chapter 2 focuses on comparing the outcomes of planning corridors and wildlife crossings when using a flagship species, the American Black Bear, and the most diverse order of mammals, rodents. Finally, Chapter 3 focuses on the importance of careful consideration of species’ ecology and genetics across state boundaries when planning for species’ reintroductions, coupled with climate niche models and distribution predictions for the wapiti and the differences in climatic niches among subspecies. 
In Chapter 1, I determined the extent of climate refugia for each mammalian species of conservation concern, as well as biodiversity hotspots and measures of losses/gains/stable refugia within the Appalachians. I also highlighted key protected areas overlapping with these biodiversity hotspots for mammals and noted areas that do not fall under protection that will be essential for forming partnerships and collaborations between conservation practitioners and private landowners to maintain climate and habitat connectivity for these species. In Chapter 2, I identified key priority areas for rodent species and major dispersal barriers in the form of primary roadways, as well as corridors needed to maintain connectivity between stable climate refugia for each species, compared to corridors for the American Black Bear. Proximity to protected areas was also factored into these analyses to highlight areas that fell under priority areas for the rodents that overlapped with those for the bear. Areas that were crossed by primary roadways were found to be in need of wildlife overpasses/underpasses. Lastly, in Chapter 3 I provided a detailed literature review of wapiti populations and reintroduction efforts in the Appalachians by state, while also evaluating the climatic niche of the four remaining subspecies in combination with ecological and genetic data. These models were then forecast to the reintroduced regions in the east from population ranges in the west, as well as into the near future, to determine whether current release sites for the two subspecies of wapiti in the Appalachians were suitable for their respective subspecies. Utilizing the results of the three chapters, I proposed specific conservation priority areas as well as conservation actions to help mitigate the effects of climate change on mammals in such a unique and biodiverse region as the Appalachian Mountains.
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CLIMATE CHANGE REFUGIA FOR APPALACHIAN MAMMALS OF CONSERVATION CONCERN


[bookmark: _Toc164388132]ABSTRACT
The Appalachian ecoregion of the United States encompasses the greatest diversity of mammalian species in the eastern Nearctic, thus the potential impact of climate change may affect numerous mammalian species, including currently imperiled ones. Our study had two objectives: (1) to aide decision-makers and conservation practitioners by identifying mammalian species that are most susceptible to climate change and mapping mammalian richness hotspots and climate refugia within the Appalachian ecoregion; and (2) to provide a case study for montane regions globally that are facing similar conservation challenges. Using ecological niche modeling we forecasted potential range shifts under six climate scenarios for 59 mammalian species of greatest conservation need in this ecoregion. We identified two types of climate refugia for these species: (i) maintained refugia, representing areas of climatic suitability presently and into the near future (2040s) and (ii) potential refugia, representing areas that could become climatically suitable in the near future. Key refugia identified in the Appalachian ecoregion fall into three large regions: along the Tennessee-North Carolina border, the Kentucky-Virginia border, and much of south and central West Virginia. These regions are a major component of the Appalachian biodiversity that is threatened by climate change in a landscape matrix of urban and agricultural land uses. Ultimately, 45% of predicted climatic refugia for mammals of greatest conservation need fall outside of the current network of protected areas, indicating that partnerships with private landowners will be essential to mitigate climate change effects on these mammals. Practitioners should foster collaborations in areas identified for conservation opportunities if species of greatest conservation need are to persist into the future.
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INTRODUCTION
Globally, refugia and species endemism are strongly linked in numerous studies focusing on the Alps of Europe, forested refugia of Africa, Australia, and Asia (Barratt et al., 2017; Bilton et al., 1998; García et al., 2022; Harrison & Noss, 2017; Keppel et al., 2015; Parisod, 2021; Tribsch & Schönswetter, 2003; Wu et al., 2017). In the northern hemisphere, “refugium” traditionally describes an area that a warm-adapted species may have used as refuge during Pleistocene glaciation events (Crespi et al., 2003), leading to high levels of species endemism (Morelli et al., 2016). A prime example of this is the southeastern United States, long recognized as a hotspot of richness and endemism for freshwater fishes, amphibians, reptiles, and mammals (Cartwright & Wolfe, 2016; Graham et al., 2010; Hewitt, 2000; Jenkins et al., 2015; Smith et al., 2002). Much of the diversity in this region is due to the north-south orientation of the Appalachian Mountains (Appalachians hereafter) that acted as a corridor for cold-adapted taxa to spread southward during the Pleistocene (Hewitt, 2000), while valleys served as refugia for warm-adapted taxa that became isolated due to widespread unfavorable climatic conditions (Crespi et al., 2003; Hewitt, 2000; Tribsch & Schönswetter, 2003). Presently, the Appalachians may once again play a large role in preserving diversity, this time in the face of warming temperatures due to anthropogenic climate change. The definition of a “refugium” has expanded in the last couple of decades to consider areas that maintain suitable climate and habitat for the survival of a particular species (Ashcroft, 2010; Morelli et al., 2016; Tribsch & Schönswetter, 2003). Historically, the high topographic and climatic heterogeneity of the Appalachians has allowed refugia to persist within a broader scale context of climate warming. This is evident in the number of relict boreal and northern taxa present at elevation within the Appalachians since the last glacial maximum (Berry & Smith, 2013; Browne & Ferree, 2007; Gross, 2010; Reese et al., 2001; Sipe & Browne, 2004).
Refugia may emerge in the context of anthropogenic climate change, if species’ current ranges are proximal to areas of stable suitable conditions in the future (Ackerly et al., 2020; Ashcroft, 2010; Doxa et al., 2022). However, lack of refugia and unsuitable future climate conditions threaten species’ survival, often compounded by minimal overlap of protected areas with biodiversity hotspots and poor connectivity of the landscape (Carroll, 2010; Lawler et al., 2013, 2015; McKinley et al., 2019; Minor & Lookingbill, 2010; Zhu et al., 2021). The spatial mismatch between protected areas and biodiversity hotspots is often a result of protected areas historically being established where conflict with human use of resources (e.g. fertile lands and natural resources) is low rather than where biodiversity is high (Jenkins et al., 2015; Joppa & Pfaff, 2009; Scott et al., 2001). Additionally, the “umbrella approach”, that is protecting charismatic or flagship species under the assumption that a larger number of co-occurring species will also achieve protection, is commonly used to select conservation areas (Bifolchi & Lodé, 2005; Simberloff, 1998; Wang et al., 2021). However, umbrella species are often of high trophic level or have distinct habitat requirements that do not align with most of the species within the region (Bifolchi & Lodé, 2005; Simberloff, 1998; Wang et al., 2021). In the Appalachians, this effect of umbrella species could easily result from conservation actions targeting flagship species such as Ursus americanus (the American black bear) and Cervus canadensis (the wapiti). In this study, we propose a more comprehensive approach for the conservation of mammals in the Appalachians through determination of the greatest overlap of climatically suitable ranges under current and forecasted climatic conditions for the greatest number of species, leading to the conservation of a greater variety of habitats and ecosystems.
Of the 78 mammalian species that occur in the Appalachians, 59 are considered of conservation concern. Our main goal was to identify which of these species are most susceptible to range contraction due to forecasted climate change as this information could be useful to practitioners and decision-makers tasked with protecting biodiversity. This is of particular importance given overlapping biodiversity surveys, climate resiliency of the Appalachians, and ongoing efforts by organizations such as The Nature Conservancy to acquire parcels and collaborate with stakeholders in these key regions capable of sustaining refugia (Anderson et al., 2023; Dreiss et al., 2024; Lawler et al., 2015; Trombulak, 2015). We estimated species’ distribution shifts in response to these climatic changes through the widely used approach of ecological niche modeling (Anderson, 2013; Brun et al., 2020; Carroll, 2010; Peterson et al., 2002, 2018; Thuiller et al., 2006; Warren et al., 2014; Wiens et al., 2009). Additionally, we focused on species endemic to Appalachians and species that colonized the Appalachians during the Pleistocene that otherwise have a predominantly northern/boreal distribution (Jantz et al., 2016; hereafter northern relict species). In this study, we aimed to aid practitioners and decision-makers by identifying: (i) richness hotspots for mammals of conservation concern under current and future climate conditions; (ii) species projected to lose climatically suitable areas in the future, and whether these were Appalachian endemic or northern relict species; and (iii) stable and potential climate refugia outside of currently protected areas that could be targeted for partnerships, conservation planning, and outreach. More broadly, our study could serve as a comparison to other montane climate refugia globally and as a model system of estimating multi-species refugia for management and policy, placing the biodiverse region that is the south-central Appalachians into the broader conservation and refugial context globally.

[bookmark: _Toc164388134]METHODS
[bookmark: _Toc164388135]Study area and species data
To delineate the study area, we used ecoregions defined by the Environmental Protection Agency (EPA) (Commission for Environmental Cooperation, 1997), specifically the Ozark, Ouachita-Appalachian Forest Level II ecoregion (Appalachian Ecoregion hereafter). We focused on mammalian species and subspecies of conservation concern within the Appalachian Ecoregion and included subspecies contiguous with Appalachian populations within the broader Eastern Temperate Forest and southern Northern Forest ecoregions.
We compiled a list of 59 mammals (Appendix I: Table 1.1) from the following entities that identified species and subspecies in need of conservation management: (i) the United States Fish and Wildlife Service (USFWS) Endangered Species Act (ESA); (ii) the United States Geological Survey (USGS) State Wildlife Action Plans (SWAPs); (iii) and the Appalachian Landscape Conservation Cooperative (LCC). The list contained species that are found broadly in eastern temperate forests, as well as species endemic to the Appalachian Ecoregion and northern relict species, that have ranges extending from Canada or the northern United States into the higher elevations of the Appalachians. Seven species from our list occur on the fringes of the Appalachian Ecoregion: Lasiurus seminolus, Myotis austroriparius, Nycticeius humeralis, Tadarida brasiliensis, Oryzomys palustris, Peromyscus polionotus, and Sylvilagus aquaticus. We included these species to explore potential range expansions into the Appalachian Ecoregion under future climate scenarios. Lastly, our list excluded Cervus canadensis due to recent reintroductions of stock from various western populations into our study area (Popp et al., 2014).
We downloaded occurrence data for 59 species from the Global Biodiversity Information Facility (GBIF https://www.gbif.org/), USGS Biodiversity Information Serving Our Nation (BISON), and VertNet (http://vertnet.org/) databases. The BISON online database was replaced by the US node to GBIF in December 2021 (https://www.gbif.us). We cleaned the data to exclude records that were duplicate, that represented fossils or were outside the known species’ ranges, and that had missing dates or latitude/longitude coordinates (see Appendix I: Supplementary 1.1). To ensure that the species’ occurrences aligned temporally with climate data, we only used in our models those with collecting dates within 1970-2000.
 Climate data
We trained our models with 19 bioclimatic variables at 2.5 arc minute resolution (~5 km) from WorldClim 2 (https://www.worldclim.org/data/index.html) representing current (baseline) minima, maxima, means, and seasonal variation of temperature and precipitation for 1970-2000 (Fick & Hijmans, 2017). We projected our models on future climatic conditions from CMIP6 (Coupled Model Intercomparison Projects 6) for 2021-2040 from two Shared Socioeconomic Pathways (SSPs), 2-4.5 and 3-7.0. These SSPs represented “middle of the road” and “regional rivalry” greenhouse gasses emission scenarios, respectively, and were between emission scenarios of economies that are fully sustainable (lowest emissions) and those that are driven by fossil fuels (highest emissions). Using the Zonal Statistics Tool in ESRI ArcGIS 10.8.1 we calculated the mean annual temperature and mean annual precipitation for the Appalachian Ecoregion within an SSP scenario to summarize the differences in projections across the nine Global Circulation Model (GCM) outputs available from WorldClim 2 (Appendix I: Supplementary 1.2). We then selected three GCMs to represent a low temperature/low precipitation scenario (CNRM-CM6-1), medium temperature/medium precipitation scenario (CNR-ESM2-1), and high temperature/high precipitation scenario (CanESM) for each SSP.
[bookmark: _Toc164388136]Ecological niche modeling parameters and evaluation
We generated ecological niche models with Maximum Entropy (Maxent), a machine-learning algorithm that estimates environmental suitability and corresponding potential distributions from species’ presence records, background data, and environmental data (Elith et al., 2011). For background sampling, we clipped climate data from WorldClim within a taxon-specific spatial extent that encompassed the subspecies within eastern North America that were contiguous with the subspecies occurring within the Appalachian Ecoregion. To delineate ranges and create the background sampling area for each taxon, we used the respective Mammalian Species articles (Appendix I: Supplementary 1.2) coupled with species accounts from Mammals of North America (Hall, 1981); see Appendix I: Supplementary 1.3 for species ranges and presence points.
To train the models with presence data that best captured the heterogeneity of climatic conditions across the study area, we used SDMToolbox (Brown et al., 2017) for ESRI ArcGIS 10.8.1 to run a Principal Component Analysis (PCA) of the 19 bioclimatic variables. The climate heterogeneity is calculated following two steps: (1) PCA analysis of climatic variables and (2) sum of first three PCs, weighted by their respective eigenvalue percentage. The final output is a heterogeneity raster (Brown et al., 2017). For each species, we extracted the values of the heterogeneity raster for all occurrences and selected for model training the occurrences that captured the most climatic heterogeneity (25% of occurrences in first quartile, 50% in second quartile, 75% in third quartile, and 100% of occurrences in fourth quartile); we used the remaining occurrences to test the models (see Appendix I:: Supplementary Code 1.1).
 	We trained the Maxent models with 10,000 random background samples from each species’ range and used the following Maxent parameters: logistic output of models, no extrapolation or clamping of models, default regularization parameter, and 5000 iterations for model convergence (see Appendix I: Supplementary Code 1.2).  For each species we ran an initial model with all 19 bioclimatic variables, and then we ran final models with the subset of variables that contributed more than 1% to increasing the performance of individual species’ models (see full list of variables and their contributions to initial models in Appendix I: Supplementary 1.4). The final model runs were projected onto six datasets of forecasted climate conditions (three GCMs x two SSPs). We then applied the minimum training presence (MTP) threshold to convert the model outputs (continuous suitability maps) to binary (suitable-unsuitable maps) for the baseline and all six future climate scenarios (Appendix I: Supplementary 1.5). The MTP is used to evaluate the lowest predicted suitable value for the training occurrence points, and thresholds the model to show areas at or above this value for the model’s output. We chose this threshold because inclusion of all training data was important to the model performance given our deliberate selection of training presences to emphasize climatic heterogeneity.
We evaluated model performance with two metrics. The Area under the Curve (AUC) of the Receiver Operating Characteristic (ROC) is frequently used in the literature but has limitations and can be misleading (Bohl et al., 2019; Muscarella et al., 2014; Peterson et al., 2008; Veloz, 2009), thus we also calculated test omission error for each model. We removed from the analysis species whose models had 30% or greater test omission error (Appendix I: Supplementary 1.2).
[bookmark: _Toc164388137] Refining climate suitability estimates with land cover data
Given that our models only estimated climatic suitability, and land cover changes have occurred between 1970-2000 and the present, we refined Maxent potential distributions with current land cover information. We used a 2019 land cover classification based on plant functional types from Moderate Resolution Imaging Spectroradiometer (MODIS MCD12Q1 version 6) (Friedl et al., 2019) to remove climatically suitable pixels that overlapped with land cover classes defined as barren, croplands, or urban/developing. Though it is possible for some species to occur within these land cover types, these are not optimal for long-term, stable populations due to the high degree of disturbance, particularly given the preference for deciduous forest of these priority species in the Appalachians.
[bookmark: _Toc164388138] Identifying climatic refugia as stability and expansion of climatic suitability
We calculated for each species the range expansion, range contraction, and stable ranges between current and future estimates of climatic suitability with SDMToolbox (Brown et al., 2017) in ESRI/span>ArcGIS 10.8.1. To assess the role of protected areas in preserving climatically suitable areas, we used the Protected Areas Database of the United States (PAD-US) maintained by the United States Geological Survey (USGS) (U.S. Geological Survey, 2022), and included all categories of protected areas (ranging from federal, state, and private conservation easements) in our analysis to distinguish between any level of protection and no protection. The protected areas did not overlap with land cover types that were unsuitable for our study species. For each species, we determined the area (km2) of range contraction, stable range, and range expansion that overlapped with protected areas using Tabulate Area tool in ESRI ArcGIS 10.8.1. We then averaged expansion, stability, and contraction by order of mammals as area measurement (km2) and as an average percentage (relative to baseline potential distributions). We performed this analysis for the combination of lower emission scenario (SSP 2-4.5) and lower temperature/lower precipitation GCM (CNRM-CM6-1), as well as the combination of higher emission scenario (SSP 3-7.0) and higher temperature/higher precipitation GCM (CanESM) to span the range of possible outcomes.
We defined two types of refugia: (i) maintained climatic refugia represented by areas estimated as climatically suitable currently and in the future (stable climatic suitability), and (ii) potential climatic refugia represented by novel areas projected to become climatically suitable in the future (expansion of climatic suitability). We then identified mammalian hotspots of maintained and potential climatic refugia as the areas of stable and novel climatic suitability, respectively, for at least 75% of the species included in our study. For this purpose, we summed the individual species maps of climatic stability and separately climatic expansion within each SSP and GCM. Lastly, we generated consensus maps by overlaying the maps of hotspots of maintained refugia and separately potential refugia from each climate change scenario. The consensus maps highlight target areas for conservation practitioners and land managers as these areas represent the least variability among the potential distributions forecasted under different climate change scenarios.

[bookmark: _Toc164388139]RESULTS
[bookmark: _Toc164388140]Species data and model performance
Half of all presence records were missing latitude/longitude coordinates, collection year, or were fossil specimens in the GBIF and VertNet databases thus were removed from our datasets (754,511 and 321,029 records remained, respectively); by comparison, 30% of BISON records lacked collection year, latitude/longitude coordinates, or were fossils (428,444 remained) (Supplementary 1). We further cleaned the data to match the temporal range of climate baseline (records from 1970-2000) within the combined dataset of GBIF, BISON, and VertNet; only about 20% of all points met this temporal criterion. After we removed duplicates among databases and selected the records within the study area of Eastern North America, only 1.3% of the initial dataset remained (32,527 records total). The models performed well when evaluated with test AUC, averaging 0.896 (0.796:0.985); removal of 11 taxa with an omission error greater than 30% lead to an average omission error rate decreasing from 13.5% to 7.79% (0%:29.21%) (Appendix I: Supplementary 1.2). The models of the following species had testing omission error above 30% and were removed from all subsequent analysis (Appendix I: Supplementary 1.2): Corynorhinus townsendii, Lasiurus cinereus, Microtus chrotorrhinus, Reithrodontomys humulis, Sorex hoyi, Sorex palustris, Spilogale putorius, Sylvilagus obscurus, Synaptomys cooperi, Tadarida brasiliensis, and Zapus hudsonius.
[bookmark: _Toc164388141]Forecasted changes in potential distributions of Appalachian mammals in relation to current protected areas
We present in the main text the results of SSP 2-4.5 and GCM CNRM-CM6-1 combination (lower intensity climate change) and provide supplemental figures and tables showing comparison to the combination of SSP 3-7.0 and GCM CanESM (higher intensity climate change). For each species, we provide as supplementary materials the potential distribution estimates under each GCM and SPP combination (Appendix I: Supplementary 1.2 & 1.5) and future distributional changes relative to the baseline potential distributions (Appendix I: Supplementary 1.6), as well as consensus models across all species (Appendix I: Supplementary 1.7); consensus for climatic stability (maintained climatic refugia), separately under scenarios of lower and higher intensity climate change, are available in Appendix I: Supplementary 1.8. Additionally, in Appendix I: Supplementary 1.8, overlapping areas of predicted suitable climate (both expansion and stable) through 2040 are highlighted by major taxonomic grouping.
At the level of order, we calculated the average overlap between protected areas and stability, loss, and gain of climatic suitability. We repeated the same calculations for unprotected areas as well (Appendix I: Figure 1.1 shows the scenario of low intensity climate change). For all mammal orders, our models estimated that climatic stability (maintained refugia) in protected areas was high (average above 93%) under both scenarios of low intensity and high intensity climate change, with the exception of Lagomorpha for which maintained refugia in protected areas dropped to an average of 79% under high intensity climate change (Table 3). The expansion of climatic suitability for  Lagomorpha in protected areas was the largest compared to the other orders: on average 45% under low intensity climate change and 34% under high intensity climate change, in contrast with Carnivora, Chiroptera, and Eulipotyphla that showed small expansion (up to 3%) under low intensity and slightly higher under high intensity climate change (up to 7%); the models for Rodentia predicted same climatic expansion into protected areas between the two scenarios (4%). The estimated range contractions in protected areas for Carnivora, Lagomorpha, and Rodentia were on average more severe under the scenario of high intensity climate change (up to 21%), compared to Eulipotyphla experiencing greater contraction in the low intensity scenario (4%), and Chiroptera experiencing similar levels of contraction in protected areas in either scenario (5%).
Outside protected areas, all orders were estimated to have high stability (on average over 92%), with the exception of the Lagomorpha (on average 86%) under high intensity climate change. Expansion of climatic suitability outside protected areas was on average greater for Carnivora, Chiroptera, and Eulipotyphla under the high intensity scenario (up to 12%), whereas for Lagomorpha expansion was slightly greater under the low intensity scenario (1%), and Rodentia was predicted to expand similarly under both scenarios (5%). Contraction outside protected areas was greatest in every order under the high intensity scenario, with Lagomorpha predicted to experience the most suitability loss (on average 14%).
To evaluate the climate change risk to individual species, we focused on changes to the baseline potential distribution and defined high risk as a combination of 15% or higher contraction of baseline distribution and 85% or lower stability of the baseline distribution. Under the scenario of low intensity climate change, the species predicted at highest risk within protected areas was Erethizon dorsatum (Rodentia), with only half of its range forecasted to remain stable within protected areas and half of its range contracting; additionally, our models did not project an expansion of suitable climate in protected areas for this species. Other at risk species include two chiropterans (Lasionycteris noctivagans and Perimyotis subflavus), two rodents (Glaucomys sabrinus, a northern relict species, and Neotoma magister, an Appalachian endemic species), and the carnivoran Mustela frenata (Appendix I: Supplementary 1.3). Outside of protected areas, under the scenario of low intensity climate change, M. frenata was also predicted to be at risk while E. dorsatum remained at high risk. Compared to species identified as at risk in protected areas, outside of protected areas only one chiropteran, L. noctivagans, one rodent, Microtus pennsylvanicus, and one eulipotyphlan, Sorex longirostris were predicted to be at risk.
The projected distributions under higher intensity climate change (SSP 3-7.0 and GCM CanESM) identified S. longirostris as losing 81% of its suitable climatic range and maintaining 19% of climatically stable range in the protected areas. Other at risk species in protected areas under this scenario were, in decreasing levels of risk, Mustela erminea (northern relict species), G. volans, Myotis sodalis, Condylura cristata, U. americanus, Mustela nivalis (northern relict species), Microtus ochrogaster, Lepus americanus (northern relict species), Tamiasciurus hudsonicus (northern relict species), Eptesicus fuscus, and Peromyscus gossypinus. In unprotected areas E. dorsatum remained most at risk and several additional species were predicted at risk: M. pennsylvanicus, L. noctivagans, C. cristata, Myotis septentrionalis, Pekania pennanti (northern relict species), P. polionotus, L americanus (northern relict species), P. subflavus, Sorex fumeus (northern relict species), N. magister (endemic Appalachian species), M. austroriparius, G. sabrinus (northern relict species), and Lasiurus borealis.
[bookmark: _Toc164388142]Hotspots of maintained and potential climate refugia for mammalian species
Within the Appalachian Ecoregion the dominant land cover by plant functional type is Deciduous Broadleaf Trees (94.2%; 324,832 km2) and most of our occurrence records coincided with this land cover type (~92% of occurrences). The unsuitable land cover types that overlapped with maintained and potential refugia represented only 3.8% (13,246 km2) of the ecoregion. Additionally, though a climatically suitable area should have some level of protection in place to act as a refugium in practice, most of the climatic suitability was forecasted on privately owned lands. Currently, privately owned lands represent about 6% of protected areas in the Appalachian Ecoregion, indicating that partnerships with private landowners can provide another avenue for conservation.
Our consensus mapping of stable climate refugia indicated that most of the Appalachian Ecoregion is climatically stable for at least half of the species studied (Supplementary I: Figure 1.2A), with the caveat that the hotspots of maintained refugia (climatic stability) represented different combinations of species in different areas. When considering stable climatic suitability, hotspots of maintained refugia for 36-40 species emerged along the eastern edge of the Appalachian Ecoregion. We also examined the Appalachian Ecoregion for hotspots of potential refugia (novel climatic suitability; Appendix I: Figure 1.2B) and for contraction of climate suitability (Appendix I: Figure 1.2C). Our analyses indicated limited hotspots of potential refugia, for up to 9 species, concentrated in the southernmost portion of the Appalachian Ecoregion. Contraction of climatic suitability was projected to be minimal and sparse, with no clear climatic sink for species, and with a maximum overlap of only 7 species of greatest conservation need that we included in our study.
When analyzing the overlap between protected areas and the consensus map of maintained refugia (Appendix I: Figure 1.3) two National Parks are of importance, the Great Smoky Mountains National Park (Tennessee-North Carolina) and New River Gorge National Park (West Virginia), and six National Forests: Chattahoochee National Forest (Georgia), Nantahala and Pisgah National Forest (North Carolina), Cherokee National Forest (Tennessee), Daniel Boone National Forest (Kentucky), Jefferson and George Washington National Forest (Virginia), and Monongahela National Forest (West Virginia). Some of the stable climatic refugia are not connected but potential climatic refugia outside protected areas could partially mitigate this issue. Many of these potential refugia fall within one of three contiguous regions within the Appalachian Ecoregion: (1) on the Tennessee-North Carolina border and into southern Virginia; (2) from Frozen Head State Park in Tennessee northward along the Kentucky-Virginia border into West Virginia; and (3) the central interior of West Virginia northward.

[bookmark: _Toc164388143]DISCUSSION
Our study forecasted that the climatic conditions within the Appalachian Ecoregion would remain suitable in 2021-2040 for the majority of mammals of conservation concern. This possible future scenario would allow practitioners and land managers vital time needed for conservation planning long-term, as many taxa, including mammals, are expected to experience high range loss in the region by 2100 due to warming temperatures (Michalak et al., 2018; Zhu et al., 2021, 2022). Studies have shown that the Appalachians exhibit low change in climate velocity compared to much of eastern North America, indicating that connectivity of the landscape will be critical for species migrating to refugial areas (Carroll et al., 2018; Lawler et al., 2013; Zhu et al., 2021, 2022). Given the findings of previous studies and our study, conservation partnerships with landowners will be key to connectivity and preservation of preferred habitat that would allow persistence or migration of species to refugia in response to climate change (Block & Levine, 2021; Clancy et al., 2020; Enquist et al., 2017; Jenkins et al., 2015; Lutter et al., 2018; Morelli et al., 2020, 2021; Roberts & Parker, 1998). Some caveats worth noting for this study include: refugial areas are projected to be centered around the Appalachians within eastern North America given the partial-pooling of presence points to focus on gene flow into that region, meaning more periphery areas may have different genetics contributing to those populations/subspecies than those in the Appalachians; the models here estimate the abiotic climatic niche (of the BAM diagram of a species’ niche; e.g. Peterson & Soberón, 2012; Qiao et al., 2015; Soberón, 2010) and assume unlimited dispersal within suitable climatic areas with suitable landcover, thus excluding biotic factors and presence of fine scale habitat under 30m and beyond dominant land cover.
We included in our analyses 48 mammalian species; potential distributions for additional 11 species for which the models had low performance are presented in Appendix I: Supplementaries 1.4, 1.5, 1.6, & 1.7. Following mammalian diversity trends (Amori & Gippoliti, 2000; Hall, 1981; Pagel et al., 1991; Venditti et al., 2011) most of the species in our study were from two orders: (i) Rodentia, with 19 species across four families of which Cricetidae comprised the majority of rodents studied, and (ii) Chiroptera, with 13 species, all from the family Vespertillionidae (Appendix I: Table 1.1). Eighteen other species were from two additional orders: nine species of Carnivora from three families and nine species of Eulipotyphla from two families. Lastly, Lagomorpha was represented by two species (both in family Leporidae), which our models estimated that would be most susceptible to high intensity climate change. This is consistent with global findings within this order, particularly for species unable to shift latitudinally or in elevation (Leach et al., 2015; Rehnus et al., 2018). Our study forecasted that mammalian richness would remain high, as the potential distribution of 24 or more species overlapped in the Appalachian Ecoregion under the projections for 2021-2040; additionally, we identified regional hotspots of 36 or more taxa in much of the Blue Ridge and Central Appalachian regions (EPA Ecoregion Level III; Commission for Environmental Cooperation, 2021). This aligns with predictions of other terrestrial vertebrates, trees, and climate corridors in the Appalachians (Jenkins et al., 2015; Michalak et al., 2018; Stralberg et al., 2020; Zhu et al., 2021, 2022) and highlights the conservation importance of the region as one of the richest temperate forests globally in terms of endemic species and relict lineages (Olson et al., 2012).
Our individual species models suggest that loss due to climate change could affect several endemic Appalachian and northern relict species, particularly the porcupine (E. dorsatum), Allegheny woodrat (N. magister), northern flying squirrel (G. sabrinus), and long-tailed weasel (M. frenata). Our models projected expansion of suitable climatic conditions for more than 40 taxa across scenarios, but these model estimates are limited to climatic conditions; additional factors, such as lag in vegetation turnover (Corlett & Westcott, 2013; Ding et al., 2020; Stralberg et al., 2015; Svenning & Sandel, 2013; D. Wu et al., 2015) and dispersal abilities determined by the small body and home range sizes of all but a few species (even bats to some degree) will limit dispersal to novel environments (Bowman et al., 2002; Schloss et al., 2012; Whitmee & Orme, 2013). At the systematic level of mammalian order, and even at the species level in most cases, the overall trend of our model estimates was towards stability in the near future, particularly in protected areas. Eulipotyphlans (the shrews and moles) had, on average, the greatest predicted area of suitable stable climate, with Rodentia (squirrels, porcupines, mice, and voles), Chiroptera (bats), and Carnivora (weasels, skunks, felines, bears, and canines) occupying similar breadths of stability. The models for Lagomorpha (rabbits) were more restricted in both geographic range and suitable climate, occupying at most 10% of the range of the other orders. Lagomorphs should be a target for local outreach given compounded effect of hunting pressure and species misidentification even by experts, i.e. the swamp rabbit (Sylvilagus aquaticus) and the Appalachian cottontail (S. obscurus) are difficult to distinguish from the highly abundant eastern cottontail (S. floridanus).
Species projected to experience the greatest contraction of climatic suitability within protected areas may be prioritized for conservation. Within the Appalachian Ecoregion only 58,779 km2 of land (17%) falls under some degree of protection and parcel size and degree of connectivity are highly variable (U.S. Geological Survey, 2022). This means that many climatic refugia identified by our models exist as patches within the fragmented Appalachian landscape. As suggested in previous studies, we can best aide conservation efforts by identifying refugia for species and potential connectivity corridors among refugia (Barrows et al., 220; Block & Levine, 2021; Clancy et al., 2020; Enquist et al., 2017; Jenkins et al., 2015; Lutter et al., 2018; Michalak et al., 2018; Morelli et al., 2020, 2021; Roberts & Parker, 1998). In the Appalachian Ecoregion, partnerships with private landowners and community outreach in the Blue Ridge and Central Appalachians will be critical to improve connectivity of hotspots of climate refugia and survival of species studied. Building relationships with landowners, encouraging voluntary surveys and monitoring of private lands, and sharing information about species’ management recommendations have been found to benefit conservation efforts in the Appalachians for target bird species (Lutter et al., 2018). Given the overlap of refugia in this region for several taxonomic groups (Carroll et al., 2018; Lawler et al., 2013; Zhu et al., 2021, 2022), similar surveys and management support for corridors and refugia on private lands would likely improve conservation of key habitats and many taxa, including mammals of greatest conservation need.
Finally, from a modeling methodological standpoint, we observed that for some of the species we studied as much as half of species’ presence records lack collection date or latitude and longitude coordinates. This is even more apparent in species that are understudied or rarely observed such as the microtine rodents, soricids, and talpids of the Appalachian Ecoregion. The reliability of ecological niche models and their future climate projections depends in part on availability of species’ records matching temporally the baseline climate data, as well as on the spatial extent of the records to account for regional variation in environmental conditions. Our method of selecting model training data to maximize climatic heterogeneity mitigated spatial clustering of records, however support is critical for institutions to continue digitization efforts of natural history collections that will enable future research. The species’ records available highlighted knowledge gaps in distributions of these species during the middle and end of the 20th century, by showing the need to concentrate data digitization efforts on historical specimens collected prior to 2000.
In summary, for most mammals of greatest conservation need analyzed in this study, the Appalachian Ecoregion appears to be climatically stable in the next couple of decades, particularly when compared to the surrounding landscape. However, beyond the next couple of decades, other studies forecast contractions and range shifts in 2050-2100 for many vertebrate species (Zhu et al., 2021, 2022). Our results suggest that there is a narrow window of time in which conservation planning is needed for key refugial areas and connectivity corridors in the Blue Ridge and Central Appalachian landscapes. A major concern is the extent of climate stability occurring outside of protected areas. Thus, outreach efforts by decision-makers could be focused on communicating to private landowners and local communities the importance of climate refugia for biodiversity persistence. Information to disseminate could include facts about rare species and actions that can help with species’ conservation, and the role of corridors to increase connectivity of refugia while climate conditions remain suitable in the region. Maintaining these biodiversity hotspots is going to be critical for species persistence in the coming decades, and this will be possible only by building partnerships between decision-makers and local communities and landowners.
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[bookmark: Table11u]Table 1.1. Mammalian Species of Greatest Conservation Need in the Appalachian Ecoregion. Mammalian Species of Greatest Conservation Need (59) evaluated due to species/subspecies listing Federally, on a State Wildlife Action Plan, and/or by the Appalachian Land Conservation Cooperative. Mammalian species marked with an asterisk (*) are those referred to as “northern relict or Appalachian endemic mammals” throughout the manuscript (19).
	Order
	Family
	Scientific name
	Common name 
	Training/Testing sample size
	DOI of GBIF dataset

	Rodentia

	Cricetidae

	Microtus chrotorrhinus*
	Rock Vole
	47/79
	https://doi.org/10.15468/dl.t246x6

	
	
	Microtus ochrogaster
	Prairie Vole
	135/224
	https://doi.org/10.15468/dl.p96duv 

	
	
	Microtus pennsylvanicus
	Meadow Vole
	612/975
	https://doi.org/10.15468/dl.f4dsmt 

	
	
	Microtus pinetorum
	Woodland Vole
	239/384
	https://doi.org/10.15468/dl.uqk32b 

	
	
	Myodes gapperi*
	Southern Red-backed Vole
	367/587
	https://doi.org/10.15468/dl.q6tx73 

	
	
	Neotoma floridana
	Eastern Woodrat
	99/161
	https://doi.org/10.15468/dl.bxcxe7 

	
	
	Neotoma magister*
	Allegheny Woodrat
	542/64
	https://doi.org/10.15468/dl.wkw9fu 

	
	
	Ochrotomys nuttalli
	Golden Mouse
	93/147
	https://doi.org/10.15468/dl.jueku4 

	
	
	Oryzomys palustris
	Marsh Rice Rat
	114/179
	https://doi.org/10.15468/dl.7c58vc 

	
	
	Peromyscus gossypinus
	Cotton Mouse
	420/667
	https://doi.org/10.15468/dl.n23x74 

	
	
	Peromyscus leucopus
	White-footed Mouse
	1199/1903
	https://doi.org/10.15468/dl.3vc4xw 

	
	
	Peromyscus maniculatus
	Deer Mouse
	470/751
	https://doi.org/10.15468/dl.6ksurg 

	
	
	Peromyscus polionotus
	Oldfield mouse
	44/72
	https://doi.org/10.15468/dl.ngxdfk 

	
	
	Reithrodontomys humulis
	Eastern Harvest Mouse
	55/92
	https://doi.org/10.15468/dl.3xq5f7 

	
	
	Synaptomys cooperi*
	Southern Bog Lemming
	96/236
	https://doi.org/10.15468/dl.mkmt97 

	
	Dipodidae
	Napaeozapus insignis*
	Woodland Jumping Mouse
	169/266
	https://doi.org/10.15468/dl.t6zd4s 

	
	Erethizontidae
	Erethizon dorsatum*
	North American Porcupine
	66/107
	https://doi.org/10.15468/dl.657jwx 

	
	Sciuridae

	Glaucomys sabrinus*
	Northern Flying Squirrel
	61/104
	https://doi.org/10.15468/dl.y74cy7 

	
	
	Glaucomys volans
	Southern Flying Squirrel
	213/345
	https://doi.org/10.15468/dl.n8vnsw 

	
	
	Sciurus niger
	Fox Squirrel
	274/445
	https://doi.org/10.15468/dl.w322kg 

	
	
	Tamias striatus
	Eastern Chipmunk
	536/920
	https://doi.org/10.15468/dl.q7hk3z 

	
	
	Tamiasciurus hudsonicus*
	American Red Squirrel
	2055/3257
	https://doi.org/10.15468/dl.sfd8bq 

	
	Zapodidae
	Zapus hudsonius
	Meadow Jumping Mouse
	203/391
	https://doi.org/10.15468/dl.ekgdnd 

	Lagomorpha

	Leporidae

	Lepus americanus*
	Snowshoe Hare
	38/57
	https://doi.org/10.15468/dl.m6xact 

	
	
	Sylvilagus aquaticus
	Swamp Rabbit
	87/137
	https://doi.org/10.15468/dl.mxugyk 

	
	
	Sylvilagus obscurus*
	Appalachian Cottontail
	20/38
	https://doi.org/10.15468/dl.2q3pcx 

	Carnivora


	Felidae
	Lynx rufus
	Bobcat
	298/471
	https://doi.org/10.15468/dl.j4ry42 

	
	Mephitidae
	Spilogale putorius
	Eastern Spotted Skunk
	20/34
	https://doi.org/10.15468/dl.sbwpt2 

	
	Mustelidae

	Mustela erminea*
	Stoat
	65/106
	https://doi.org/10.15468/dl.dsr2vz 

	
	
	Mustela frenata
	Long-tailed Weasel
	122/198
	https://doi.org/10.15468/dl.apwdxd 

	
	
	Mustela nivalis*
	Least Weasel
	56/102
	https://doi.org/10.15468/dl.c78wwp 

	
	
	Neovison vison
	American Mink
	147/236
	https://doi.org/10.15468/dl.zwgxqw 

	
	
	Pekania pennanti*
	Fisher
	341/534
	https://doi.org/10.15468/dl.8b9swm 

	
	Ursidae
	Ursus americanus
	American Black Bear
	62/101
	https://doi.org/10.15468/dl.6mzsyc 

	Chiroptera

	Molossidae
	Tadarida brasiliensis
	Mexican Free-tailed Bat
	158/512
	https://doi.org/10.15468/dl.tny6ty 

	
	Vespertilionidae

	Corynorhinus rafinesquii
	Rafinesque's Big-eared Bat
	120/191
	https://doi.org/10.15468/dl.yumh4p 

	
	
	Corynorhinus townsendii
	Townsend's Big-eared Bat
	10/18
	https://doi.org/10.15468/dl.rm2rjr 

	
	
	Eptesicus fuscus
	Big Brown Bat
	363/579
	https://doi.org/10.15468/dl.hbedyb 

	
	
	Lasionycteris noctivagans
	Silver-haired Bat
	49/98
	https://doi.org/10.15468/dl.cxgg8u 

	
	
	Lasiurus borealis
	Eastern Red Bat
	275/440
	https://doi.org/10.15468/dl.mybp8m 

	
	
	Lasiurus cinereus
	Hoary Bat
	68/111
	https://doi.org/10.15468/dl.2343te 

	
	
	Lasiurus seminolus
	Seminole Bat
	59/96
	https://doi.org/10.15468/dl.m3mu6f 

	
	
	Myotis austroriparius
	Southeastern Bat
	79/135
	https://doi.org/10.15468/dl.8cgktj 

	
	
	Myotis grisescens
	Gray Bat
	91/150
	https://doi.org/10.15468/dl.taszr8 

	
	
	Myotis leibii
	Eastern Small-footed Bat
	56/90
	https://doi.org/10.15468/dl.hbnkra 

	
	
	Myotis lucifugus
	Little Brown Bat
	186/301
	https://doi.org/10.15468/dl.a7w8mw 

	
	
	Myotis septentrionalis
	Northern Long-eared Bat
	61/100
	https://doi.org/10.15468/dl.7jng5j 

	
	
	Myotis sodalis
	Indiana Bat
	91/146
	https://doi.org/10.15468/dl.hdbsjx 

	
	
	Nycticeius humeralis
	Evening Bat
	147/242
	https://doi.org/10.15468/dl.d5bcca 

	
	
	Perimyotis subflavus
	Tricolored Bat
	149/239
	https://doi.org/10.15468/dl.hzfcxm 

	Eulipotyphla

	Soricidae

	Cryptotis parva
	North American Least Shrew
	211/340
	https://doi.org/10.15468/dl.22rtz4 

	
	
	Sorex cinereus*
	Masked Shrew
	552/875
	https://doi.org/10.15468/dl.zy8p3n 

	
	
	Sorex dispar*
	Long-tailed Shrew
	22/37
	https://doi.org/10.15468/dl.7tmee4 

	
	
	Sorex fumeus*
	Smoky Shrew
	262/426
	https://doi.org/10.15468/dl.r4ym4t 

	
	
	Sorex hoyi*
	American Pygmy Shrew
	75/118
	https://doi.org/10.15468/dl.e586ve 

	
	
	Sorex longirostris
	Southeastern Shrew
	131/214
	https://doi.org/10.15468/dl.25yrnf 

	
	
	Sorex palustris*
	American Water Shrew
	47/74
	https://doi.org/10.15468/dl.2ckxnt 

	
	Talpidae

	Condylura cristata
	Star-nosed Mole
	180/291
	https://doi.org/10.15468/dl.c3sxcj

	
	
	Parascalops breweri*
	Hairy-tailed Mole
	83/140
	https://doi.org/10.15468/dl.6uzrx4 




[bookmark: Table12]Table 1.2. Mammalian Occurrences Summary. Mammal occurrences obtained through GBIF and VertNet. Averages by species within the five orders shown followed by the range of points in parenthesis.
	Dataset type
	Carnivora
	Chiroptera
	Eulipotyphla
	Lagomorpha
	Rodentia

	Initial number of records
	14,157 (7,386:77,855)
	7,156 (2,897:67,456)
	7,956 (1,237:140,203)
	4,424 (360:10,067)
	22,250 (3,584:601,162)

	Extant records with lat/long and year
	8,921 (4,170:55,810) 
	4,462 (1,454:42,900)
	5,403 (510:11,513)
	2,551 (251:15,052)
	13,448 (1,267:319,940)

	Records between 1970-2000
	6,122 (606:16,850)
	3,960 (606:12,724)
	5,894 (141:37,402)
	903 (139:1,666)
	13,732 (564:103,512)

	Unique records within the study area
	363 (54:884)
	346 (28:942)
	453 (59:1,427)
	77 (58:95)
	878 (106:5,312)

	Training records
	139 (20:341)
	126 (10:363)
	174 (22:552)
	29 (20:38)
	335 (42:2,055)

	Testing records
	224 (34:534)
	221 (18:579)
	279 (37:875)
	48 (38:57)
	544 (64:3,257)




[bookmark: Table13]Table 1.3. Protected and Unprotected Refugial Areas. Key findings of comparison of protected (PA) to unprotected areas (UA) within the Appalachian Ecoregion from 1970-2040 by average per mammalian order for the low temperature/low precipitation scenario in a less intense emission scenario (low; SSP 2-4.5 GCM CNRM-CM6-1) evaluated in this study, and a higher emission high temperature/high precipitation scenario (high; SSP 3-7.0 GCM CanESM) evaluated in this study. Additional data are available in Supplementary 2 of individual species in both scenarios.
	Order

	Climate change scenario
	% and area expansion in PA
	% and area expansion in UA
	% and area  of stability in PA
	% and area  of stability in UA
	% and area  of contraction in PA
	% and area  of contraction in UA

	Carnivora

	Low
	3%
1,220 km2

	3%
5,849 km2

	96%
38,124 km2

	95%
216,682 km2

	4%
1,417 km2

	5%
11,317 km2


	
	High
	2,252 km2
6%
	8,301 km2
4%
	37,260 km2
93%
	204,713 km2
92%
	2,792 km2
7%
	18,595 km2
8%

	Chiroptera

	Low
	1,125 km2
3%
	10,359 km2
6%
	40,050 km2
95%
	160,113 km2
95%
	1,996 km2
5%
	8,864 km2
5%

	
	High
	2,922 km2
7%
	20,349 km2
12%
	40,412 km2
95%
	154,444 km2
92%
	2,079 km2
5%
	14,042 km2
8%

	Eulipotyphla

	Low
	1,184 km2
2%
	13,342 km2
6%
	47,073 km2
96%
	215,703 km2
95%
	1,984 km2
4%
	10,497 km2
5%

	
	High
	2,270 km2
5%
	13,311 km2
7%
	48,875 km2
99%
	189,996 km2
94%
	568 km2
1%
	12,233 km2
6%

	Lagomorpha

	Low
	2,236 km2
45%
	3,384 km2
1%
	4,815 km2
97%
	269,891 km2
99%
	174 km2
3%
	2,302 km2
1%

	
	High
	1,181 km2
23%
	496 km2
<1%
	4,020 km2
79%
	234,553 km2
86%
	1 071 km2
21%
	37,304 km2
14%

	Rodentia

	Low
	1,841 km2
4%
	11,096 km2
6%
	41,542 km2
96%
	176,241 km2
96%
	1,560 km2
4%
	7,710 km2
4%

	
	High
	1,704 km2
4%
	11,577 km2
6%
	40,620 km2
93%
	173,589 km2
95%
	2,866 km2
7%
	9,987 km2
5%






[bookmark: _Toc164388147]FIGURES

[image: ]
[bookmark: F11]Figure 1.1. Climate Change by Family. Estimated climatic loss, stability, and gain between the baseline (1970-2000) and future (2021-2040) climatic conditions for 48 mammalian species of greatest conservation concern from the Appalachian ecoregion in the eastern United States. The analysis was restricted to protected areas and estimates were averaged by mammalian order. The suitability projections were estimated for a low intensity greenhouse gas emissions scenario (SSP 2-4.5), combined with CNRM-CM6, a Global Circulation Model that forecasted the least changes in temperature and precipitation of eight models examined in this study.
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[bookmark: f12]Figure 1.2. Consensus of Climate Change. Consensus of potential distribution estimates for Appalachian mammalian species under a scenario of lower intensity climate change. A. Consensus of climatic stability with yellow representing 75% or greater species overlap (a biodiversity hotspot; maximum 40 species), red representing 50% species overlap or greater, and black representing fewer than half of the species (minimum of 8 species). B. Consensus for expansion of climatic suitability, with at most 19% of examined species overlapping (9 species maximum), indicating a lack of an expansion hotspot. C. Consensus for contraction of climatic suitability, with a maximum of 14% (7 species) overlapping in an area of contraction, indicating low risk of species experiencing climatic contraction.
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[bookmark: F13]Figure 1.3. Climate Refugia of the Appalachian Ecoregion. Consensus of climatically stable areas for mammalian species across Shared Socioeconomic Pathways and Global Circulation Models within the Appalachian Ecoregion. Areas in blue represent refugia, which are protected areas with stable climate and suitable land cover for 75% of species of greatest conservation need. Light green shows unprotected areas with suitable land cover for 75% of species of greatest conservation need, representing potential refugia and target areas for private land partnerships and outreach.
[bookmark: _Toc164388148]
SUPPLEMENTARY DATA
[bookmark: S11]Supplementary 1.1. Mammalian Species Data. Initial species data downloaded by resource and species. This includes the total occurrence records throughout each step of the cleaning process, in addition to the final number of maintained training and testing records used to create the models.
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	Species
	GBIF Records
	records removed without a Year GBIF
	records removed without Lat Long
	records removed that are Fossils
	Remaining GBIF records post cleaning
	% Remaining
	VertNet Records
	records removed wo year Vertnet
	records removed wo LatLon Vertnet
	records removed that are Fossils Vertnet
	Remaining Vertnet records post cleaning
	% Remaining
	BISON Records
	records removed wo year BISON
	records removed wo LatLon BISON
	records removed that are Fossils BISON
	Remaining BISON records post cleaning
	% Remaining
	Records From (1970-2000 from All 3 DataBases all North America)
	Unique Records Maintained (Dups removed) within Study Area (Eastern North America)
	Training Records
	Testing Records
	Metadata GBIF

	Condylura cristata
	2936
	347
	956
	0
	1633
	55.61989101
	2352
	322
	926
	47
	1057
	0.4494047619
	2502
	375
	491
	0
	1636
	0.6538768985
	897
	471
	180
	291
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.c3sxcj

	Corynorhinus rafinesquii
	1833
	91
	1357
	4
	381
	20.78559738
	564
	19
	289
	0
	256
	0.4539007092
	1517
	108
	98
	0
	1311
	0.8642056691
	783
	311
	120
	191
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.yumh4p

	Corynorhinus townsendii
	8999
	224
	3403
	0
	5372
	59.69552172
	5048
	92
	881
	19
	4056
	0.8034865293
	7178
	401
	678
	0
	6099
	0.8496795765
	3244
	28
	10
	18
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.rm2rjr

	Cryptotis parva
	7675
	1705
	1778
	580
	3612
	47.06188925
	4552
	364
	998
	608
	2582
	0.5672231986
	4042
	1149
	199
	0
	2694
	0.6665017318
	3566
	551
	211
	340
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.22rtz4

	Eptesicus fuscus
	23116
	1068
	5827
	1243
	14978
	64.79494722
	18419
	1042
	4967
	2164
	10246
	0.5562734133
	15806
	1192
	2578
	0
	12036
	0.7614829811
	12348
	942
	363
	579
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.hbedyb

	Erethizon dorsatum
	12671
	563
	2268
	39
	9801
	77.349854
	4372
	494
	1917
	397
	1564
	0.3577310156
	4416
	545
	1020
	0
	2851
	0.6456068841
	1274
	173
	66
	107
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.657jwx

	Glaucomys sabrinus
	5991
	425
	2147
	0
	3419
	57.06893674
	4948
	344
	1641
	23
	2940
	0.5941794665
	6498
	866
	1159
	0
	4473
	0.688365651
	4146
	165
	61
	104
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.y74cy7

	Glaucomys volans
	5627
	577
	1664
	871
	2515
	44.69521948
	4423
	438
	1596
	819
	1570
	0.354962695
	4392
	1240
	954
	0
	2198
	0.5004553734
	1470
	558
	213
	345
	GBIF.org (17 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.n8vnsw

	Lasionycteris noctivagans
	5014
	176
	1843
	0
	2995
	59.7327483
	3661
	154
	1075
	20
	2412
	0.6588363835
	4656
	372
	803
	0
	3481
	0.747637457
	2683
	147
	49
	98
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.cxgg8u

	Lasiurus borealis
	8941
	935
	2884
	174
	4948
	55.34056593
	7339
	623
	2608
	254
	3854
	0.5251396648
	6529
	1142
	1251
	0
	4136
	0.6334813907
	3646
	715
	275
	440
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.mybp8m

	Lasiurus cinereus
	8047
	808
	3182
	17
	4040
	50.20504536
	4184
	259
	890
	142
	2893
	0.6914435946
	5374
	570
	560
	0
	4244
	0.7897283215
	3457
	179
	68
	111
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.2343te

	Lasiurus seminolus
	969
	65
	395
	4
	505
	52.11558308
	1062
	62
	369
	4
	627
	0.5903954802
	866
	136
	124
	0
	606
	0.6997690531
	1060
	155
	59
	96
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.m3mu6f 

	Lepus americanus
	10067
	868
	2968
	0
	6231
	61.89530148
	6831
	691
	2781
	44
	3315
	0.4852876592
	8811
	983
	2322
	0
	5506
	0.6249006923
	1666
	95
	38
	57
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.m6xact

	Lynx rufus
	24929
	1397
	10248
	70
	13214
	53.00653857
	15037
	1070
	9488
	260
	4219
	0.2805745827
	18059
	2352
	6896
	0
	8811
	0.4879007697
	7425
	769
	298
	471
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.j4ry42

	Microtus chrotorrhinus
	1534
	76
	874
	0
	584
	38.07040417
	1152
	44
	535
	7
	566
	0.4913194444
	1529
	162
	462
	0
	905
	0.5918901243
	908
	359
	135
	224
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.t246x6

	Microtus ochrogaster
	12575
	300
	4003
	0
	8272
	65.78131213
	12397
	316
	4360
	202
	7519
	0.6065177059
	6431
	594
	573
	0
	5264
	0.81853522
	8548
	359
	135
	224
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.p96duv

	Microtus pennsylvanicus
	65164
	1941
	18781
	11
	44431
	68.18335277
	47105
	2592
	18485
	865
	25163
	0.5341895765
	42514
	3352
	10030
	0
	29132
	0.6852330997
	31979
	1587
	612
	975
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.f4dsmt

	Microtus pinetorum
	6693
	401
	2933
	455
	2904
	43.38861497
	6636
	715
	2480
	469
	2972
	0.4478601567
	5400
	1680
	680
	0
	3040
	0.562962963
	2760
	623
	239
	384
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.uqk32b

	Mustela erminea
	60322
	7945
	4918
	17
	47442
	78.64792281
	9191
	947
	3864
	383
	3997
	0.4348819497
	8342
	1793
	2178
	0
	4371
	0.5239750659
	16850
	171
	65
	106
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.dsr2vz

	Mustela frenata
	8682
	1024
	2936
	6
	4716
	54.31928127
	6590
	762
	2400
	301
	3127
	0.4745068285
	6683
	887
	1344
	0
	4452
	0.6661678887
	2272
	320
	122
	198
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.apwdxd

	Mustela nivalis
	47566
	8522
	3548
	5
	35491
	74.61422024
	3554
	572
	1281
	811
	890
	0.2504220597
	1503
	162
	261
	0
	1080
	0.7185628743
	11141
	158
	56
	102
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.c78wwp

	Myodes gapperi
	42727
	545
	17670
	0
	24512
	57.36887682
	26793
	376
	13978
	3
	12436
	0.4641510842
	34272
	1964
	5452
	0
	26856
	0.7836134454
	28669
	954
	367
	587
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.q6tx73

	Myotis austroriparius
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	214
	79
	135
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.8cgktj

	Myotis grisescens
	4884
	62
	1925
	0
	2897
	59.31613432
	3451
	3
	679
	18
	2751
	0.7971602434
	4547
	263
	302
	0
	3982
	0.8757422476
	5548
	241
	91
	150
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.taszr8

	Myotis leibii
	1644
	34
	1229
	0
	381
	23.17518248
	1132
	37
	991
	5
	99
	0.08745583039
	1208
	66
	168
	0
	974
	0.8062913907
	606
	146
	56
	90
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.hbnkra

	Myotis lucifugus
	19449
	1426
	7917
	0
	10106
	51.96154044
	14755
	820
	4597
	339
	8999
	0.6098949509
	15412
	872
	2394
	0
	12146
	0.7880872048
	7628
	487
	186
	301
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.a7w8mw

	Myotis septentrionalis
	4574
	92
	3864
	0
	618
	13.51114998
	1418
	74
	594
	84
	666
	0.4696755994
	2184
	130
	443
	0
	1611
	0.7376373626
	698
	161
	61
	100
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.7jng5j

	Myotis sodalis
	5444
	350
	3288
	0
	1806
	33.17413666
	3311
	411
	1237
	16
	1647
	0.4974327998
	4878
	398
	754
	0
	3726
	0.7638376384
	656
	237
	91
	146
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.hdbsjx

	Napeozapus insignis
	6854
	98
	2000
	0
	4756
	69.39013715
	5585
	111
	112
	17
	5345
	0.9570277529
	3860
	262
	201
	0
	3397
	0.8800518135
	2604
	435
	169
	266
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.t6zd4s

	Neotoma floridana
	5098
	380
	1803
	163
	2752
	53.98195371
	4930
	392
	1633
	194
	2711
	0.5498985801
	3954
	957
	713
	0
	2284
	0.5776428933
	2516
	260
	99
	161
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.bxcxe7

	Neotoma magister
	1596
	101
	1379
	0
	116
	7.268170426
	587
	98
	373
	2
	114
	0.1942078365
	1401
	87
	277
	0
	1037
	0.7401855817
	564
	106
	42
	64
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.wkw9fu

	Neovison vison
	50084
	4544
	5962
	6
	39572
	79.01126108
	11100
	1710
	4274
	188
	4928
	0.443963964
	15882
	4361
	3179
	0
	8342
	0.5252487092
	5237
	383
	147
	236
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.zwgxqw

	Nycticeus humeralis
	4383
	244
	1377
	17
	2745
	62.62833676
	3570
	193
	1097
	34
	2246
	0.6291316527
	3219
	479
	468
	0
	2272
	0.7058092575
	2677
	389
	147
	242
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.d5bcca

	Ochrotomys nuttalli
	3538
	191
	1384
	390
	1573
	44.46014698
	3420
	171
	1141
	398
	1710
	0.5
	2638
	701
	125
	0
	1812
	0.686884003
	2757
	240
	93
	147
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.jueku4

	Oryzomys palustris
	6730
	498
	2000
	265
	3967
	58.94502229
	6844
	452
	1938
	294
	4160
	0.6078316774
	5478
	1023
	835
	0
	3620
	0.6608251187
	5454
	293
	114
	179
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.7c58vc

	Parascalops breweri
	1747
	98
	625
	0
	1024
	58.61476817
	1293
	122
	527
	4
	640
	0.4949729312
	1434
	126
	296
	0
	1012
	0.7057182706
	483
	223
	83
	140
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.6uzrx4

	Pekania pennanti
	1680
	56
	913
	0
	711
	42.32142857
	4467
	599
	1239
	318
	2311
	0.5173494515
	1239
	51
	7
	0
	1181
	0.9531880549
	2291
	884
	341
	543
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.8b9swm

	Perimyotis subflavus
	7429
	365
	3570
	17
	3477
	46.80306905
	2894
	189
	1056
	0
	1649
	0.5697995853
	5654
	798
	1234
	0
	3622
	0.6406084188
	1640
	388
	149
	239
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.hzfcxm

	Peromyscus gossypinus
	11989
	382
	3869
	676
	7062
	58.90399533
	12667
	432
	4239
	697
	7299
	0.5762216784
	10590
	1715
	1661
	0
	7214
	0.6812086874
	7391
	1087
	420
	667
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.n23x74

	Peromyscus leucopus
	87297
	2882
	25704
	0
	58711
	67.25431573
	82496
	3592
	25664
	547
	52693
	0.6387339992
	44393
	7213
	3248
	0
	33932
	0.7643547406
	58445
	3102
	1199
	1903
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.3vc4xw

	Peromyscus maniculatus
	264666
	3539
	58060
	0
	203067
	76.72576001
	226942
	5524
	188271
	979
	32168
	0.141745468
	109554
	10665
	14184
	0
	84705
	0.7731803494
	103512
	1221
	470
	751
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.6ksurg

	Peromyscus polionotus
	6112
	609
	2789
	142
	2572
	42.08115183
	13479
	1145
	7335
	151
	4848
	0.3596705987
	7614
	2048
	880
	0
	4686
	0.6154452325
	2859
	116
	44
	72
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.ngxdfk

	Reithrodontomys humilus
	1491
	98
	705
	64
	624
	41.85110664
	1442
	66
	545
	67
	764
	0.5298196949
	849
	229
	140
	0
	480
	0.5653710247
	625
	147
	55
	92
	GBIF.org (18 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.3xq5f7

	Sciurus niger
	33396
	619
	2930
	31
	29816
	89.28015331
	8512
	693
	2569
	83
	5167
	0.6070253759
	12080
	506
	263
	0
	11311
	0.9363410596
	4447
	719
	274
	445
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.w322kg

	Sorex cinereus
	46445
	808
	13305
	0
	32332
	69.61352137
	43104
	1183
	13043
	272
	28606
	0.6636507053
	50654
	3107
	8086
	0
	39461
	0.7790302839
	37402
	1427
	552
	875
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.zy8p3n

	Sorex dispar
	482
	24
	332
	0
	126
	26.14107884
	306
	16
	188
	2
	100
	0.3267973856
	449
	34
	131
	0
	284
	0.6325167038
	141
	59
	22
	37
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.7tmee4

	Sorex fumeus
	6657
	145
	2574
	0
	3938
	59.15577588
	5459
	398
	1735
	4
	3322
	0.608536362
	6095
	750
	1092
	0
	4253
	0.6977850697
	4183
	688
	262
	426
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.r4ym4t

	Sorex hoyi
	2817
	91
	1057
	0
	1669
	59.24742634
	2276
	71
	764
	17
	1424
	0.625659051
	2894
	216
	625
	0
	2053
	0.709398756
	2481
	193
	75
	118
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.e586ve

	Sorex longirostris
	1751
	97
	656
	74
	924
	52.7698458
	1491
	55
	294
	83
	1059
	0.7102615694
	1748
	407
	251
	0
	1090
	0.6235697941
	1788
	345
	131
	214
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.25yrnf

	Sorex palustris
	4470
	99
	1394
	0
	2977
	66.59955257
	4318
	89
	1419
	17
	2793
	0.6468272348
	4853
	201
	1063
	0
	3589
	0.739542551
	2104
	121
	47
	74
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.2ckxnt

	Spilogale putorius
	3571
	546
	1535
	200
	1290
	36.12433492
	2442
	225
	675
	317
	1225
	0.5016380016
	2389
	398
	336
	0
	1655
	0.6927584763
	606
	54
	20
	34
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.sbwpt2

	Sylvilagus aquaticus
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	224
	87
	137
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.mxugyk

	Sylvilagus obscurus
	360
	7
	305
	0
	48
	13.33333333
	157
	3
	129
	0
	25
	0.1592356688
	318
	22
	118
	0
	178
	0.5597484277
	139
	58
	20
	38
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.2q3pcx

	Synaptomys cooperi
	3456
	240
	1463
	0
	1753
	50.72337963
	3170
	262
	1097
	36
	1775
	0.5599369085
	2346
	272
	642
	0
	1432
	0.610400682
	1244
	332
	96
	236
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.mkmt97

	Tadarida brasiliensis
	30744
	3152
	7751
	163
	19678
	64.00598491
	22988
	1203
	7724
	271
	13790
	0.5998781973
	13724
	2677
	1615
	0
	9432
	0.6872631886
	12724
	670
	158
	512
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.tny6ty

	Tamias striatus
	27112
	678
	5045
	0
	21389
	78.89126586
	11992
	1232
	4503
	120
	6137
	0.5117578386
	15303
	1336
	2716
	0
	11251
	0.7352153173
	4549
	1456
	536
	920
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.q7hk3z

	Tamiasciurus hudsonius
	37171
	1035
	8485
	0
	27651
	74.3886363
	22289
	1356
	8976
	114
	11843
	0.5313383283
	28126
	1944
	6495
	0
	19687
	0.6999573349
	35348
	5312
	2055
	3257
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.sfd8bq

	Ursus americanus
	19056
	1475
	4162
	87
	13332
	69.96221662
	7122
	1165
	3336
	398
	2223
	0.3121314238
	10266
	2094
	2655
	0
	5517
	0.5374050263
	3151
	163
	62
	101
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.6mzsyc

	Zapus hudsonicus
	10725
	353
	3317
	0
	7055
	65.78088578
	9145
	394
	3105
	115
	5531
	0.6048113723
	45
	6
	5
	0
	34
	0.7555555556
	3776
	594
	203
	391
	GBIF.org (20 November 2020) GBIF Occurrence Download https://doi.org/10.15468/dl.ekgdnd
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[bookmark: S12]Supplementary 1.2. Evaluation Metrics and Detailed Calculations of Climate and Distributions. Global circulation model assessment, model evaluation, species distribution predictions, major calculations, and detailed references for species distribution maps. 
[bookmark: S121]Supplementary 1.2.1. GCM Assessment. Global Circulation Model Comparison for the years 2021-2040 across two Shared Socioeconomic Pathways used in this study. We compared mean annual temperature and precipitation across SSPs and GCMs to help us select a low, medium, and high future climate/precipitation scenario (calculated using data from https://www.worldclim.org/data/index.html; Fick & Hijmans, 2017).
	GCM (2021-2040)
	Mean Annual Temperature SSP 2.45
	Mean Annual Temperature SSP 3.70
	Mean Annual Precipitation SSP 2.45
	Mean Annual Precipitation SSP 3.70

	BCC-CSM2-MR
	1.691115
	1.55566
	51.726768
	20.678408

	CanESM
	2.45166
	2.642959
	67.855119
	72.860039

	CNRM-CM6-1
	-1.392727
	1.523095
	42.946967
	54.909874

	CNRM-ESM2-1
	1.831662
	1.62298
	46.332809
	62.768682

	MIROC-ES2L
	1.983267
	1.80737
	65.528214
	59.985242

	MIROC6
	1.882141
	1.704313
	47.449452
	21.374379

	MRI-ESM2-0
	1.992999
	1.886728
	28.500861
	35.557633



[bookmark: S122]Supplementary 1.2.2. Model Evaluation. An evaluation of baseline model performance based on species by test omission error for Eastern North America, test omission error for the Appalachian Ecoregion, Area Under the Curve, Minimum Training Presence Fractional Predicted Area, and the Minimum Training Presence Logistic Threshold.

	Order
	Species
	Predicted Present Eastern North America
	Erronerously Absent Eastern North America
	Test Omission Error Eastern North America
	Total Points Eastern North America
	Predicted Present Appalachian Ecoregion
	Erronerously Absent Appalachian Ecoregion
	Test Omission Error Appalachian Ecoregion
	Total Points Appalachian Ecoregion
	Area Under the Curve
	Minimum Training Presence Fractional Predicted Area
	Minimum Training Presence Logistic Threshold

	Eulipotyphla
	Condylura cristata
	262
	26
	9.03%
	288
	2
	0
	0.00%
	2
	0.896
	0.695
	0.036

	Chiroptera
	Corynorhinus rafinesquii
	175
	16
	8.38%
	191
	7
	0
	0.00%
	7
	0.887
	0.61
	0.048

	Chiroptera
	Corynorhinus townsendii
	12
	6
	33.33%
	18
	16
	0
	0.00%
	16
	0.929
	0.31
	0.071

	Eulipotyphla
	Cryptotis parva
	323
	9
	2.71%
	332
	12
	2
	14.29%
	14
	0.879
	0.875
	0.034

	Chiroptera
	Eptesicus fuscus
	573
	0
	0.00%
	573
	3
	0
	0.00%
	3
	0.858
	0.889
	0.017

	Rodentia
	Erethizon dorsatum
	94
	11
	10.48%
	105
	10
	0
	0.00%
	10
	0.944
	0.626
	0.009

	Rodentia
	Glaucomys sabrinus
	92
	11
	10.68%
	103
	1
	0
	0.00%
	1
	0.905
	0.715
	0.046

	Rodentia
	Glaucomys volans
	315
	22
	6.53%
	337
	16
	0
	0.00%
	16
	0.871
	0.688
	0.072

	Chiroptera
	Lasionycteris noctivagans
	63
	26
	29.21%
	89
	2
	0
	0.00%
	2
	0.908
	0.427
	0.209

	Chiroptera
	Lasiurus borealis
	424
	1
	0.24%
	425
	0
	0
	0.00%
	0
	0.875
	0.847
	0.013

	Chiroptera
	Lasiurus cinereus
	73
	35
	32.41%
	108
	3
	0
	0.00%
	3
	0.915
	0.516
	0.189

	Chiroptera
	Lasiurus seminolus
	94
	2
	2.08%
	96
	0
	0
	0.00%
	0
	0.924
	0.565
	0.045

	Lagomorpha
	Lepus americanus
	39
	16
	29.09%
	55
	0
	0
	0.00%
	0
	0.907
	0.38
	0.202

	Carnivora
	Lynx rufus
	460
	8
	1.71%
	468
	7
	0
	0.00%
	7
	0.876
	0.856
	0.041

	Rodentia
	Microtus chrotorrhinus
	43
	34
	44.16%
	77
	12
	1
	7.69%
	13
	0.97
	0.228
	0.04

	Rodentia
	Microtus ochrogaster
	205
	19
	8.48%
	224
	4
	0
	0.00%
	4
	0.895
	0.595
	0.059

	Rodentia
	Microtus pennsylvanicus
	944
	20
	2.07%
	964
	42
	0
	0.00%
	42
	0.851
	0.791
	0.022

	Rodentia
	Microtus pinetorum
	384
	0
	0.00%
	384
	18
	0
	0.00%
	18
	0.876
	0.882
	0.004

	Carnivora
	Mustela erminea
	88
	15
	14.56%
	103
	0
	0
	0.00%
	0
	0.913
	0.361
	0.17

	Carnivora
	Mustela frenata
	164
	33
	16.75%
	197
	2
	2
	50.00%
	4
	0.906
	0.507
	0.068

	Carnivora
	Mustela nivalis
	84
	18
	17.65%
	102
	5
	0
	0.00%
	5
	0.89
	0.496
	0.131

	Rodentia
	Myodes gapperi
	431
	148
	25.56%
	579
	1
	0
	0.00%
	1
	0.906
	0.691
	0.014

	Chiroptera
	Myotis austroriparius
	135
	0
	0.00%
	135
	47
	2
	4.08%
	49
	0.855
	0.785
	0.083

	Chiroptera
	Myotis grisescens
	111
	39
	26.00%
	150
	27
	0
	0.00%
	27
	0.897
	0.368
	0.136

	Chiroptera
	Myotis leibii
	75
	15
	16.67%
	90
	44
	0
	0.00%
	44
	0.904
	0.47
	0.078

	Chiroptera
	Myotis lucifugus
	258
	31
	10.73%
	289
	6
	2
	25.00%
	8
	0.868
	0.7
	0.059

	Chiroptera
	Myotis septentrionalis
	86
	14
	14.00%
	100
	12
	0
	0.00%
	12
	0.927
	0.533
	0.038

	Chiroptera
	Myotis sodalis
	134
	11
	7.59%
	145
	13
	0
	0.00%
	13
	0.846
	0.803
	0.101

	Rodentia
	Napaeozapus insignis
	246
	15
	5.75%
	261
	51
	1
	1.92%
	52
	0.92
	0.651
	0.024

	Rodentia
	Neotoma floridana
	150
	8
	5.06%
	158
	0
	0
	0.00%
	0
	0.909
	0.876
	0.04

	Rodentia
	Neotoma magister
	61
	3
	4.69%
	64
	44
	0
	0.00%
	44
	0.821
	0.83
	0.12

	Carnivora
	Neovison vison
	227
	6
	2.58%
	233
	5
	0
	0.00%
	5
	0.832
	0.881
	0.043

	Chiroptera
	Nycticeius humeralis
	230
	10
	4.17%
	240
	0
	0
	0.00%
	0
	0.891
	0.602
	0.046

	Rodentia
	Ochrotomys nuttalli
	136
	9
	6.21%
	145
	13
	1
	7.14%
	14
	0.868
	0.69
	0.074

	Rodentia
	Oryzomys palustris
	164
	0
	0.00%
	164
	0
	0
	0.00%
	0
	0.893
	0.797
	0.018

	Eulipotyphla
	Parascalops breweri
	125
	10
	7.41%
	135
	17
	1
	5.56%
	18
	0.9
	0.542
	0.064

	Carnivora
	Pekania pennanti
	530
	7
	1.30%
	537
	0
	1
	100.00%
	1
	0.948
	0.574
	0.007

	Chiroptera
	Perimyotis subflavus
	231
	18
	7.23%
	249
	11
	0
	0.00%
	11
	0.871
	0.813
	0.051

	Rodentia
	Peromyscus gossypinus
	658
	6
	0.90%
	664
	11
	0
	0.00%
	11
	0.874
	0.759
	0.026

	Rodentia
	Peromyscus leucopus
	1882
	10
	0.53%
	1892
	71
	0
	0.00%
	71
	0.799
	0.918
	0.024

	Rodentia
	Peromyscus maniculatus
	705
	36
	4.86%
	741
	68
	0
	0.00%
	68
	0.887
	0.775
	0.025

	Rodentia
	Peromyscus polionotus
	66
	2
	2.94%
	68
	0
	0
	0.00%
	0
	0.953
	0.319
	0.068

	Rodentia
	Reithrodontomys humulis
	79
	40
	33.61%
	119
	1
	0
	0.00%
	1
	0.961
	0.263
	0.082

	Rodentia
	Sciurus niger
	403
	9
	2.18%
	412
	6
	0
	0.00%
	6
	0.839
	0.869
	0.043

	Eulipotyphla
	Sorex cinereus
	861
	2
	0.23%
	863
	18
	0
	0.00%
	18
	0.836
	0.982
	0.003

	Eulipotyphla
	Sorex dispar
	35
	2
	5.41%
	37
	31
	0
	0.00%
	31
	0.952
	0.546
	0.021

	Eulipotyphla
	Sorex fumeus
	391
	23
	5.56%
	414
	69
	0
	0.00%
	69
	0.898
	0.706
	0.029

	Eulipotyphla
	Sorex hoyi
	80
	38
	32.20%
	118
	16
	0
	0.00%
	16
	0.851
	0.686
	0.104

	Eulipotyphla
	Sorex longirostris
	192
	20
	9.43%
	212
	8
	0
	0.00%
	8
	0.879
	0.807
	0.045

	Eulipotyphla
	Sorex palustris
	48
	24
	33.33%
	72
	5
	0
	0.00%
	5
	0.912
	0.591
	0.053

	Carnivora
	Spilogale putorius
	16
	18
	52.94%
	34
	13
	0
	0.00%
	13
	0.944
	0.282
	0.105

	Lagomorpha
	Sylvilagus aquaticus
	135
	2
	1.46%
	137
	0
	0
	0.00%
	0
	0.941
	0.478
	0.02

	Lagomorpha
	Sylvilagus obscurus
	26
	12
	31.58%
	38
	26
	11
	29.73%
	37
	0.978
	0.12
	0.091

	Rodentia
	Synaptomys cooperi
	101
	133
	56.84%
	234
	90
	0
	0.00%
	90
	0.985
	0.312
	0.002

	Chiroptera
	Tadarida brasiliensis
	303
	209
	40.82%
	512
	0
	0
	0.00%
	0
	0.983
	0.432
	0

	Rodentia
	Tamias striatus
	846
	53
	5.90%
	899
	85
	0
	0.00%
	85
	0.875
	0.816
	0.017

	Rodentia
	Tamiasciurus hudsonicus
	3176
	9
	0.28%
	3185
	106
	2
	1.85%
	108
	0.817
	0.903
	0.011

	Carnivora
	Ursus americanus
	81
	20
	19.80%
	101
	1
	0
	0.00%
	1
	0.796
	0.807
	0.19

	Rodentia
	Zapus hudsonius
	267
	121
	31.19%
	388
	3
	0
	0.00%
	3
	0.948
	0.475
	0.025



[bookmark: S123]Supplementary 1.2.3. Results for Each Species under 2-4.5 CNRM-CM6-1 Climate Scenario. Data included in the results for SSP 2-4.5 GCM CNRM-CM6-1 (low precipitation/low temperature/low emission) of the mammals performing well enough to be included in the study (all data given in square kilometers or percentages).  Protected range expansion, stability, and contraction values are given in square kilometers, unprotected values of the expansion, stability, and contraction predicted by 2041, as well as the total expansion, stability, and contraction of species within the Appalachian ecoregion. Additionally, these are given as a percentage, and a net change within the Appalachians is also listed. The average values in terms of percentages and square kilometers by order are also given.

	 Order
	Species
	Protected Range Expansion
	Protected No Change (Stable)
	Protected Range Contraction
	Unprotected Range Expansion
	Unprotected No Change (Stable)
	Unprotected Range Contraction
	Apps Loss (Contraction/ Baseline)
	Apps Gain (Expansion/ Baseline)
	Apps Net (Gain -Loss)
	Expansion in Protected
	Stable Protected
	Contraction in Protected

	Carnivora
	Lynx rufus
	1395.73046
	44165.55380
	3128.28953
	5390.90169
	241129.39566
	162.02883
	0%
	2%
	2%
	1%
	100%
	0%

	Carnivora
	Mustela erminea
	637.52587
	3601.98161
	203.97869
	672.76255
	173975.69586
	4279.45799
	2%
	0%
	-2%
	0%
	98%
	2%

	Carnivora
	Mustela frenata
	1059.67676
	38695.53933
	4366.31732
	19693.14214
	181182.08533
	38779.28646
	17%
	9%
	-8%
	9%
	84%
	16%

	Carnivora
	Mustela nivalis
	1550.41186
	49607.69191
	683.61120
	0.00000
	285292.68078
	0.00000
	0%
	0%
	0%
	0%
	100%
	0%

	Carnivora
	Neovison vison
	0.00000
	58018.61056
	65.08965
	10385.08048
	154226.85845
	3023.16029
	2%
	6%
	5%
	5%
	98%
	2%

	Carnivora
	Pekania pennanti
	3227.48346
	15335.83162
	1467.24008
	2563.40718
	245238.06564
	0.00000
	0%
	1%
	1%
	1%
	100%
	0%

	Carnivora
	Ursus americanus
	670.94814
	57443.58009
	5.78736
	2241.02429
	235732.62651
	32971.59868
	11%
	1%
	-10%
	1%
	94%
	6%

	Chiroptera
	Corynorhinus rafinesquii
	209.96142
	41245.83874
	882.01000
	4821.90931
	217441.26670
	11432.78280
	5%
	2%
	-3%
	2%
	95%
	5%

	Chiroptera
	Eptesicus fuscus
	0.00000
	58059.61212
	0.00000
	91.85476
	283894.74032
	841.21656
	0%
	0%
	0%
	0%
	99%
	1%

	Chiroptera
	Lasionycteris noctivagans
	1082.68629
	46598.04760
	2352.32072
	16405.96662
	43006.25451
	36202.90709
	43%
	23%
	-20%
	36%
	69%
	31%

	Chiroptera
	Lasiurus borealis
	241.99902
	56361.75498
	748.94847
	1443.79264
	15521.33839
	174.94265
	1%
	9%
	8%
	9%
	100%
	0%

	Chiroptera
	Lasiurus seminolus
	6228.00838
	12042.92338
	5392.78428
	14530.61402
	216279.96160
	15722.72022
	7%
	6%
	-1%
	3%
	93%
	7%

	Chiroptera
	Myotis austroriparius
	1277.09233
	10586.16284
	3340.42025
	36871.94640
	133306.38565
	8781.62547
	6%
	25%
	19%
	18%
	92%
	8%

	Chiroptera
	Myotis grisescens
	2307.91601
	21608.96471
	1056.79164
	2814.31182
	236806.33322
	7994.62962
	3%
	1%
	-2%
	0%
	98%
	2%

	Chiroptera
	Myotis leibii
	215.02798
	55943.17533
	0.96762
	0.00000
	284790.16513
	0.00000
	0%
	0%
	0%
	0%
	100%
	0%

	Chiroptera
	Myotis lucifugus
	1918.22998
	44169.02832
	3334.99801
	3015.72762
	12349.66752
	499.47889
	4%
	22%
	18%
	17%
	95%
	5%

	Chiroptera
	Myotis septentrionalis
	1147.80601
	56936.74651
	0.00000
	1598.24673
	174162.90857
	15384.87615
	8%
	1%
	-7%
	2%
	90%
	10%

	Chiroptera
	Myotis sodalis
	0.00000
	52473.90342
	2885.77881
	5232.36925
	231101.93850
	3842.39185
	2%
	2%
	1%
	3%
	99%
	1%

	Chiroptera
	Nycticeius humeralis
	0.00000
	6489.86793
	5892.04427
	26492.19191
	158404.48104
	5065.87597
	3%
	14%
	12%
	8%
	98%
	2%

	Chiroptera
	Perimyotis subflavus
	0.00000
	58136.95379
	64.24098
	21343.73915
	74399.35918
	9293.06612
	13%
	23%
	10%
	9%
	76%
	24%

	Eulipotyphla
	Condylura cristata
	465.72991
	49902.48924
	17.05643
	32306.24855
	113532.11999
	2861.47287
	3%
	25%
	22%
	10%
	95%
	5%

	Eulipotyphla
	Cryptotis parva
	4286.60802
	38474.22167
	7297.40371
	2292.53211
	259852.39977
	59.51196
	0%
	1%
	1%
	0%
	100%
	0%

	Eulipotyphla
	Parascalops breweri
	2370.92345
	45796.83855
	86.75745
	7025.08557
	199867.71418
	15494.30087
	7%
	3%
	-4%
	4%
	93%
	7%

	Eulipotyphla
	Sorex cinereus
	0.00000
	58003.99498
	0.00000
	16490.45661
	268083.26849
	0.00000
	0%
	5%
	5%
	2%
	100%
	0%

	Eulipotyphla
	Sorex dispar
	33.48276
	40040.60134
	1979.88422
	0.00000
	274389.87438
	6563.25887
	3%
	0%
	-3%
	0%
	95%
	5%

	Eulipotyphla
	Sorex fumeus
	443.28333
	55674.88836
	275.60410
	30982.71722
	195041.60682
	4923.79390
	2%
	14%
	12%
	7%
	99%
	1%

	Eulipotyphla
	Sorex longirostris
	685.82173
	41619.72974
	4228.35281
	4296.65020
	199151.03638
	43579.11001
	17%
	2%
	-15%
	1%
	89%
	11%

	Lagomorpha
	Lepus americanus
	667.89695
	7348.48183
	15.03632
	6767.23612
	255195.25792
	4073.09093
	2%
	3%
	1%
	2%
	98%
	2%

	Lagomorpha
	Sylvilagus aquaticus
	3803.71782
	2282.17290
	332.68511
	0.00000
	284586.96244
	530.01415
	0%
	0%
	0%
	0%
	100%
	0%

	Rodentia
	Erethizon dorsatum
	1453.39471
	27186.15415
	415.82267
	21.23710
	36668.17029
	35392.98740
	49%
	0%
	-49%
	0%
	52%
	48%

	Rodentia
	Glaucomys sabrinus
	295.90306
	50083.14766
	0.00000
	5129.35857
	150069.34747
	33483.76416
	19%
	2%
	-17%
	1%
	76%
	24%

	Rodentia
	Glaucomys volans
	682.32055
	52825.21959
	3615.85861
	21467.06896
	84451.11234
	13771.36537
	14%
	22%
	7%
	19%
	85%
	15%

	Rodentia
	Microtus ochrogaster
	2911.42393
	14892.34255
	1291.17108
	23880.17047
	197558.64605
	266.07404
	0%
	11%
	11%
	5%
	100%
	0%

	Rodentia
	Microtus pennsylvanicus
	179.19292
	54081.44838
	823.66426
	14495.60564
	38036.60311
	9854.52517
	18%
	27%
	10%
	19%
	91%
	9%

	Rodentia
	Microtus pinetorum
	0.00000
	58063.40527
	0.00000
	0.00000
	285042.72261
	751.85413
	0%
	0%
	0%
	0%
	100%
	0%

	Rodentia
	Myodes gapperi
	3452.88950
	43780.51806
	677.41885
	6514.10012
	128825.26004
	3603.56844
	3%
	6%
	3%
	9%
	99%
	1%

	Rodentia
	Napaeozapus insignis
	3542.65289
	49159.63409
	645.16942
	0.00000
	285226.31711
	0.00000
	0%
	0%
	0%
	0%
	100%
	0%

	Rodentia
	Neotoma floridana
	424.43615
	48666.72582
	6086.80908
	37.93420
	280102.11105
	1946.03222
	1%
	0%
	-1%
	0%
	100%
	0%

	Rodentia
	Neotoma magister
	1105.83696
	52677.04528
	867.82677
	31856.70403
	11955.85142
	3032.82591
	20%
	218%
	197%
	258%
	81%
	19%

	Rodentia
	Ochrotomys nuttalli
	336.64143
	32600.65253
	10313.23584
	27927.05475
	216145.44417
	5303.62444
	3%
	13%
	11%
	17%
	96%
	4%

	Rodentia
	Oryzomys palustris
	3002.13252
	13117.50929
	2344.56607
	0.00000
	284019.50912
	0.00000
	0%
	0%
	0%
	0%
	100%
	0%

	Rodentia
	Peromyscus gossypinus
	2392.62070
	27416.15916
	405.80464
	515.19169
	137207.39566
	13890.01669
	8%
	0%
	-8%
	0%
	95%
	5%

	Rodentia
	Peromyscus leucopus
	0.00000
	58047.89869
	0.00000
	6797.19581
	248931.37594
	3158.55178
	1%
	2%
	1%
	1%
	100%
	0%

	Rodentia
	Peromyscus maniculatus
	4.82860
	57601.16235
	137.19610
	2219.37726
	194484.25366
	19209.62058
	9%
	1%
	-8%
	1%
	91%
	9%

	Rodentia
	Peromyscus polionotus
	4836.06188
	1512.99879
	360.55053
	29163.94994
	9834.64286
	578.00515
	7%
	253%
	246%
	145%
	87%
	13%

	Rodentia
	Sciurus niger
	7011.90787
	40863.53793
	1573.60249
	2351.87763
	273947.57212
	174.48438
	0%
	1%
	1%
	0%
	100%
	0%

	Rodentia
	Tamias striatus
	237.47287
	57609.55618
	7.12178
	35725.50661
	203268.56511
	2009.60936
	1%
	15%
	14%
	6%
	100%
	0%

	Rodentia
	Tamiasciurus hudsonicus
	3103.24170
	49121.28649
	74.82194
	2728.46575
	282796.47711
	55.78199
	0%
	1%
	1%
	1%
	100%
	0%

	



	
	
	
	
	
	
	
	
	
	
	
	
	

	Order 
	Protected Range Expansion
	Protected No Change (Stable)
	Protected Range Contraction
	Unprotected Range Expansion
	Unprotected No Change (Stable)
	Unprotected Range Contraction
	Expansion Protected
	Stable Protected
	Contraction Protected
	Expansion Unprotected
	Stable Unprotected
	Contraction Unprotected

	Carnivora
	1220.25379
	38124.11270
	1417.18769
	5849.47405
	216682.48689
	11316.50461
	3%
	96%
	4%
	3%
	95%
	5%

	Chiroptera
	1125.28672
	40050.22921
	1996.25423
	10358.66694
	160112.67695
	8864.34718
	3%
	95%
	5%
	6%
	95%
	5%

	Eulipotyphla
	1183.69274
	47073.25198
	1983.57982
	13341.95575
	215702.57429
	10497.34978
	2%
	96%
	4%
	6%
	95%
	5%

	Lagomorpha
	2235.80738
	4815.32737
	173.86071
	3383.61806
	269891.11018
	2301.55254
	45%
	97%
	3%
	1%
	99%
	1%

	Rodentia
	1840.68201
	41542.44222
	1560.03369
	11096.35782
	176240.59880
	7709.61533
	4%
	96%
	4%
	6%
	96%
	4%



[bookmark: S124]Supplementary 1.2.4. Results for Each Species under 3-7.0 CanESM Climate Scenario. Data included in the results for SSP 3-7.0 GCM CanESM (high precipitation/high temperature/high emission) of the mammals performing well enough to be included in the study.  Protected range expansion, stability, and contraction values are given in square kilometers, unprotected values of the expansion, stability, and contraction predicted by 2041, as well as the total expansion, stability, and contraction of species within the Appalachian ecoregion. The average values in terms of percentages and square kilometers by order are also given.
	Order
	Species
	Protected Range Expansion
	Protected No Change (Stable)
	Protected Range Contraction
	Unprotected Range Expansion
	Unprotected No Change (Stable)
	Unprotected Range Contraction

	Carnivora
	Lynx rufus
	6273.43879
	47453.79993
	1064.13716
	4024.433241
	239286.139
	1536.770935

	Carnivora
	Mustela erminea
	5177.50693
	3846.26398
	0.64102
	3130.258682
	173513.0108
	4459.390369

	Carnivora
	Mustela frenata
	1292.23706
	35718.03386
	8280.12131
	40356.84559
	213280.2617
	6308.093687

	Carnivora
	Mustela nivalis
	2213.22098
	49832.16642
	749.42452
	0
	284503.726
	359.349123

	Carnivora
	Neovison vison
	0.00000
	57906.33256
	670.14308
	7269.79223
	118047.5436
	8768.146538

	Carnivora
	Pekania pennanti
	65.73932
	8856.68685
	7940.68810
	418.644439
	171047.8469
	73907.21944

	Carnivora
	Ursus americanus
	742.86799
	57205.90164
	836.83384
	2907.257979
	233315.915
	34823.73502

	Chiroptera
	Corynorhinus rafinesquii
	411.49976
	40064.53655
	2346.06490
	54589.27029
	227780.2893
	0

	Chiroptera
	Eptesicus fuscus
	0.00000
	58434.25910
	54.95868
	10.248824
	278423.2952
	5856.493713

	Chiroptera
	Lasionycteris noctivagans
	7363.80130
	50044.12849
	0.00000
	63154.45587
	50099.01532
	28446.17708

	Chiroptera
	Lasiurus borealis
	279.09112
	54964.88202
	2601.98944
	857.954037
	13072.93395
	2546.801333

	Chiroptera
	Lasiurus seminolus
	20995.35872
	14430.10052
	3669.57634
	51093.90955
	229781.4822
	997.105841

	Chiroptera
	Myotis austroriparius
	1373.05919
	9675.29675
	4430.54928
	13046.41244
	113300.5462
	28531.00059

	Chiroptera
	Myotis grisescens
	1918.65620
	21253.91493
	1423.10889
	9671.075013
	235891.4924
	8395.08918

	Chiroptera
	Myotis leibii
	1108.91737
	56437.73909
	46.53369
	0
	284303.5275
	0

	Chiroptera
	Myotis lucifugus
	3203.35131
	45706.12970
	2220.48472
	19573.11403
	12793.86198
	14.339729

	Chiroptera
	Myotis septentrionalis
	1299.22282
	57459.99884
	0.00000
	2289.04595
	128206.2821
	60405.20413

	Chiroptera
	Myotis sodalis
	29.86757
	55787.17964
	1.96625
	11877.68259
	228741.7052
	5912.337339

	Chiroptera
	Nycticeius humeralis
	7.64076
	2423.21143
	10196.88856
	31877.35956
	144384.4477
	18922.16328

	Chiroptera
	Perimyotis subflavus
	0.00000
	58670.51842
	37.20818
	6492.886902
	60988.56152
	22524.60084

	Eulipotyphla
	Condylura cristata
	244.35594
	50290.67815
	97.38211
	5947.289893
	49409.94334
	25532.04123

	Eulipotyphla
	Cryptotis parva
	6672.06161
	44299.16331
	1845.47852
	21407.22929
	76332.36241
	6242.714053

	Eulipotyphla
	Parascalops breweri
	1256.61127
	45423.48306
	813.50114
	7697.568497
	269726.3181
	-1796.877847

	Eulipotyphla
	Sorex cinereus
	0.00000
	58563.24662
	0.00000
	17749.48375
	267560.0162
	0

	Eulipotyphla
	Sorex dispar
	1232.33387
	41683.69674
	497.73136
	307.212823
	280510.671
	12.998594

	Eulipotyphla
	Sorex fumeus
	1796.59600
	56147.08008
	244.37887
	7772.63598
	146809.066
	52858.85723

	Eulipotyphla
	Sorex longirostris
	4691.23631
	45716.30585
	480.12294
	32298.94455
	239624.7584
	2782.409139

	Lagomorpha
	Lepus americanus
	695.39904
	6628.41128
	811.65262
	991.96834
	185840.2673
	73249.62671

	Lagomorpha
	Sylvilagus aquaticus
	1666.88073
	1411.25843
	1330.99292
	0
	283265.9013
	1358.302065

	Rodentia
	Erethizon dorsatum
	953.80935
	26353.71194
	1682.59351
	141.018955
	17126.46464
	54696.50526

	Rodentia
	Glaucomys sabrinus
	72.44142
	42458.78975
	7907.35728
	19449.36119
	150300.4673
	33250.93702

	Rodentia
	Glaucomys volans
	661.25527
	53322.80376
	3682.84966
	12266.44094
	83751.61579
	14021.03803

	Rodentia
	Microtus ochrogaster
	1236.08966
	11860.49009
	4579.48787
	13025.48315
	184830.0922
	12641.23972

	Rodentia
	Microtus pennsylvanicus
	518.81464
	54757.03465
	662.45921
	401.581932
	17239.51699
	30657.30805

	Rodentia
	Microtus pinetorum
	0.00000
	58550.04284
	0.00000
	21.841886
	285003.1822
	284.862714

	Rodentia
	Myodes gapperi
	4323.71551
	42544.98475
	2076.69827
	7118.63631
	132046.2678
	283.942532

	Rodentia
	Napaeozapus insignis
	836.67406
	43764.51062
	6337.77041
	0
	284621.4442
	0

	Rodentia
	Neotoma floridana
	2536.10118
	54834.20196
	242.31176
	1759.323902
	281326.3508
	119.034103

	Rodentia
	Neotoma magister
	462.66784
	44484.25811
	9239.06876
	27094.28533
	11199.97233
	3736.430156

	Rodentia
	Ochrotomys nuttalli
	1318.07779
	32727.86275
	10187.94614
	28706.52559
	211085.9453
	9253.046887

	Rodentia
	Oryzomys palustris
	1877.71692
	12631.28153
	3280.61771
	0
	283460.2575
	0

	Rodentia
	Peromyscus gossypinus
	2624.98314
	27862.64418
	57.93778
	14074.68681
	145838.7321
	5097.736639

	Rodentia
	Peromyscus leucopus
	0.00000
	58652.77154
	0.00000
	21783.41172
	248652.1059
	2996.855401

	Rodentia
	Peromyscus maniculatus
	204.51740
	58318.40631
	22.71049
	27061.40467
	212565.5119
	780.016065

	Rodentia
	Peromyscus polionotus
	2935.07355
	551.49873
	1374.32544
	14940.07413
	7310.758902
	2974.49576

	Rodentia
	Sciurus niger
	9024.87791
	41677.04876
	1870.16817
	6699.628265
	270472.1074
	3102.894341

	Rodentia
	Tamias striatus
	600.81590
	58018.59263
	145.14007
	22744.49981
	191631.3634
	13317.40798

	Rodentia
	Tamiasciurus hudsonicus
	2192.32575
	48412.24971
	1113.26184
	2673.132007
	279725.0984
	2534.166616

	
	
	
	
	
	



	
	

	Order
	Protected Range Expansion 
	Protected No Change (Stable)
	Protected Range Contraction
	Unprotected Range Expansion
	Unprotected No Change (Stable)
	Unprotected Range Contraction
	Expansion Protected
	Stable Protected
	Contraction Protected
	Expansion Unprotected
	Stable Unprotected
	Contraction Unprotected

	Carnivora
	2252.14444
	37259.88361
	2791.71272
	8301.033166
	204713.4919
	18594.67216
	6%
	93%
	7%
	4%
	92%
	8%

	Chiroptera
	2922.34355
	40411.68427
	2079.17915
	20348.72424
	154443.6493
	14042.4087
	7%
	95%
	5%
	12%
	92%
	8%

	Eulipotyphla
	2270.45643
	48874.80769
	568.37071
	13311.48068
	189996.1622
	12233.1632
	5%
	99%
	1%
	7%
	94%
	6%

	Lagomorpha
	1181.13989
	4019.83486
	1071.32277
	495.98417
	234553.0843
	37303.96439
	23%
	79%
	21%
	0%
	86%
	14%

	Rodentia
	1704.20828
	40620.16761
	2866.45812
	11576.91245
	173588.8029
	9986.732488
	4%
	93%
	7%
	6%
	95%
	5%





[bookmark: S125]Supplementary 1.2.5. Results for All 59 Species under 2-4.5 CNRM-CM6-1 Climate Scenario. Data included in the results for SSP 2-4.5 GCM CNRM-CM6-1 (low precipitation/low temperature/low emission) of all the mammals initially evaluated (59), including those that did not perform well enough to be included in the study.  Protected range expansion, stability, and contraction values are given in square kilometers, unprotected values of the expansion, stability, and contraction predicted by 2041, as well as the total expansion, stability, and contraction of species within the Appalachian ecoregion.
	Species
	Protected Range Expansion 
	Protected No Change (Stable)
	Protected Range Contraction
	Unprotected Range Expansion
	Unprotected No Change (Stable)
	Unprotected Range Contraction
	Protected Loss
	Protected Gains
	Protected Net
	Unprotected Loss
	Unprotected Gains
	Unprotected Net

	Condylura cristata
	465.72991
	49902.48924
	17.05643
	5390.90169
	241129.39566
	162.02883
	0%
	1%
	1%
	0%
	2%
	2%

	Corynorhinus rafinesquii
	209.96142
	41245.83874
	882.01000
	672.76255
	173975.69586
	4279.45799
	2%
	0%
	-2%
	2%
	0%
	-2%

	Corynorhinus townsendii
	8433.70866
	33969.31378
	157.20911
	41183.48121
	142659.89512
	2052.67119
	0%
	25%
	24%
	1%
	28%
	27%

	Cryptotis parva
	4286.60802
	38474.22167
	7297.40371
	19693.14214
	181182.08533
	38779.28646
	16%
	9%
	-7%
	18%
	9%
	-9%

	Eptesicus fuscus
	0.00000
	58059.61212
	0.00000
	0.00000
	285292.68078
	0.00000
	0%
	0%
	0%
	0%
	0%
	0%

	Erethizon dorsatum
	1453.39471
	27186.15415
	415.82267
	10385.08048
	154226.85845
	3023.16029
	2%
	5%
	4%
	2%
	7%
	5%

	Glaucomys sabrinus
	295.90306
	50083.14766
	0.00000
	2563.40718
	245238.06564
	0.00000
	0%
	1%
	1%
	0%
	1%
	1%

	Glaucomys volans
	682.32055
	52825.21959
	3615.85861
	2241.02429
	235732.62651
	32971.59868
	6%
	1%
	-5%
	12%
	1%
	-11%

	Lasionycteris noctivagans
	1082.68629
	46598.04760
	2352.32072
	4821.90931
	217441.26670
	11432.78280
	5%
	2%
	-3%
	5%
	2%
	-3%

	Lasiurus borealis
	241.99902
	56361.75498
	748.94847
	91.85476
	283894.74032
	841.21656
	1%
	0%
	-1%
	0%
	0%
	0%

	Lasiurus cinereus
	1703.03287
	17780.70130
	11289.18675
	16761.88447
	70559.21185
	48705.31693
	39%
	6%
	-33%
	41%
	14%
	-27%

	Lasiurus seminolus
	6228.00838
	12042.92338
	5392.78428
	16405.96662
	43006.25451
	36202.90709
	31%
	36%
	5%
	46%
	21%
	-25%

	Lepus americanus
	667.89695
	7348.48183
	15.03632
	1443.79264
	15521.33839
	174.94265
	0%
	9%
	9%
	1%
	9%
	8%

	Lynx rufus
	1395.73046
	44165.55380
	3128.28953
	14530.61402
	216279.96160
	15722.72022
	7%
	3%
	-4%
	7%
	6%
	-1%

	Microtus chrotorrhinus
	2774.20225
	27529.09338
	2479.52253
	14435.05490
	60523.78962
	8283.33063
	8%
	9%
	1%
	12%
	21%
	9%

	Microtus ochrogaster
	2911.42393
	14892.34255
	1291.17108
	36871.94640
	133306.38565
	8781.62547
	8%
	18%
	10%
	6%
	26%
	20%

	Microtus pennsylvanicus
	179.19292
	54081.44838
	823.66426
	2814.31182
	236806.33322
	7994.62962
	2%
	0%
	-1%
	3%
	1%
	-2%

	Microtus pinetorum
	0.00000
	58063.40527
	0.00000
	0.00000
	284790.16513
	0.00000
	0%
	0%
	0%
	0%
	0%
	0%

	Mustela erminea
	637.52587
	3601.98161
	203.97869
	3015.72762
	12349.66752
	499.47889
	5%
	17%
	11%
	4%
	23%
	20%

	Mustela frenata
	1059.67676
	38695.53933
	4366.31732
	1598.24673
	174162.90857
	15384.87615
	10%
	2%
	-8%
	8%
	1%
	-7%

	Mustela nivalis
	1550.41186
	49607.69191
	683.61120
	5232.36925
	231101.93850
	3842.39185
	1%
	3%
	2%
	2%
	2%
	1%

	Myodes gapperi
	3452.88950
	43780.51806
	677.41885
	26492.19191
	158404.48104
	5065.87597
	2%
	8%
	6%
	3%
	16%
	13%

	Myotis austroriparius
	1277.09233
	10586.16284
	3340.42025
	21343.73915
	74399.35918
	9293.06612
	24%
	9%
	-15%
	11%
	26%
	14%

	Myotis grisescens
	2307.91601
	21608.96471
	1056.79164
	32306.24855
	113532.11999
	2861.47287
	5%
	10%
	6%
	2%
	28%
	25%

	Myotis leibii
	215.02798
	55943.17533
	0.96762
	2292.53211
	259852.39977
	59.51196
	0%
	0%
	0%
	0%
	1%
	1%

	Myotis lucifugus
	1918.22998
	44169.02832
	3334.99801
	7025.08557
	199867.71418
	15494.30087
	7%
	4%
	-3%
	7%
	3%
	-4%

	Myotis septentrionalis
	1147.80601
	56936.74651
	0.00000
	16490.45661
	268083.26849
	0.00000
	0%
	2%
	2%
	0%
	6%
	6%

	Myotis sodalis
	0.00000
	52473.90342
	2885.77881
	0.00000
	274389.87438
	6563.25887
	5%
	0%
	-5%
	2%
	0%
	-2%

	Napaeozapus insignis
	3542.65289
	49159.63409
	645.16942
	30982.71722
	195041.60682
	4923.79390
	1%
	7%
	6%
	2%
	15%
	13%

	Neotoma floridana
	424.43615
	48666.72582
	6086.80908
	4296.65020
	199151.03638
	43579.11001
	11%
	1%
	-10%
	18%
	2%
	-16%

	Neotoma magister
	1105.83696
	52677.04528
	867.82677
	6767.23612
	255195.25792
	4073.09093
	2%
	2%
	0%
	2%
	3%
	1%

	Neovison vison
	0.00000
	58018.61056
	65.08965
	0.00000
	284586.96244
	530.01415
	0%
	0%
	0%
	0%
	0%
	0%

	Nycticeius humeralis
	0.00000
	6489.86793
	5892.04427
	21.23710
	36668.17029
	35392.98740
	48%
	0%
	-48%
	49%
	0%
	-49%

	Ochrotomys nuttalli
	336.64143
	32600.65253
	10313.23584
	5129.35857
	150069.34747
	33483.76416
	24%
	1%
	-23%
	18%
	3%
	-15%

	Oryzomys palustris
	3002.13252
	13117.50929
	2344.56607
	21467.06896
	84451.11234
	13771.36537
	15%
	19%
	4%
	14%
	22%
	8%

	Parascalops breweri
	2370.92345
	45796.83855
	86.75745
	23880.17047
	197558.64605
	266.07404
	0%
	5%
	5%
	0%
	12%
	12%

	Pekania pennanti
	3227.48346
	15335.83162
	1467.24008
	14495.60564
	38036.60311
	9854.52517
	9%
	19%
	10%
	21%
	30%
	10%

	Perimyotis subflavus
	0.00000
	58136.95379
	64.24098
	0.00000
	285042.72261
	751.85413
	0%
	0%
	0%
	0%
	0%
	0%

	Peromyscus gossypinus
	2392.62070
	27416.15916
	405.80464
	6514.10012
	128825.26004
	3603.56844
	1%
	9%
	7%
	3%
	5%
	2%

	Peromyscus leucopus
	0.00000
	58047.89869
	0.00000
	0.00000
	285226.31711
	0.00000
	0%
	0%
	0%
	0%
	0%
	0%

	Peromyscus maniculatus
	4.82860
	57601.16235
	137.19610
	37.93420
	280102.11105
	1946.03222
	0%
	0%
	0%
	1%
	0%
	-1%

	Peromyscus polionotus
	4836.06188
	1512.99879
	360.55053
	31856.70403
	11955.85142
	3032.82591
	19%
	258%
	239%
	20%
	213%
	192%

	Reithrodontomys humulis
	3112.51496
	26507.10508
	508.87753
	17489.04108
	147598.69642
	183.65436
	2%
	12%
	10%
	0%
	12%
	12%

	Sciurus niger
	7011.90787
	40863.53793
	1573.60249
	27927.05475
	216145.44417
	5303.62444
	4%
	17%
	13%
	2%
	13%
	10%

	Sorex cinereus
	0.00000
	58003.99498
	0.00000
	0.00000
	284019.50912
	0.00000
	0%
	0%
	0%
	0%
	0%
	0%

	Sorex dispar
	33.48276
	40040.60134
	1979.88422
	515.19169
	137207.39566
	13890.01669
	5%
	0%
	-5%
	9%
	0%
	-9%

	Sorex fumeus
	443.28333
	55674.88836
	275.60410
	6797.19581
	248931.37594
	3158.55178
	0%
	1%
	0%
	1%
	3%
	1%

	Sorex hoyi
	379.73123
	56178.94449
	419.66255
	5411.30593
	251699.64562
	4343.79795
	1%
	1%
	0%
	2%
	2%
	0%

	Sorex longirostris
	685.82173
	41619.72974
	4228.35281
	2219.37726
	194484.25366
	19209.62058
	9%
	1%
	-8%
	9%
	1%
	-8%

	Sorex palustris
	651.82102
	49470.95448
	1368.76062
	10437.31543
	206905.36552
	13489.69483
	3%
	1%
	-1%
	6%
	5%
	-1%

	Spilogale putorius
	5681.77733
	39726.69737
	193.52599
	34151.26450
	187183.55313
	1173.27093
	0%
	14%
	14%
	1%
	18%
	18%

	Sylvilagus aquaticus
	3803.71782
	2282.17290
	332.68511
	29163.94994
	9834.64286
	578.00515
	13%
	145%
	133%
	6%
	280%
	275%

	Sylvilagus obscurus
	2148.82325
	17519.68911
	4081.55005
	5878.94447
	25041.28909
	6248.79605
	19%
	10%
	-9%
	20%
	19%
	-1%

	Synaptomys cooperi
	2432.97646
	49226.22147
	650.27308
	22393.76531
	222370.12083
	3471.52814
	1%
	5%
	4%
	2%
	10%
	8%

	Tadarida brasiliensis
	4.07451
	388.63483
	691.27561
	81.63366
	8421.03654
	12275.44013
	64%
	0%
	-64%
	59%
	0%
	-59%

	Tamias striatus
	237.47287
	57609.55618
	7.12178
	2351.87763
	273947.57212
	174.48438
	0%
	0%
	0%
	0%
	1%
	1%

	Tamiasciurus hudsonicus
	3103.24170
	49121.28649
	74.82194
	35725.50661
	203268.56511
	2009.60936
	0%
	6%
	6%
	1%
	17%
	16%

	Ursus americanus
	670.94814
	57443.58009
	5.78736
	2728.46575
	282796.47711
	55.78199
	0%
	1%
	1%
	0%
	1%
	1%

	Zapus hudsonius
	9007.00027
	34945.32236
	277.98843
	54663.22923
	121758.78534
	969.53931
	1%
	26%
	25%
	1%
	45%
	44%



[bookmark: S126]Supplementary 1.2.6. Results for All 59 Species under 3-7.0 CanESM Climate Scenario. Data included in the results for SSP 3-7.0 GCM CanESM (high precipitation/high temperature/high emission) of all the mammals initially evaluated (59), including those that did not perform well enough to be included in the study.  Protected range expansion, stability, and contraction values are given in square kilometers, unprotected values of the expansion, stability, and contraction predicted by 2041, as well as the total expansion, stability, and contraction of species within the Appalachian ecoregion.
	Species
	Protected Range Expansion
	Protected No Change (Stable)
	Protected Range Contraction
	Unprotected Range Expansion
	Unprotected No Change (Stable)
	Unprotected Range Contraction
	Protected Loss
	Protected Gains
	Protected Net
	Unprotected Loss
	Unprotected Gains
	Unprotected Net

	Condylura cristata
	244.35594
	50290.67815
	97.38211
	4024.433241
	239286.139
	1536.770935
	0%
	0%
	0%
	1%
	2%
	1%

	Corynorhinus rafinesquii
	411.49976
	40064.53655
	2346.06490
	3130.258682
	173513.0108
	4459.390369
	6%
	1%
	-5%
	3%
	2%
	-1%

	Corynorhinus townsendii
	10599.78831
	34522.80027
	214.82955
	51572.96903
	141380.2385
	2721.220904
	1%
	31%
	30%
	2%
	36%
	34%

	Cryptotis parva
	6672.06161
	44299.16331
	1845.47852
	40356.84559
	213280.2617
	6308.093687
	4%
	14%
	10%
	3%
	18%
	16%

	Eptesicus fuscus
	0.00000
	58434.25910
	54.95868
	0
	284503.726
	359.349123
	0%
	0%
	0%
	0%
	0%
	0%

	Erethizon dorsatum
	953.80935
	26353.71194
	1682.59351
	7269.79223
	118047.5436
	8768.146538
	6%
	3%
	-3%
	7%
	6%
	-1%

	Glaucomys sabrinus
	72.44142
	42458.78975
	7907.35728
	418.644439
	171047.8469
	73907.21944
	16%
	0%
	-16%
	30%
	0%
	-30%

	Glaucomys volans
	661.25527
	53322.80376
	3682.84966
	2907.257979
	233315.915
	34823.73502
	6%
	1%
	-5%
	13%
	1%
	-12%

	Lasionycteris noctivagans
	7363.80130
	50044.12849
	0.00000
	54589.27029
	227780.2893
	0
	0%
	15%
	15%
	0%
	24%
	24%

	Lasiurus borealis
	279.09112
	54964.88202
	2601.98944
	10.248824
	278423.2952
	5856.493713
	5%
	0%
	-4%
	2%
	0%
	-2%

	Lasiurus cinereus
	6494.64307
	22825.72288
	6207.31001
	22020.15081
	80150.35654
	39151.0274
	21%
	22%
	1%
	33%
	18%
	-14%

	Lasiurus seminolus
	20995.35872
	14430.10052
	3669.57634
	63154.45587
	50099.01532
	28446.17708
	20%
	116%
	96%
	36%
	80%
	44%

	Lepus americanus
	695.39904
	6628.41128
	811.65262
	857.954037
	13072.93395
	2546.801333
	11%
	9%
	-2%
	16%
	5%
	-11%

	Lynx rufus
	6273.43879
	47453.79993
	1064.13716
	51093.90955
	229781.4822
	997.105841
	2%
	13%
	11%
	0%
	22%
	22%

	Microtus chrotorrhinus
	4306.19267
	27193.43204
	2306.71678
	15339.15401
	59661.77169
	9653.815639
	8%
	15%
	7%
	14%
	22%
	8%

	Microtus ochrogaster
	1236.08966
	11860.49009
	4579.48787
	13046.41244
	113300.5462
	28531.00059
	28%
	8%
	-20%
	20%
	9%
	-11%

	Microtus pennsylvanicus
	518.81464
	54757.03465
	662.45921
	9671.075013
	235891.4924
	8395.08918
	1%
	1%
	0%
	3%
	4%
	1%

	Microtus pinetorum
	0.00000
	58550.04284
	0.00000
	0
	284303.5275
	0
	0%
	0%
	0%
	0%
	0%
	0%

	Mustela erminea
	5177.50693
	3846.26398
	0.64102
	19573.11403
	12793.86198
	14.339729
	0%
	135%
	135%
	0%
	153%
	153%

	Mustela frenata
	1292.23706
	35718.03386
	8280.12131
	2289.04595
	128206.2821
	60405.20413
	19%
	3%
	-16%
	32%
	1%
	-31%

	Mustela nivalis
	2213.22098
	49832.16642
	749.42452
	11877.68259
	228741.7052
	5912.337339
	1%
	4%
	3%
	3%
	5%
	3%

	Myodes gapperi
	4323.71551
	42544.98475
	2076.69827
	31877.35956
	144384.4477
	18922.16328
	5%
	10%
	5%
	12%
	20%
	8%

	Myotis austroriparius
	1373.05919
	9675.29675
	4430.54928
	6492.886902
	60988.56152
	22524.60084
	31%
	10%
	-22%
	27%
	8%
	-19%

	Myotis grisescens
	1918.65620
	21253.91493
	1423.10889
	5947.289893
	49409.94334
	25532.04123
	6%
	8%
	2%
	34%
	8%
	-26%

	Myotis leibii
	1108.91737
	56437.73909
	46.53369
	21407.22929
	76332.36241
	6242.714053
	0%
	2%
	2%
	8%
	26%
	18%

	Myotis lucifugus
	3203.35131
	45706.12970
	2220.48472
	7697.568497
	269726.3181
	-1796.877847
	5%
	7%
	2%
	-1%
	3%
	4%

	Myotis septentrionalis
	1299.22282
	57459.99884
	0.00000
	17749.48375
	267560.0162
	0
	0%
	2%
	2%
	0%
	7%
	7%

	Myotis sodalis
	29.86757
	55787.17964
	1.96625
	307.212823
	280510.671
	12.998594
	0%
	0%
	0%
	0%
	0%
	0%

	Napaeozapus insignis
	836.67406
	43764.51062
	6337.77041
	7772.63598
	146809.066
	52858.85723
	13%
	2%
	-11%
	26%
	4%
	-23%

	Neotoma floridana
	2536.10118
	54834.20196
	242.31176
	32298.94455
	239624.7584
	2782.409139
	0%
	5%
	4%
	1%
	13%
	12%

	Neotoma magister
	462.66784
	44484.25811
	9239.06876
	991.96834
	185840.2673
	73249.62671
	17%
	1%
	-16%
	28%
	0%
	-28%

	Neovison vison
	0.00000
	57906.33256
	670.14308
	0
	283265.9013
	1358.302065
	1%
	0%
	-1%
	0%
	0%
	0%

	Nycticeius humeralis
	7.64076
	2423.21143
	10196.88856
	141.018955
	17126.46464
	54696.50526
	81%
	0%
	-81%
	76%
	0%
	-76%

	Ochrotomys nuttalli
	1318.07779
	32727.86275
	10187.94614
	19449.36119
	150300.4673
	33250.93702
	24%
	3%
	-21%
	18%
	11%
	-8%

	Oryzomys palustris
	1877.71692
	12631.28153
	3280.61771
	12266.44094
	83751.61579
	14021.03803
	21%
	12%
	-9%
	14%
	13%
	-2%

	Parascalops breweri
	1256.61127
	45423.48306
	813.50114
	13025.48315
	184830.0922
	12641.23972
	2%
	3%
	1%
	6%
	7%
	0%

	Pekania pennanti
	65.73932
	8856.68685
	7940.68810
	401.581932
	17239.51699
	30657.30805
	47%
	0%
	-47%
	64%
	1%
	-63%

	Perimyotis subflavus
	0.00000
	58670.51842
	37.20818
	21.841886
	285003.1822
	284.862714
	0%
	0%
	0%
	0%
	0%
	0%

	Peromyscus gossypinus
	2624.98314
	27862.64418
	57.93778
	7118.63631
	132046.2678
	283.942532
	0%
	9%
	9%
	0%
	5%
	5%

	Peromyscus leucopus
	0.00000
	58652.77154
	0.00000
	0
	284621.4442
	0
	0%
	0%
	0%
	0%
	0%
	0%

	Peromyscus maniculatus
	204.51740
	58318.40631
	22.71049
	1759.323902
	281326.3508
	119.034103
	0%
	0%
	0%
	0%
	1%
	1%

	Peromyscus polionotus
	2935.07355
	551.49873
	1374.32544
	27094.28533
	11199.97233
	3736.430156
	71%
	152%
	81%
	25%
	181%
	156%

	Reithrodontomys humulis
	503.72422
	22675.93253
	4545.96921
	3442.916848
	131419.781
	16156.65069
	17%
	2%
	-15%
	11%
	2%
	-9%

	Sciurus niger
	9024.87791
	41677.04876
	1870.16817
	28706.52559
	211085.9453
	9253.046887
	4%
	21%
	16%
	4%
	13%
	9%

	Sorex cinereus
	0.00000
	58563.24662
	0.00000
	0
	283460.2575
	0
	0%
	0%
	0%
	0%
	0%
	0%

	Sorex dispar
	1232.33387
	41683.69674
	497.73136
	14074.68681
	145838.7321
	5097.736639
	1%
	3%
	2%
	3%
	9%
	6%

	Sorex fumeus
	1796.59600
	56147.08008
	244.37887
	21783.41172
	248652.1059
	2996.855401
	0%
	3%
	3%
	1%
	9%
	7%

	Sorex hoyi
	226.86791
	56212.02355
	924.05938
	2164.339351
	243293.9419
	12212.02585
	2%
	0%
	-1%
	5%
	1%
	-4%

	Sorex longirostris
	4691.23631
	45716.30585
	480.12294
	27061.40467
	212565.5119
	780.016065
	1%
	10%
	9%
	0%
	13%
	12%

	Sorex palustris
	9024.87791
	41677.04876
	1870.16817
	8579.930291
	182044.5064
	38147.3854
	4%
	21%
	16%
	17%
	4%
	-13%

	Spilogale putorius
	6540.78496
	39878.48660
	273.77592
	39707.41555
	186262.9406
	1861.844256
	1%
	16%
	16%
	1%
	21%
	20%

	Sylvilagus aquaticus
	1666.88073
	1411.25843
	1330.99292
	14940.07413
	7310.758902
	2974.49576
	49%
	61%
	12%
	29%
	145%
	116%

	Sylvilagus obscurus
	1466.68530
	17124.41119
	4118.75005
	3420.038282
	21945.60073
	9702.562324
	19%
	7%
	-12%
	31%
	11%
	-20%

	Synaptomys cooperi
	7751.46467
	50127.09517
	68.16412
	53762.6664
	224227.621
	1295.263214
	0%
	15%
	15%
	1%
	24%
	23%

	Tadarida brasiliensis
	135.13754
	225.07300
	857.56617
	1674.227217
	5858.394532
	712.353414
	79%
	12%
	-67%
	11%
	25%
	15%

	Tamias striatus
	600.81590
	58018.59263
	145.14007
	6699.628265
	270472.1074
	3102.894341
	0%
	1%
	1%
	1%
	2%
	1%

	Tamiasciurus hudsonicus
	2192.32575
	48412.24971
	1113.26184
	22744.49981
	191631.3634
	13317.40798
	2%
	4%
	2%
	6%
	11%
	5%

	Ursus americanus
	742.86799
	57205.90164
	836.83384
	2673.132007
	279725.0984
	2534.166616
	1%
	1%
	0%
	1%
	1%
	0%

	Zapus hudsonius
	10387.26304
	34190.91951
	1031.79508
	58157.77422
	110329.6088
	12399.31212
	3%
	29%
	27%
	10%
	47%
	37%



[bookmark: S127]Supplementary 1.2.7. List of Mammalian Species Ranges. This lists the resources used in combination with Hall's Mammals of North America to identify the ranges of the subspecies to be used to delimit the models and select overlapping points with the Appalachian ecoregion.
	Species
	Mammalian Species Article Citation

	Condylura cristata
	Karen E. Petersen , Terry L. Yates, Condylura cristata, Mammalian Species, Issue 129, 15 April 1980, Pages 1–4, https://doi.org/10.2307/3503812

	Corynorhinus rafinesquii
	Clyde Jones, Plecotus rafinesquii, Mammalian Species, Issue 69, 15 June 1977, Pages 1–4, https://doi.org/10.2307/3503868

	Corynorhinus townsendii
	Thomas H. Kunz , Robert A. Martin, Plecotus townsendii, Mammalian Species, Issue 175, 18 June 1982, Pages 1–6, https://doi.org/10.2307/3503998

	Cryptotis parva
	John O. Whitaker, Jr., Cryptotis parva, Mammalian Species, Volume 43, 28 June 1974, Pages 1–8, https://doi.org/10.2307/3504033 

	Eptesicus fuscus
	Allen Kurta , Rollin H. Baker, Eptesicus fuscus, Mammalian Species, Issue 356, 26 April 1990, Pages 1–10, https://doi.org/10.2307/3504258

	Erethizon dorsatum
	Charles A. Woods, Erethizon dorsatum, Mammalian Species, Issue 29, 13 June 1973, Pages 1–6, https://doi.org/10.2307/3504036

	Glaucomys sabrinus
	Nancy Wells-Gosling , Lawrence R. Heaney, Glaucomys sabrinus, Mammalian Species, Issue 229, 14 November 1984, Pages 1–8, https://doi.org/10.2307/3503926

	Glaucomys volans
	Patricia G. Dolan , Dilford C. Carter, Glaucomys volans, Mammalian Species, Issue 78, 15 June 1977, Pages 1–6, https://doi.org/10.2307/3504026

	Lasionycteris noctivagans
	Thomas H. Kunz, Lasionycteris noctivagans, Mammalian Species, Issue 172, 25 May 1982, Pages 1–5, https://doi.org/10.2307/3504029

	Lasiurus borealis
	Karl A. Shump, Jr. , Ann U. Shump, Lasiurus borealis, Mammalian Species, Issue 183, 18 June 1982, Pages 1–6, https://doi.org/10.2307/3503843

	Lasiurus cinereus
	Karl A. Shump, Jr. , Ann U. Shump, Lasius cinereus, Mammalian Species, Issue 185, 23 November 1982, Pages 1–5, https://doi.org/10.2307/3503878

	Lasiurus seminolus
	Kenneth T. Wilkins, Lasiurus seminolus, Mammalian Species, Issue 280, 27 February 1987, Pages 1–5, https://doi.org/10.2307/3504023

	Lepus americanus
	Unavailable- utilized Hall's Mammals of North America only

	Lynx rufus
	Serge Larivière , Lyle R. Walton, Lynx rufus, Mammalian Species, Issue 563, 24 October 1997, Pages 1–8, https://doi.org/10.2307/3504533

	Microtus chrotorrhinus
	Gordon L. Kirkland, Jr. , Frederick J. Jannett, Jr., Microtus chrotorrhinus, Mammalian Species, Issue 180, 18 June 1982, Pages 1–5, https://doi.org/10.2307/3503842

	Microtus ochrogaster
	Dick T. Stalling, Microtus ochrogaster, Mammalian Species, Issue 355, 26 April 1990, Pages 1–9, https://doi.org/10.2307/3504103

	Microtus pennsylvanicus
	Lawrence M. Reich, Microtus pennsylvanicus, Mammalian Species, Issue 159, 3 December 1981, Pages 1–8, https://doi.org/10.2307/3503976

	Microtus pinetorum
	Michael J. Smolen, Microtus pinetorum, Mammalian Species, Issue 147, 8 May 1981, Pages 1–7, https://doi.org/10.1093/mspecies/147.1

	Mustela erminea
	Carolyn M. King, Mustela erminea, Mammalian Species, Issue 195, 8 April 1983, Pages 1–8, https://doi.org/10.2307/3503967

	Mustela frenata
	Steven R. Sheffield , Howard H. Thomas, Mustela frenata, Mammalian Species, Issue 570, 24 October 1997, Pages 1–9, https://doi.org/10.1644/0.570.1

	Mustela nivalis
	Steven R. Sheffield , Carolyn M. King, Mustela nivalis, Mammalian Species, Issue 454, 2 June 1994, Pages 1–10, https://doi.org/10.2307/3504183

	Myodes gapperi
	Joseph F. Merritt, Clethrionomys gapperi, Mammalian Species, Issue 146, 8 May 1981, Pages 1–9, https://doi.org/10.2307/3503900

	Myotis austroriparius
	Clyde Jones , Richard W. Manning, Myotis austroriparius, Mammalian Species, Issue 332, 12 May 1989, Pages 1–3, https://doi.org/10.2307/3504306

	Myotis grisescens
	Jan Decher , Jerry R. Choate, Myotis grisescens, Mammalian Species, Issue 510, 20 October 1995, Pages 1–7, https://doi.org/10.2307/3504084

	Myotis leibii
	Troy L. Best , Jason B. Jennings, Myotis leibii, Mammalian Species, Issue 547, 9 May 1997, Pages 1–6, https://doi.org/10.2307/3504255

	Myotis lucifugus
	M. Brock Fenton , Robert M. R. Barclay, Myotis lucifugus, Mammalian Species, Issue 142, 20 November 1980, Pages 1–8, https://doi.org/10.2307/3503792

	Myotis septentrionalis
	M. Carolina Caceres , Robert M. R. Barclay, Myotis septentrionalis, Mammalian Species, Issue 634, 12 May 2000, Pages 1–4, https://doi.org/10.2307/0.634.1

	Myotis sodalis
	Christine E. Thomson, Myotis sodalis, Mammalian Species, Issue 163, 25 May 1982, Pages 1–5, https://doi.org/10.2307/3504013

	Napaeozapus insignis
	John O. Whitaker, Jr. , Robert E. Wrigley, Napaeozapus insignis, Mammalian Species, Issue 14, 16 June 1972, Pages 1–6, https://doi.org/10.2307/3503916

	Neotoma floridana
	Robert W. Wiley, Neotoma floridana, Mammalian Species, Issue 139, 20 November 1980, Pages 1–7, https://doi.org/10.2307/3503989

	Neotoma magister
	Steven B. Castleberry and others, Neotoma magister, Mammalian Species, Issue 789, 24 May 2006, Pages 1–5, https://doi.org/10.1644/789.1

	Neovison vison
	Serge Larivière, Mustela vison, Mammalian Species, Issue 608, 5 May 1999, Pages 1–9, https://doi.org/10.2307/3504420

	Nycticeius humeralis
	Larry C. Watkins, Nycticeius humeralis, Mammalian Species, Issue 23, 29 November 1972, Pages 1–4, https://doi.org/10.2307/3503945

	Ochrotomys nuttalli
	Donald W. Linzey , Robert L. Packard, Ochrotomys nuttalli, Mammalian Species, Issue 75, 15 June 1977, Pages 1–6, https://doi.org/10.2307/3503860

	Oryzomys palustris
	James L. Wolfe, Oryzomys palustris, Mammalian Species, Issue 176, 18 June 1982, Pages 1–6, https://doi.org/10.2307/3503921

	Parascalops breweri
	James G. Hallett, Parascalops breweri, Mammalian Species, Issue 98, 21 September 1978, Pages 1–4, https://doi.org/10.2307/3503954

	Pekania pennanti
	Roger A. Powell, Martes pennanti, Mammalian Species, Issue 156, 8 May 1981, Pages 1–6, https://doi.org/10.2307/3504050

	Perimyotis subflavus
	Marty S. Fujita , Thomas H. Kunz, Pipistrellus subflavus, Mammalian Species, Issue 228, 14 November 1984, Pages 1–6, https://doi.org/10.2307/3504021

	Peromyscus gossypinus
	James L. Wolfe , Alicia V. Linzey, Peromyscus gossypinus, Mammalian Species, Issue 70, 15 June 1977, Pages 1–5, https://doi.org/10.2307/3503898

	Peromyscus leucopus
	James Alden Lackey and others, Peromyscus leucopus, Mammalian Species, Issue 247, 13 December 1985, Pages 1–10, https://doi.org/10.2307/3503904

	Peromyscus maniculatus
	Unavailable- utilized Hall's Mammals of North America only

	Peromyscus polionotus
	Unavailable- utilized Hall's Mammals of North America only

	Reithrodontomys humulis
	Dick T. Stalling, Reithrodontomys humulis, Mammalian Species, Issue 565, 24 October 1997, Pages 1–6, https://doi.org/10.2307/3504466

	Sciurus niger
	John L. Koprowski, Sciurus niger, Mammalian Species, Issue 479, 2 December 1994, Pages 1–9, https://doi.org/10.2307/3504263

	Sorex cinereus
	John O. Whitaker, Jr., Sorex cinereus, Mammalian Species, Issue 743, 13 July 2004, Pages 1–9, https://doi.org/10.1644/743

	Sorex dispar
	Gordon L. Kirkland, Jr., Sorex dispar and Sorex gaspensis, Mammalian Species, Issue 155, 8 May 1981, Pages 1–4, https://doi.org/10.2307/3503803

	Sorex fumeus
	James G. Owen, Sorex fumeus, Mammalian Species, Issue 215, 27 April 1984, Pages 1–8, https://doi.org/10.2307/3504058

	Sorex hoyi
	Charles A. Long, Microsorex hoyi and Microsorex thompsoni, Mammalian Species, Issue 33, 2 May 1974, Pages 1–4, https://doi.org/10.2307/3503979

	Sorex longirostris
	Thomas W. French, Sorex longirostris, Mammalian Species, Issue 143, 20 November 1980, Pages 1–3, https://doi.org/10.2307/3503870

	Sorex palustris
	John T. Beneski, Jr. , Derek W. Stinson, Sorex palustris, Mammalian Species, Issue 296, 12 August 1987, Pages 1–6, https://doi.org/10.2307/3503968

	Spilogale putorius
	Al Kinlaw, Spilogale putorius, Mammalian Species, Issue 511, 20 October 1995, Pages 1–7, https://doi.org/10.2307/0.511.1

	Sylvilagus aquaticus
	Joseph A. Chapman , George A. Feldhamer, Sylvilagus aquaticus, Mammalian Species, Issue 151, 8 May 1981, Pages 1–4, https://doi.org/10.2307/3504012

	Sylvilagus obscurus
	Andrew J Edelman, Sylvilagus obscurus (Lagomorpha: Leporidae), Mammalian Species, Volume 51, Issue 984, 9 December 2019, Pages 128–135, https://doi.org/10.1093/mspecies/sez018

	Synaptomys cooperi
	Robert K Rose , Alicia V Linzey, Synaptomys cooperi (Rodentia: Cricetidae), Mammalian Species, Volume 53, Issue 1007, 2 August 2021, Pages 95–111, https://doi.org/10.1093/mspecies/seab009

	Tadarida brasiliensis
	Kenneth T. Wilkins, Tadarida brasiliensis, Mammalian Species, Issue 331, 12 May 1989, Pages 1–10, https://doi.org/10.2307/3504148

	Tamias striatus
	Dana P. Snyder, Tamias striatus, Mammalian Species, Issue 168, 25 May 1982, Pages 1–8, https://doi.org/10.2307/3503819

	Tamiasciurus hudsonicus
	Michael A. Steele, Tamiasciurus hudsonicus, Mammalian Species, Issue 586, 1 June 1998, Pages 1–9, https://doi.org/10.2307/3504443

	Ursus americanus
	Serge Larivière, Ursus americanus, Mammalian Species, Issue 647, 23 January 2001, Pages 1–11, https://doi.org/10.2307/0.647.1

	Zapus hudsonius
	John O. Whitaker, Jr., Zapus hudsonius, Mammalian Species, Issue 11, 16 June 1972, Pages 1–7, https://doi.org/10.2307/3504066



[bookmark: sf13] Supplementary 1.3. Background and Samples. All 59 species initially tested are shown in this figure with Eastern North America shown in dark gray, the extent of the sampled background data shown in beige, training data shown as light green dots, testing data shown as dark green dots, and the Appalachian ecoregion highlighted as a white outline.
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[bookmark: S14] Supplementary 1.4. Analysis of Variable Contributions to Ecological Niche Models by Species. Each species for the initial model run is shown, with the percentage contribution for each bioclimatic variable. Models were then rerun with variables that contributed over 1% to model performance for each species.
Condylura cristata
		Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_15
	33.6
	14.2

	wc2.1_2.5m_bio_11
	16.5
	13.5

	wc2.1_2.5m_bio_5
	14.7
	4.3

	wc2.1_2.5m_bio_9
	7
	3.3

	wc2.1_2.5m_bio_14
	4.8
	3.2

	wc2.1_2.5m_bio_8
	4.6
	3.5

	wc2.1_2.5m_bio_4
	3.7
	11

	wc2.1_2.5m_bio_18
	2
	3.1

	wc2.1_2.5m_bio_13
	2
	1

	wc2.1_2.5m_bio_6
	1.9
	4

	wc2.1_2.5m_bio_1
	1.9
	2.8

	wc2.1_2.5m_bio_16
	1.8
	1.4

	wc2.1_2.5m_bio_3
	1.1
	4.7

	wc2.1_2.5m_bio_12
	1
	4.2

	wc2.1_2.5m_bio_10
	1
	7.2

	wc2.1_2.5m_bio_17
	0.9
	6.3

	wc2.1_2.5m_bio_2
	0.8
	0.1

	wc2.1_2.5m_bio_7
	0.3
	6.2

	wc2.1_2.5m_bio_19
	0.3
	6.1

	
	
	

	
	
	

	Corynorhinus rafinesquii
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_4
	24.7
	19.8

	wc2.1_2.5m_bio_9
	21.3
	0

	wc2.1_2.5m_bio_1
	11
	1.8

	wc2.1_2.5m_bio_10
	10.3
	2.7

	wc2.1_2.5m_bio_19
	6.9
	9.2

	wc2.1_2.5m_bio_15
	6.2
	5.6

	wc2.1_2.5m_bio_11
	4.1
	9.1

	wc2.1_2.5m_bio_6
	3.9
	1.1

	wc2.1_2.5m_bio_5
	2.5
	1.9

	wc2.1_2.5m_bio_12
	2.4
	11.1

	wc2.1_2.5m_bio_17
	1.8
	3.6

	wc2.1_2.5m_bio_8
	1.6
	2.9

	wc2.1_2.5m_bio_16
	1.1
	14.8

	wc2.1_2.5m_bio_7
	0.7
	5.9

	wc2.1_2.5m_bio_3
	0.5
	6.3

	wc2.1_2.5m_bio_18
	0.5
	1.2

	wc2.1_2.5m_bio_14
	0.3
	1.4

	wc2.1_2.5m_bio_2
	0.2
	0.9

	wc2.1_2.5m_bio_13
	0.2
	0.8

	
	
	

	
	
	

	Corynorhinus townsendii
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_5
	33.4
	0

	wc2.1_2.5m_bio_10
	25.2
	33.9

	wc2.1_2.5m_bio_11
	20
	39.3

	wc2.1_2.5m_bio_4
	17.9
	26.8

	wc2.1_2.5m_bio_1
	2
	0

	wc2.1_2.5m_bio_15
	0.7
	0

	wc2.1_2.5m_bio_9
	0.4
	0

	wc2.1_2.5m_bio_19
	0.3
	0

	wc2.1_2.5m_bio_8
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	wc2.1_2.5m_bio_16
	0
	0

	wc2.1_2.5m_bio_3
	0
	0

	wc2.1_2.5m_bio_14
	0
	0

	wc2.1_2.5m_bio_13
	0
	0

	wc2.1_2.5m_bio_12
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_7
	0
	0

	wc2.1_2.5m_bio_2
	0
	0

	wc2.1_2.5m_bio_18
	0
	0

	
	
	

	
	
	

	
	
	

	Cryptotis parva
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_8
	37.3
	0.7

	wc2.1_2.5m_bio_15
	11.7
	6.8

	wc2.1_2.5m_bio_9
	6.5
	9

	wc2.1_2.5m_bio_17
	6.4
	0

	wc2.1_2.5m_bio_1
	6.2
	5.2

	wc2.1_2.5m_bio_14
	5.9
	10.4

	wc2.1_2.5m_bio_11
	5.2
	2.6

	wc2.1_2.5m_bio_18
	5
	2.9

	wc2.1_2.5m_bio_2
	3.4
	6.9

	wc2.1_2.5m_bio_13
	2.9
	5.1

	wc2.1_2.5m_bio_10
	2.5
	2.5

	wc2.1_2.5m_bio_3
	2.1
	1.1

	wc2.1_2.5m_bio_6
	1.5
	28.2

	wc2.1_2.5m_bio_7
	1.4
	7.8

	wc2.1_2.5m_bio_12
	0.8
	5.2

	wc2.1_2.5m_bio_5
	0.5
	0.1

	wc2.1_2.5m_bio_19
	0.2
	0.9

	wc2.1_2.5m_bio_4
	0.2
	1.7

	wc2.1_2.5m_bio_16
	0.2
	2.8

	
	
	

	
	
	

	
	
	

	Eptesicus fuscus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_1
	31.2
	16.9

	wc2.1_2.5m_bio_13
	19.1
	0.6

	wc2.1_2.5m_bio_9
	9.8
	2.4

	wc2.1_2.5m_bio_16
	7.4
	3.7

	wc2.1_2.5m_bio_8
	4.9
	2.9

	wc2.1_2.5m_bio_2
	3.6
	0.6

	wc2.1_2.5m_bio_18
	3.5
	2.9

	wc2.1_2.5m_bio_14
	3.4
	14.3

	wc2.1_2.5m_bio_15
	3.2
	4.8

	wc2.1_2.5m_bio_10
	3.1
	0.5

	wc2.1_2.5m_bio_19
	2.4
	4.4

	wc2.1_2.5m_bio_17
	2.4
	8

	wc2.1_2.5m_bio_5
	1.6
	15.6

	wc2.1_2.5m_bio_7
	1.2
	1.1

	wc2.1_2.5m_bio_12
	0.8
	0.8

	wc2.1_2.5m_bio_4
	0.7
	7.8

	wc2.1_2.5m_bio_3
	0.6
	3.1

	wc2.1_2.5m_bio_11
	0.6
	2

	wc2.1_2.5m_bio_6
	0.5
	7.8

	
	
	

	
	
	

	Erethizon dorsatum
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_11
	26.7
	45.8

	wc2.1_2.5m_bio_14
	20.9
	3.7

	wc2.1_2.5m_bio_10
	15.7
	17.6

	wc2.1_2.5m_bio_18
	9.1
	3.2

	wc2.1_2.5m_bio_8
	8.5
	6.7

	wc2.1_2.5m_bio_3
	4.7
	2.4

	wc2.1_2.5m_bio_4
	4.3
	0

	wc2.1_2.5m_bio_6
	2.9
	0.6

	wc2.1_2.5m_bio_16
	2.1
	6.1

	wc2.1_2.5m_bio_2
	1.5
	2.3

	wc2.1_2.5m_bio_13
	1.4
	1.1

	wc2.1_2.5m_bio_1
	0.9
	0

	wc2.1_2.5m_bio_15
	0.6
	0.3

	wc2.1_2.5m_bio_12
	0.3
	3.4

	wc2.1_2.5m_bio_7
	0.2
	6.8

	wc2.1_2.5m_bio_9
	0.1
	0

	wc2.1_2.5m_bio_17
	0
	0

	wc2.1_2.5m_bio_5
	0
	0

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	Glaucomys sabrinus
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_4
	23.1
	3.2

	wc2.1_2.5m_bio_11
	22.2
	32.1

	wc2.1_2.5m_bio_9
	9.9
	2.8

	wc2.1_2.5m_bio_14
	9.2
	18.2

	wc2.1_2.5m_bio_8
	5.2
	3.1

	wc2.1_2.5m_bio_15
	4.7
	0

	wc2.1_2.5m_bio_3
	4.5
	22.1

	wc2.1_2.5m_bio_5
	4.4
	1.4

	wc2.1_2.5m_bio_13
	3.4
	3.8

	wc2.1_2.5m_bio_18
	3.2
	0.6

	wc2.1_2.5m_bio_10
	3
	6.6

	wc2.1_2.5m_bio_2
	2.7
	0.2

	wc2.1_2.5m_bio_16
	2.6
	3.5

	wc2.1_2.5m_bio_17
	1.2
	2.4

	wc2.1_2.5m_bio_7
	0.7
	0.1

	wc2.1_2.5m_bio_19
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_12
	0
	0

	wc2.1_2.5m_bio_1
	0
	0

	
	
	

	
	
	

	Glaucomys volans
	
	

	
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_11
	25.1
	7

	wc2.1_2.5m_bio_15
	17.6
	14.3

	wc2.1_2.5m_bio_16
	6.8
	4.5

	wc2.1_2.5m_bio_10
	6.7
	1.4

	wc2.1_2.5m_bio_9
	6.1
	2.8

	wc2.1_2.5m_bio_19
	4.5
	14.1

	wc2.1_2.5m_bio_7
	4
	0.1

	wc2.1_2.5m_bio_5
	4
	4.8

	wc2.1_2.5m_bio_18
	3.9
	0.6

	wc2.1_2.5m_bio_13
	3.6
	1.3

	wc2.1_2.5m_bio_14
	3.3
	0.4

	wc2.1_2.5m_bio_17
	3
	0.2

	wc2.1_2.5m_bio_2
	2.1
	1.7

	wc2.1_2.5m_bio_3
	2
	10

	wc2.1_2.5m_bio_8
	1.9
	3

	wc2.1_2.5m_bio_4
	1.9
	17.8

	wc2.1_2.5m_bio_12
	1.2
	4.2

	wc2.1_2.5m_bio_1
	1.1
	6.8

	wc2.1_2.5m_bio_6
	1
	4.9

	
	
	

	
	
	

	Lasionycteris noctivagans
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_1
	20.4
	10

	wc2.1_2.5m_bio_15
	12.8
	2.1

	wc2.1_2.5m_bio_8
	11.8
	9.4

	wc2.1_2.5m_bio_16
	9.2
	2.7

	wc2.1_2.5m_bio_2
	8.8
	4.4

	wc2.1_2.5m_bio_7
	8.1
	11

	wc2.1_2.5m_bio_10
	5.9
	0

	wc2.1_2.5m_bio_13
	4.1
	4.7

	wc2.1_2.5m_bio_9
	3.8
	12.3

	wc2.1_2.5m_bio_6
	2.8
	1.4

	wc2.1_2.5m_bio_11
	2.2
	0

	wc2.1_2.5m_bio_19
	2.1
	6.8

	wc2.1_2.5m_bio_17
	2.1
	14.9

	wc2.1_2.5m_bio_18
	2
	5.1

	wc2.1_2.5m_bio_5
	2
	12.5

	wc2.1_2.5m_bio_12
	1.5
	2.6

	wc2.1_2.5m_bio_14
	0.3
	0

	wc2.1_2.5m_bio_4
	0
	0

	wc2.1_2.5m_bio_3
	0
	0

	
	
	

	
	
	

	
	
	

	Lasiurus borealis
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_8
	25.9
	2.8

	wc2.1_2.5m_bio_11
	10.9
	0.4

	wc2.1_2.5m_bio_10
	9.4
	2

	wc2.1_2.5m_bio_4
	7.9
	26.4

	wc2.1_2.5m_bio_1
	7.8
	1.1

	wc2.1_2.5m_bio_17
	7.2
	19.2

	wc2.1_2.5m_bio_3
	7
	9.6

	wc2.1_2.5m_bio_19
	4.2
	0.7

	wc2.1_2.5m_bio_7
	3.8
	6.3

	wc2.1_2.5m_bio_18
	3.1
	5.1

	wc2.1_2.5m_bio_5
	2.8
	13.4

	wc2.1_2.5m_bio_12
	2.7
	0

	wc2.1_2.5m_bio_15
	1.6
	0.8

	wc2.1_2.5m_bio_2
	1.5
	1.8

	wc2.1_2.5m_bio_9
	1.5
	2.7

	wc2.1_2.5m_bio_13
	1.4
	0.9

	wc2.1_2.5m_bio_14
	1
	3.7

	wc2.1_2.5m_bio_16
	0.2
	3.1

	wc2.1_2.5m_bio_6
	0.1
	0

	
	
	

	
	
	

	
	
	

	Lasiurus cinereus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	18.5
	2.6

	wc2.1_2.5m_bio_17
	13
	8.2

	wc2.1_2.5m_bio_8
	10.9
	15.5

	wc2.1_2.5m_bio_19
	10.4
	9.2

	wc2.1_2.5m_bio_18
	10.3
	16.8

	wc2.1_2.5m_bio_11
	8.9
	12.4

	wc2.1_2.5m_bio_9
	5.6
	2.4

	wc2.1_2.5m_bio_13
	5.6
	5.9

	wc2.1_2.5m_bio_1
	5.1
	0

	wc2.1_2.5m_bio_3
	3.5
	1.8

	wc2.1_2.5m_bio_2
	3.4
	3.1

	wc2.1_2.5m_bio_12
	1.8
	7.1

	wc2.1_2.5m_bio_15
	1.4
	3

	wc2.1_2.5m_bio_4
	0.8
	8.2

	wc2.1_2.5m_bio_6
	0.4
	1.8

	wc2.1_2.5m_bio_16
	0.4
	1.1

	wc2.1_2.5m_bio_14
	0
	0.7

	wc2.1_2.5m_bio_5
	0
	0

	wc2.1_2.5m_bio_7
	0
	0

	
	
	

	
	
	

	
	
	

	Lasiurus seminolus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_8
	27.3
	13.3

	wc2.1_2.5m_bio_10
	21.3
	2.1

	wc2.1_2.5m_bio_17
	20.1
	34.2

	wc2.1_2.5m_bio_13
	5.3
	0

	wc2.1_2.5m_bio_5
	5.1
	1.2

	wc2.1_2.5m_bio_18
	5
	10.6

	wc2.1_2.5m_bio_2
	3.4
	1.9

	wc2.1_2.5m_bio_9
	3.3
	11

	wc2.1_2.5m_bio_14
	2.5
	12.3

	wc2.1_2.5m_bio_7
	1.9
	0.1

	wc2.1_2.5m_bio_19
	1.3
	1.7

	wc2.1_2.5m_bio_15
	1.2
	0

	wc2.1_2.5m_bio_12
	0.6
	2

	wc2.1_2.5m_bio_3
	0.6
	1.5

	wc2.1_2.5m_bio_16
	0.5
	0

	wc2.1_2.5m_bio_4
	0.4
	1.3

	wc2.1_2.5m_bio_1
	0.3
	6.3

	wc2.1_2.5m_bio_6
	0.1
	0.6

	wc2.1_2.5m_bio_11
	0
	0

	
	
	

	
	
	

	
	
	

	
	
	

	Lepus americanus
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_11
	26.4
	27.7

	wc2.1_2.5m_bio_10
	25.9
	3.7

	wc2.1_2.5m_bio_5
	23.4
	42.6

	wc2.1_2.5m_bio_8
	9.2
	7.3

	wc2.1_2.5m_bio_3
	4.2
	0

	wc2.1_2.5m_bio_6
	3
	0

	wc2.1_2.5m_bio_2
	2.8
	3.6

	wc2.1_2.5m_bio_15
	1.5
	0

	wc2.1_2.5m_bio_9
	1.4
	2.6

	wc2.1_2.5m_bio_16
	0.7
	0.9

	wc2.1_2.5m_bio_17
	0.5
	0.2

	wc2.1_2.5m_bio_12
	0.4
	1.6

	wc2.1_2.5m_bio_1
	0.2
	9.4

	wc2.1_2.5m_bio_14
	0.2
	0.1

	wc2.1_2.5m_bio_18
	0.1
	0.4

	wc2.1_2.5m_bio_13
	0
	0

	wc2.1_2.5m_bio_19
	0
	0

	wc2.1_2.5m_bio_4
	0
	0

	wc2.1_2.5m_bio_7
	0
	0

	
	
	

	
	
	

	
	
	

	Lynx rufus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_12
	39.9
	7.9

	wc2.1_2.5m_bio_3
	13.2
	11.5

	wc2.1_2.5m_bio_9
	9.8
	12.9

	wc2.1_2.5m_bio_6
	6.5
	2

	wc2.1_2.5m_bio_5
	5.5
	0.9

	wc2.1_2.5m_bio_15
	4.6
	1.9

	wc2.1_2.5m_bio_16
	3.6
	9.2

	wc2.1_2.5m_bio_10
	3.3
	9.6

	wc2.1_2.5m_bio_2
	3.1
	0.6

	wc2.1_2.5m_bio_18
	2.8
	0.5

	wc2.1_2.5m_bio_19
	1.8
	1.9

	wc2.1_2.5m_bio_17
	1.3
	2

	wc2.1_2.5m_bio_8
	1.2
	4

	wc2.1_2.5m_bio_11
	1
	17.9

	wc2.1_2.5m_bio_1
	0.9
	2.4

	wc2.1_2.5m_bio_13
	0.8
	0.4

	wc2.1_2.5m_bio_7
	0.5
	6.6

	wc2.1_2.5m_bio_4
	0.2
	5.7

	wc2.1_2.5m_bio_14
	0
	2.2

	
	
	

	
	
	

	
	
	

	Microtus chrotorrhinus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_9
	37.1
	0.3

	wc2.1_2.5m_bio_3
	16.5
	0.5

	wc2.1_2.5m_bio_2
	12.2
	1.1

	wc2.1_2.5m_bio_5
	10.2
	33.3

	wc2.1_2.5m_bio_10
	7.3
	0

	wc2.1_2.5m_bio_15
	5.9
	58

	wc2.1_2.5m_bio_6
	4.2
	0

	wc2.1_2.5m_bio_4
	3.2
	6.9

	wc2.1_2.5m_bio_1
	3.1
	0

	wc2.1_2.5m_bio_16
	0.2
	0

	wc2.1_2.5m_bio_7
	0
	0

	wc2.1_2.5m_bio_18
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	wc2.1_2.5m_bio_14
	0
	0

	wc2.1_2.5m_bio_13
	0
	0

	wc2.1_2.5m_bio_12
	0
	0

	wc2.1_2.5m_bio_11
	0
	0

	wc2.1_2.5m_bio_8
	0
	0

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	
	
	

	Microtus ochrogaster
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	22.9
	6.8

	wc2.1_2.5m_bio_1
	20.7
	6.6

	wc2.1_2.5m_bio_16
	8.5
	13.9

	wc2.1_2.5m_bio_3
	7.9
	2.1

	wc2.1_2.5m_bio_9
	7.2
	9.2

	wc2.1_2.5m_bio_13
	6.2
	11.7

	wc2.1_2.5m_bio_8
	5.5
	2.4

	wc2.1_2.5m_bio_14
	3.5
	13.6

	wc2.1_2.5m_bio_11
	2.5
	0.6

	wc2.1_2.5m_bio_4
	2.5
	10.1

	wc2.1_2.5m_bio_12
	2.5
	0.4

	wc2.1_2.5m_bio_15
	2.5
	3.1

	wc2.1_2.5m_bio_7
	2.5
	8.4

	wc2.1_2.5m_bio_5
	2.2
	1.2

	wc2.1_2.5m_bio_6
	2
	2

	wc2.1_2.5m_bio_17
	0.8
	6.3

	wc2.1_2.5m_bio_2
	0.2
	0.7

	wc2.1_2.5m_bio_19
	0
	0.3

	wc2.1_2.5m_bio_18
	0
	0.8

	
	
	

	
	
	

	
	
	

	Microtus pennsylvanicus
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_5
	21.3
	1.4

	wc2.1_2.5m_bio_4
	16.5
	15.4

	wc2.1_2.5m_bio_10
	15.7
	1.3

	wc2.1_2.5m_bio_15
	14.4
	10.9

	wc2.1_2.5m_bio_11
	9.7
	20.6

	wc2.1_2.5m_bio_2
	4.3
	0.9

	wc2.1_2.5m_bio_8
	4.2
	3.3

	wc2.1_2.5m_bio_9
	3.6
	5.8

	wc2.1_2.5m_bio_16
	2.4
	1.5

	wc2.1_2.5m_bio_7
	1.7
	5.7

	wc2.1_2.5m_bio_1
	1.2
	11.5

	wc2.1_2.5m_bio_14
	1.2
	4.5

	wc2.1_2.5m_bio_18
	1.1
	1.9

	wc2.1_2.5m_bio_12
	0.8
	0

	wc2.1_2.5m_bio_13
	0.6
	0.9

	wc2.1_2.5m_bio_3
	0.4
	6.2

	wc2.1_2.5m_bio_6
	0.4
	3.6

	wc2.1_2.5m_bio_17
	0.3
	3.6

	wc2.1_2.5m_bio_19
	0.1
	1.2

	
	
	

	
	
	

	
	
	

	Microtus pinetorum
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_15
	25.9
	18.3

	wc2.1_2.5m_bio_17
	11.6
	4

	wc2.1_2.5m_bio_4
	11.3
	12.8

	wc2.1_2.5m_bio_19
	8.9
	7.4

	wc2.1_2.5m_bio_14
	7.5
	6.4

	wc2.1_2.5m_bio_13
	6.7
	1.5

	wc2.1_2.5m_bio_11
	4.6
	4.5

	wc2.1_2.5m_bio_16
	4
	1.3

	wc2.1_2.5m_bio_9
	2.8
	2.6

	wc2.1_2.5m_bio_5
	2.7
	2.2

	wc2.1_2.5m_bio_3
	2.5
	5.2

	wc2.1_2.5m_bio_6
	2.5
	5.5

	wc2.1_2.5m_bio_12
	2.4
	16.6

	wc2.1_2.5m_bio_10
	1.7
	3

	wc2.1_2.5m_bio_8
	1.6
	2.4

	wc2.1_2.5m_bio_1
	1.4
	0

	wc2.1_2.5m_bio_2
	1.2
	0

	wc2.1_2.5m_bio_7
	0.6
	6.2

	wc2.1_2.5m_bio_18
	0.1
	0

	
	
	

	
	
	

	Mustela erminea
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_6
	35.2
	18.4

	wc2.1_2.5m_bio_3
	14.4
	20.1

	wc2.1_2.5m_bio_8
	12.2
	2.7

	wc2.1_2.5m_bio_18
	10.6
	7.9

	wc2.1_2.5m_bio_9
	7.7
	4.7

	wc2.1_2.5m_bio_5
	5.8
	3.7

	wc2.1_2.5m_bio_1
	5.1
	0

	wc2.1_2.5m_bio_16
	3.2
	4.8

	wc2.1_2.5m_bio_17
	2
	3.1

	wc2.1_2.5m_bio_15
	1.4
	1.3

	wc2.1_2.5m_bio_2
	1.3
	3.7

	wc2.1_2.5m_bio_4
	0.6
	18.6

	wc2.1_2.5m_bio_10
	0.3
	6.9

	wc2.1_2.5m_bio_13
	0.2
	0.6

	wc2.1_2.5m_bio_7
	0
	2.8

	wc2.1_2.5m_bio_19
	0
	0

	wc2.1_2.5m_bio_11
	0
	0

	wc2.1_2.5m_bio_12
	0
	0.7

	wc2.1_2.5m_bio_14
	0
	0

	
	
	

	
	
	

	
	
	

	Mustela frenata
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_6
	19.1
	0.8

	wc2.1_2.5m_bio_9
	17.1
	6.4

	wc2.1_2.5m_bio_13
	11.9
	1.2

	wc2.1_2.5m_bio_15
	8.6
	11.1

	wc2.1_2.5m_bio_11
	6.3
	0

	wc2.1_2.5m_bio_1
	5
	5.1

	wc2.1_2.5m_bio_14
	5
	0

	wc2.1_2.5m_bio_18
	4.6
	0.4

	wc2.1_2.5m_bio_7
	3.7
	4.6

	wc2.1_2.5m_bio_2
	3.6
	3.3

	wc2.1_2.5m_bio_5
	3.6
	9.3

	wc2.1_2.5m_bio_8
	3.2
	1.9

	wc2.1_2.5m_bio_10
	2.5
	7.1

	wc2.1_2.5m_bio_16
	2.2
	5.9

	wc2.1_2.5m_bio_4
	1.5
	17.3

	wc2.1_2.5m_bio_17
	0.8
	7.7

	wc2.1_2.5m_bio_12
	0.7
	11.7

	wc2.1_2.5m_bio_19
	0.4
	3.9

	wc2.1_2.5m_bio_3
	0.3
	2.2

	
	
	

	
	
	

	
	
	

	Mustela nivalis
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_6
	23.9
	9.5

	wc2.1_2.5m_bio_14
	17
	4.6

	wc2.1_2.5m_bio_9
	15.2
	13.1

	wc2.1_2.5m_bio_13
	14.5
	9.9

	wc2.1_2.5m_bio_1
	7
	0

	wc2.1_2.5m_bio_3
	5.2
	0.2

	wc2.1_2.5m_bio_4
	3.7
	0

	wc2.1_2.5m_bio_16
	3.1
	0

	wc2.1_2.5m_bio_2
	3
	1.3

	wc2.1_2.5m_bio_5
	2.8
	6.7

	wc2.1_2.5m_bio_8
	1.7
	2.8

	wc2.1_2.5m_bio_10
	1.6
	17.7

	wc2.1_2.5m_bio_11
	0.4
	24.6

	wc2.1_2.5m_bio_7
	0.4
	2.7

	wc2.1_2.5m_bio_15
	0.3
	2.8

	wc2.1_2.5m_bio_18
	0.1
	0.2

	wc2.1_2.5m_bio_19
	0
	3.9

	wc2.1_2.5m_bio_12
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	
	
	

	
	
	

	
	
	

	
	
	

	Myodes gapperi
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_14
	24.7
	2.2

	wc2.1_2.5m_bio_4
	20.7
	34

	wc2.1_2.5m_bio_7
	9.7
	0.1

	wc2.1_2.5m_bio_8
	8.4
	7.5

	wc2.1_2.5m_bio_10
	8.3
	2.9

	wc2.1_2.5m_bio_5
	6.4
	0.1

	wc2.1_2.5m_bio_18
	6.3
	3.3

	wc2.1_2.5m_bio_9
	4.6
	3.6

	wc2.1_2.5m_bio_11
	3.7
	1.7

	wc2.1_2.5m_bio_19
	1.8
	0

	wc2.1_2.5m_bio_13
	1.2
	2.5

	wc2.1_2.5m_bio_2
	1.1
	0.2

	wc2.1_2.5m_bio_15
	0.9
	1.1

	wc2.1_2.5m_bio_12
	0.9
	33.2

	wc2.1_2.5m_bio_3
	0.4
	0.3

	wc2.1_2.5m_bio_16
	0.3
	0.2

	wc2.1_2.5m_bio_1
	0.3
	2

	wc2.1_2.5m_bio_17
	0.2
	3.4

	wc2.1_2.5m_bio_6
	0.1
	1.7

	
	
	

	
	
	

	
	
	

	Myotis grisescens
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_9
	33.9
	8.2

	wc2.1_2.5m_bio_1
	20.3
	0.5

	wc2.1_2.5m_bio_13
	9.1
	7.2

	wc2.1_2.5m_bio_2
	5.1
	0

	wc2.1_2.5m_bio_15
	4
	0.4

	wc2.1_2.5m_bio_10
	3.5
	1.3

	wc2.1_2.5m_bio_11
	3.4
	8.3

	wc2.1_2.5m_bio_4
	3.3
	15.5

	wc2.1_2.5m_bio_8
	3.1
	3.9

	wc2.1_2.5m_bio_7
	3.1
	7.2

	wc2.1_2.5m_bio_14
	2.1
	7.6

	wc2.1_2.5m_bio_3
	2
	5.7

	wc2.1_2.5m_bio_12
	1.7
	15.4

	wc2.1_2.5m_bio_18
	1.7
	4.5

	wc2.1_2.5m_bio_19
	1.3
	3.1

	wc2.1_2.5m_bio_16
	1.2
	10

	wc2.1_2.5m_bio_6
	0.5
	0.4

	wc2.1_2.5m_bio_5
	0.5
	0.3

	wc2.1_2.5m_bio_17
	0.1
	0.6

	
	
	

	
	
	

	
	
	

	Myotis leibii
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_3
	32.4
	12.5

	wc2.1_2.5m_bio_5
	27.8
	9.3

	wc2.1_2.5m_bio_15
	16.5
	46

	wc2.1_2.5m_bio_4
	11.9
	2.7

	wc2.1_2.5m_bio_10
	4.1
	3.7

	wc2.1_2.5m_bio_18
	1.8
	8.7

	wc2.1_2.5m_bio_19
	1.4
	6.3

	wc2.1_2.5m_bio_17
	1.2
	4.4

	wc2.1_2.5m_bio_7
	1.1
	0

	wc2.1_2.5m_bio_2
	0.5
	0

	wc2.1_2.5m_bio_8
	0.4
	1.1

	wc2.1_2.5m_bio_14
	0.3
	1.8

	wc2.1_2.5m_bio_16
	0.3
	0

	wc2.1_2.5m_bio_12
	0.2
	1.5

	wc2.1_2.5m_bio_13
	0.1
	0.2

	wc2.1_2.5m_bio_11
	0.1
	1.7

	wc2.1_2.5m_bio_9
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_1
	0
	0

	
	
	

	
	
	

	
	
	

	Myotis lucifugus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	17.8
	9.7

	wc2.1_2.5m_bio_9
	13.1
	8.7

	wc2.1_2.5m_bio_6
	10.3
	1.7

	wc2.1_2.5m_bio_1
	10.1
	14.8

	wc2.1_2.5m_bio_4
	8
	12.3

	wc2.1_2.5m_bio_8
	7.9
	3.1

	wc2.1_2.5m_bio_11
	7.8
	10.7

	wc2.1_2.5m_bio_5
	5.6
	6.3

	wc2.1_2.5m_bio_14
	4.1
	2.4

	wc2.1_2.5m_bio_17
	3.4
	1.3

	wc2.1_2.5m_bio_2
	2.9
	1.7

	wc2.1_2.5m_bio_15
	2.8
	1.8

	wc2.1_2.5m_bio_3
	2.2
	3.9

	wc2.1_2.5m_bio_12
	1.9
	11.3

	wc2.1_2.5m_bio_7
	0.8
	2

	wc2.1_2.5m_bio_13
	0.6
	6.6

	wc2.1_2.5m_bio_19
	0.4
	1.4

	wc2.1_2.5m_bio_18
	0.3
	0.1

	wc2.1_2.5m_bio_16
	0
	0.2

	
	
	

	
	
	

	
	
	

	
	
	

	Myotis septentrionalis
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_15
	22.2
	13.1

	wc2.1_2.5m_bio_10
	18.6
	9.5

	wc2.1_2.5m_bio_11
	15.6
	24.7

	wc2.1_2.5m_bio_3
	11.1
	2.3

	wc2.1_2.5m_bio_8
	10.3
	10.9

	wc2.1_2.5m_bio_13
	4.7
	4.3

	wc2.1_2.5m_bio_9
	4.5
	9.2

	wc2.1_2.5m_bio_2
	3.1
	3.4

	wc2.1_2.5m_bio_14
	2.9
	0

	wc2.1_2.5m_bio_7
	2.6
	1

	wc2.1_2.5m_bio_12
	2
	0

	wc2.1_2.5m_bio_1
	1
	0

	wc2.1_2.5m_bio_4
	0.8
	11.7

	wc2.1_2.5m_bio_16
	0.5
	4.4

	wc2.1_2.5m_bio_6
	0.1
	0.7

	wc2.1_2.5m_bio_5
	0
	4.6

	wc2.1_2.5m_bio_18
	0
	0.2

	wc2.1_2.5m_bio_19
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	
	
	

	
	
	

	
	
	

	Myotis sodalis
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_14
	22.2
	11.5

	wc2.1_2.5m_bio_13
	14
	6.4

	wc2.1_2.5m_bio_11
	13.7
	5

	wc2.1_2.5m_bio_2
	9.3
	3.6

	wc2.1_2.5m_bio_10
	8.1
	2.9

	wc2.1_2.5m_bio_6
	6
	9.5

	wc2.1_2.5m_bio_8
	4.3
	6.9

	wc2.1_2.5m_bio_18
	3.9
	5.5

	wc2.1_2.5m_bio_4
	3.5
	2.3

	wc2.1_2.5m_bio_5
	2.9
	3.4

	wc2.1_2.5m_bio_7
	2.4
	4.2

	wc2.1_2.5m_bio_9
	2.1
	3.7

	wc2.1_2.5m_bio_15
	1.7
	2.1

	wc2.1_2.5m_bio_17
	1.6
	28.4

	wc2.1_2.5m_bio_12
	1.5
	0.8

	wc2.1_2.5m_bio_16
	1.3
	1.5

	wc2.1_2.5m_bio_3
	1.2
	1.4

	wc2.1_2.5m_bio_1
	0.3
	0.9

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	
	
	

	Napeozapus insignis
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_18
	20.1
	16.9

	wc2.1_2.5m_bio_4
	16.7
	17.8

	wc2.1_2.5m_bio_7
	13.3
	0.1

	wc2.1_2.5m_bio_10
	11
	3.9

	wc2.1_2.5m_bio_5
	8.8
	15.9

	wc2.1_2.5m_bio_11
	4.7
	4.5

	wc2.1_2.5m_bio_9
	4
	6.1

	wc2.1_2.5m_bio_12
	3.8
	1.7

	wc2.1_2.5m_bio_3
	3.8
	0.8

	wc2.1_2.5m_bio_15
	3.2
	6.2

	wc2.1_2.5m_bio_16
	2.3
	0.9

	wc2.1_2.5m_bio_14
	2
	3.6

	wc2.1_2.5m_bio_13
	1.8
	0.9

	wc2.1_2.5m_bio_17
	1.4
	8.5

	wc2.1_2.5m_bio_1
	0.9
	2.4

	wc2.1_2.5m_bio_19
	0.9
	0

	wc2.1_2.5m_bio_6
	0.8
	9.9

	wc2.1_2.5m_bio_8
	0.5
	0

	wc2.1_2.5m_bio_2
	0
	0.1

	
	
	

	
	
	

	Neotoma floridana
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_17
	27.5
	12.9

	wc2.1_2.5m_bio_2
	11.9
	2.8

	wc2.1_2.5m_bio_9
	10.9
	3

	wc2.1_2.5m_bio_10
	8.3
	9.9

	wc2.1_2.5m_bio_12
	7.7
	2

	wc2.1_2.5m_bio_4
	7.3
	16.4

	wc2.1_2.5m_bio_15
	6.5
	6

	wc2.1_2.5m_bio_14
	4.1
	2.8

	wc2.1_2.5m_bio_8
	3.9
	2.3

	wc2.1_2.5m_bio_7
	3.5
	9.4

	wc2.1_2.5m_bio_1
	3.1
	0.5

	wc2.1_2.5m_bio_13
	2
	12.3

	wc2.1_2.5m_bio_3
	1.2
	1.2

	wc2.1_2.5m_bio_18
	1.1
	3.6

	wc2.1_2.5m_bio_5
	0.6
	0.1

	wc2.1_2.5m_bio_6
	0.2
	4.5

	wc2.1_2.5m_bio_11
	0.1
	8.6

	wc2.1_2.5m_bio_19
	0.1
	1.8

	wc2.1_2.5m_bio_16
	0
	0

	
	
	

	
	
	

	
	
	

	Neovison vison
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_13
	20.5
	1.6

	wc2.1_2.5m_bio_1
	15.6
	5.8

	wc2.1_2.5m_bio_15
	12.9
	0.4

	wc2.1_2.5m_bio_5
	7.8
	14.2

	wc2.1_2.5m_bio_3
	6
	3.6

	wc2.1_2.5m_bio_14
	5.7
	2.6

	wc2.1_2.5m_bio_2
	4.5
	0.9

	wc2.1_2.5m_bio_10
	4.2
	6.7

	wc2.1_2.5m_bio_12
	4
	14.1

	wc2.1_2.5m_bio_8
	3.5
	2.6

	wc2.1_2.5m_bio_9
	3.4
	4.4

	wc2.1_2.5m_bio_16
	2.6
	10.1

	wc2.1_2.5m_bio_17
	2.6
	0

	wc2.1_2.5m_bio_4
	2
	10.4

	wc2.1_2.5m_bio_19
	1.3
	9.6

	wc2.1_2.5m_bio_6
	1.1
	1.2

	wc2.1_2.5m_bio_18
	0.9
	3.9

	wc2.1_2.5m_bio_7
	0.9
	0.5

	wc2.1_2.5m_bio_11
	0.5
	7.5

	
	
	

	
	
	

	
	
	

	Ochrotomys nuttalli
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_9
	26.2
	18.8

	wc2.1_2.5m_bio_8
	23.1
	0

	wc2.1_2.5m_bio_2
	12.3
	4.8

	wc2.1_2.5m_bio_19
	6.5
	10

	wc2.1_2.5m_bio_3
	5.7
	1.9

	wc2.1_2.5m_bio_14
	4.6
	2.4

	wc2.1_2.5m_bio_12
	4.1
	1.3

	wc2.1_2.5m_bio_18
	3.7
	7.3

	wc2.1_2.5m_bio_10
	3.6
	10.3

	wc2.1_2.5m_bio_6
	3.2
	19.5

	wc2.1_2.5m_bio_11
	2.8
	11.7

	wc2.1_2.5m_bio_5
	1
	0

	wc2.1_2.5m_bio_15
	0.7
	5.2

	wc2.1_2.5m_bio_1
	0.6
	0.7

	wc2.1_2.5m_bio_13
	0.6
	2.5

	wc2.1_2.5m_bio_16
	0.5
	1.1

	wc2.1_2.5m_bio_7
	0.4
	0.2

	wc2.1_2.5m_bio_17
	0.3
	2.3

	wc2.1_2.5m_bio_4
	0.1
	0

	
	
	

	
	
	

	
	
	

	Oryzomys palustris
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_8
	45.2
	2.2

	wc2.1_2.5m_bio_19
	7.7
	2.9

	wc2.1_2.5m_bio_10
	7.6
	0.1

	wc2.1_2.5m_bio_15
	5.2
	14.2

	wc2.1_2.5m_bio_2
	4.9
	0

	wc2.1_2.5m_bio_1
	4.6
	0

	wc2.1_2.5m_bio_16
	3.5
	16.5

	wc2.1_2.5m_bio_9
	3.4
	2.2

	wc2.1_2.5m_bio_11
	3.1
	2.4

	wc2.1_2.5m_bio_14
	2.6
	4.3

	wc2.1_2.5m_bio_4
	2.1
	2.7

	wc2.1_2.5m_bio_18
	2.1
	4.3

	wc2.1_2.5m_bio_12
	2
	5.9

	wc2.1_2.5m_bio_6
	1.8
	27.2

	wc2.1_2.5m_bio_13
	1.5
	8.2

	wc2.1_2.5m_bio_3
	1
	0.7

	wc2.1_2.5m_bio_17
	0.8
	4.9

	wc2.1_2.5m_bio_7
	0.5
	0.4

	wc2.1_2.5m_bio_5
	0.5
	0.8

	
	
	

	
	
	

	
	
	

	
	
	

	Parascalops breweri
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_11
	20.7
	4.7

	wc2.1_2.5m_bio_10
	20.3
	4.5

	wc2.1_2.5m_bio_15
	17
	1

	wc2.1_2.5m_bio_18
	9
	15.8

	wc2.1_2.5m_bio_8
	7
	2.4

	wc2.1_2.5m_bio_16
	5.9
	8

	wc2.1_2.5m_bio_13
	5.1
	4.6

	wc2.1_2.5m_bio_1
	4.9
	21

	wc2.1_2.5m_bio_4
	4.4
	20.1

	wc2.1_2.5m_bio_3
	2.4
	1.8

	wc2.1_2.5m_bio_2
	1.2
	0.8

	wc2.1_2.5m_bio_9
	0.6
	2.9

	wc2.1_2.5m_bio_7
	0.5
	6.3

	wc2.1_2.5m_bio_6
	0.5
	5.5

	wc2.1_2.5m_bio_12
	0.2
	0.4

	wc2.1_2.5m_bio_14
	0.1
	0.2

	wc2.1_2.5m_bio_17
	0.1
	0.1

	wc2.1_2.5m_bio_5
	0
	0

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	
	
	

	Pekania pennanti
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_6
	14.7
	0.3

	wc2.1_2.5m_bio_3
	14.1
	17.2

	wc2.1_2.5m_bio_4
	12.9
	12.3

	wc2.1_2.5m_bio_8
	11.8
	2.3

	wc2.1_2.5m_bio_18
	10.8
	1.9

	wc2.1_2.5m_bio_11
	5.5
	13.9

	wc2.1_2.5m_bio_10
	5.2
	0.8

	wc2.1_2.5m_bio_16
	4.5
	1

	wc2.1_2.5m_bio_15
	4.3
	5.7

	wc2.1_2.5m_bio_12
	3.9
	1.6

	wc2.1_2.5m_bio_2
	2.7
	0.1

	wc2.1_2.5m_bio_9
	2.6
	1.1

	wc2.1_2.5m_bio_5
	1.8
	4

	wc2.1_2.5m_bio_14
	1.8
	4.6

	wc2.1_2.5m_bio_1
	1.4
	21.6

	wc2.1_2.5m_bio_7
	0.5
	9

	wc2.1_2.5m_bio_13
	0.5
	0.4

	wc2.1_2.5m_bio_17
	0.5
	1.7

	wc2.1_2.5m_bio_19
	0.3
	0.4

	
	
	

	
	
	

	
	
	

	
	
	

	Neotoma magister
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_7
	17.8
	2.5

	wc2.1_2.5m_bio_9
	17.8
	28.3

	wc2.1_2.5m_bio_13
	15.2
	1.3

	wc2.1_2.5m_bio_1
	14.7
	3.4

	wc2.1_2.5m_bio_8
	11
	7.7

	wc2.1_2.5m_bio_4
	10.2
	31.7

	wc2.1_2.5m_bio_10
	5.7
	1.9

	wc2.1_2.5m_bio_2
	2.6
	0.9

	wc2.1_2.5m_bio_17
	2.1
	2.9

	wc2.1_2.5m_bio_15
	1.5
	10.1

	wc2.1_2.5m_bio_3
	0.9
	5.7

	wc2.1_2.5m_bio_19
	0.5
	3.8

	wc2.1_2.5m_bio_18
	0
	0

	wc2.1_2.5m_bio_16
	0
	0

	wc2.1_2.5m_bio_5
	0
	0

	wc2.1_2.5m_bio_14
	0
	0

	wc2.1_2.5m_bio_12
	0
	0

	wc2.1_2.5m_bio_11
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	
	
	

	
	
	

	
	
	

	
	
	

	Perimyotis subflavus
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_3
	39.1
	3.3

	wc2.1_2.5m_bio_8
	14.6
	1.6

	wc2.1_2.5m_bio_18
	9.6
	4.9

	wc2.1_2.5m_bio_10
	6.8
	5.3

	wc2.1_2.5m_bio_9
	6.2
	2.8

	wc2.1_2.5m_bio_14
	4.8
	1.4

	wc2.1_2.5m_bio_13
	3.6
	5.7

	wc2.1_2.5m_bio_19
	2.5
	7.1

	wc2.1_2.5m_bio_17
	2.2
	5.8

	wc2.1_2.5m_bio_4
	1.7
	26.5

	wc2.1_2.5m_bio_16
	1.7
	2.6

	wc2.1_2.5m_bio_5
	1.6
	0.6

	wc2.1_2.5m_bio_2
	1.5
	3.3

	wc2.1_2.5m_bio_12
	1.4
	21.9

	wc2.1_2.5m_bio_15
	1
	1.4

	wc2.1_2.5m_bio_1
	0.9
	0.9

	wc2.1_2.5m_bio_7
	0.7
	4.6

	wc2.1_2.5m_bio_6
	0.2
	0

	wc2.1_2.5m_bio_11
	0
	0.2

	
	
	

	
	
	

	
	
	

	Peromyscus gossypinus
	
	

	
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_13
	23.5
	8

	wc2.1_2.5m_bio_1
	16.1
	0

	wc2.1_2.5m_bio_11
	8.1
	3.8

	wc2.1_2.5m_bio_19
	6.1
	7.1

	wc2.1_2.5m_bio_8
	5.7
	2.9

	wc2.1_2.5m_bio_3
	5.3
	5.7

	wc2.1_2.5m_bio_4
	4.5
	43.4

	wc2.1_2.5m_bio_17
	4.4
	2.2

	wc2.1_2.5m_bio_6
	4
	2

	wc2.1_2.5m_bio_14
	3
	1

	wc2.1_2.5m_bio_16
	2.9
	2.4

	wc2.1_2.5m_bio_10
	2.7
	2

	wc2.1_2.5m_bio_9
	2.5
	1

	wc2.1_2.5m_bio_18
	2.2
	7.1

	wc2.1_2.5m_bio_5
	2.2
	0.9

	wc2.1_2.5m_bio_12
	1.9
	1.9

	wc2.1_2.5m_bio_15
	1.8
	1.1

	wc2.1_2.5m_bio_7
	1.6
	6.2

	wc2.1_2.5m_bio_2
	1.4
	1.3

	
	
	

	
	
	

	
	
	

	Peromyscus leucopus
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_11
	35.4
	12.9

	wc2.1_2.5m_bio_15
	27.5
	7.3

	wc2.1_2.5m_bio_10
	5.6
	4.2

	wc2.1_2.5m_bio_12
	3.4
	16.3

	wc2.1_2.5m_bio_8
	3.3
	0.9

	wc2.1_2.5m_bio_2
	3.2
	0.7

	wc2.1_2.5m_bio_1
	2.9
	0.7

	wc2.1_2.5m_bio_14
	2.9
	0.4

	wc2.1_2.5m_bio_16
	2.8
	0.6

	wc2.1_2.5m_bio_5
	2.7
	2.9

	wc2.1_2.5m_bio_3
	1.7
	12.1

	wc2.1_2.5m_bio_4
	1.7
	21

	wc2.1_2.5m_bio_18
	1.7
	0.9

	wc2.1_2.5m_bio_9
	1.4
	0.9

	wc2.1_2.5m_bio_13
	1.3
	1.8

	wc2.1_2.5m_bio_6
	1
	3.8

	wc2.1_2.5m_bio_17
	0.9
	5.4

	wc2.1_2.5m_bio_7
	0.5
	7

	wc2.1_2.5m_bio_19
	0
	0.3

	
	
	

	
	
	

	
	
	

	Peromyscus maniculatus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_15
	21.9
	3.8

	wc2.1_2.5m_bio_5
	14.8
	12.7

	wc2.1_2.5m_bio_10
	12.3
	2.1

	wc2.1_2.5m_bio_7
	11.2
	0.7

	wc2.1_2.5m_bio_17
	10.1
	0.1

	wc2.1_2.5m_bio_11
	7.8
	17.2

	wc2.1_2.5m_bio_8
	4.6
	1.9

	wc2.1_2.5m_bio_1
	4.5
	4.8

	wc2.1_2.5m_bio_4
	3.6
	26.9

	wc2.1_2.5m_bio_14
	3
	0

	wc2.1_2.5m_bio_12
	1.7
	0.2

	wc2.1_2.5m_bio_18
	1.4
	2

	wc2.1_2.5m_bio_2
	1.3
	1

	wc2.1_2.5m_bio_9
	0.5
	0.5

	wc2.1_2.5m_bio_13
	0.5
	7.4

	wc2.1_2.5m_bio_19
	0.4
	14

	wc2.1_2.5m_bio_3
	0.3
	2.4

	wc2.1_2.5m_bio_6
	0.1
	2.3

	wc2.1_2.5m_bio_16
	0
	0

	
	
	

	
	
	

	
	
	

	Reithrodontomys humilis
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_9
	27.6
	13.7

	wc2.1_2.5m_bio_2
	17
	3.1

	wc2.1_2.5m_bio_15
	16.7
	3.4

	wc2.1_2.5m_bio_19
	12.2
	22.4

	wc2.1_2.5m_bio_3
	9.3
	19.9

	wc2.1_2.5m_bio_12
	4.2
	18.1

	wc2.1_2.5m_bio_13
	3.3
	3.5

	wc2.1_2.5m_bio_18
	3.3
	6.2

	wc2.1_2.5m_bio_8
	2.6
	2.9

	wc2.1_2.5m_bio_17
	1.8
	2.4

	wc2.1_2.5m_bio_11
	0.8
	2.2

	wc2.1_2.5m_bio_14
	0.5
	0.7

	wc2.1_2.5m_bio_7
	0.4
	1.4

	wc2.1_2.5m_bio_6
	0.2
	0

	wc2.1_2.5m_bio_10
	0.1
	0.1

	wc2.1_2.5m_bio_5
	0
	0

	wc2.1_2.5m_bio_16
	0
	0

	wc2.1_2.5m_bio_1
	0
	0

	wc2.1_2.5m_bio_4
	0
	0

	
	
	

	
	
	

	
	
	

	
	
	

	Sciurus niger
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	23.7
	2.4

	wc2.1_2.5m_bio_19
	18.9
	7.5

	wc2.1_2.5m_bio_13
	15.2
	5.9

	wc2.1_2.5m_bio_8
	11.2
	2.3

	wc2.1_2.5m_bio_1
	6.6
	2.7

	wc2.1_2.5m_bio_16
	5.5
	0.4

	wc2.1_2.5m_bio_2
	3.6
	1.3

	wc2.1_2.5m_bio_3
	2.8
	8.6

	wc2.1_2.5m_bio_15
	2.5
	7.9

	wc2.1_2.5m_bio_7
	1.9
	2.8

	wc2.1_2.5m_bio_9
	1.7
	5.2

	wc2.1_2.5m_bio_4
	1.4
	13.4

	wc2.1_2.5m_bio_12
	1.2
	16

	wc2.1_2.5m_bio_5
	0.9
	5.3

	wc2.1_2.5m_bio_18
	0.8
	1.8

	wc2.1_2.5m_bio_17
	0.7
	7.5

	wc2.1_2.5m_bio_14
	0.6
	1.5

	wc2.1_2.5m_bio_6
	0.6
	5.2

	wc2.1_2.5m_bio_11
	0.1
	2.3

	
	
	

	
	
	

	
	
	

	
	
	

	Sorex cinereus
	
	

	nalysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	32.5
	10

	wc2.1_2.5m_bio_4
	24.2
	17.9

	wc2.1_2.5m_bio_7
	8
	2.5

	wc2.1_2.5m_bio_1
	7.1
	15.4

	wc2.1_2.5m_bio_16
	6.6
	1.7

	wc2.1_2.5m_bio_15
	3.7
	10.2

	wc2.1_2.5m_bio_8
	3.2
	2.1

	wc2.1_2.5m_bio_19
	2.8
	0.4

	wc2.1_2.5m_bio_3
	2.6
	2.4

	wc2.1_2.5m_bio_12
	2.5
	19

	wc2.1_2.5m_bio_14
	1.9
	5.8

	wc2.1_2.5m_bio_5
	1
	0.1

	wc2.1_2.5m_bio_9
	0.9
	2.7

	wc2.1_2.5m_bio_2
	0.9
	0.5

	wc2.1_2.5m_bio_18
	0.8
	0.2

	wc2.1_2.5m_bio_6
	0.5
	1

	wc2.1_2.5m_bio_13
	0.5
	5.8

	wc2.1_2.5m_bio_17
	0.3
	0.1

	wc2.1_2.5m_bio_11
	0.2
	2.2

	
	
	

	
	
	

	
	
	

	
	
	

	Sorex dispar
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_7
	46.3
	24.9

	wc2.1_2.5m_bio_12
	22.2
	0.2

	wc2.1_2.5m_bio_5
	10
	23.5

	wc2.1_2.5m_bio_9
	9.1
	4.3

	wc2.1_2.5m_bio_3
	5
	37.7

	wc2.1_2.5m_bio_18
	3.8
	0.6

	wc2.1_2.5m_bio_19
	1.6
	0.7

	wc2.1_2.5m_bio_2
	1.5
	7.9

	wc2.1_2.5m_bio_15
	0.4
	0

	wc2.1_2.5m_bio_16
	0.1
	0.2

	wc2.1_2.5m_bio_8
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_1
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	wc2.1_2.5m_bio_14
	0
	0

	wc2.1_2.5m_bio_13
	0
	0

	wc2.1_2.5m_bio_11
	0
	0

	wc2.1_2.5m_bio_10
	0
	0

	wc2.1_2.5m_bio_4
	0
	0

	
	
	

	
	
	

	
	
	

	
	
	

	Sorex fumeus
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_4
	19.7
	18.3

	wc2.1_2.5m_bio_10
	14.4
	15.1

	wc2.1_2.5m_bio_18
	11.3
	0.1

	wc2.1_2.5m_bio_7
	10.8
	2.2

	wc2.1_2.5m_bio_8
	7.2
	2.1

	wc2.1_2.5m_bio_17
	6.6
	2.9

	wc2.1_2.5m_bio_14
	6.2
	5.7

	wc2.1_2.5m_bio_3
	5.4
	3.6

	wc2.1_2.5m_bio_9
	5.1
	3.5

	wc2.1_2.5m_bio_12
	2.9
	21.5

	wc2.1_2.5m_bio_15
	2.6
	1.1

	wc2.1_2.5m_bio_16
	2.1
	4.4

	wc2.1_2.5m_bio_13
	1.9
	8.1

	wc2.1_2.5m_bio_5
	1.2
	0.8

	wc2.1_2.5m_bio_1
	0.9
	5.7

	wc2.1_2.5m_bio_2
	0.7
	1

	wc2.1_2.5m_bio_11
	0.5
	0.6

	wc2.1_2.5m_bio_19
	0.4
	1.2

	wc2.1_2.5m_bio_6
	0.2
	2.1

	
	
	

	
	
	

	
	
	

	Sorex hoyi
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_17
	30.5
	14

	wc2.1_2.5m_bio_4
	19.3
	6.9

	wc2.1_2.5m_bio_15
	13.1
	12

	wc2.1_2.5m_bio_10
	7.2
	8.1

	wc2.1_2.5m_bio_11
	5.5
	0.2

	wc2.1_2.5m_bio_14
	5.1
	0

	wc2.1_2.5m_bio_2
	4.7
	2.6

	wc2.1_2.5m_bio_12
	3.7
	2.3

	wc2.1_2.5m_bio_8
	2.9
	5.1

	wc2.1_2.5m_bio_9
	2.2
	7.7

	wc2.1_2.5m_bio_13
	1.3
	0.9

	wc2.1_2.5m_bio_19
	1.3
	31.1

	wc2.1_2.5m_bio_5
	1.3
	0

	wc2.1_2.5m_bio_18
	0.7
	1.3

	wc2.1_2.5m_bio_3
	0.5
	0

	wc2.1_2.5m_bio_16
	0.4
	3.5

	wc2.1_2.5m_bio_1
	0.3
	4.3

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_7
	0
	0

	
	
	

	
	
	

	
	
	

	Sorex longirostris
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	20.2
	1.9

	wc2.1_2.5m_bio_14
	14.7
	1

	wc2.1_2.5m_bio_19
	14.5
	15.8

	wc2.1_2.5m_bio_16
	9.8
	12.8

	wc2.1_2.5m_bio_11
	9.5
	0

	wc2.1_2.5m_bio_5
	7.2
	0.9

	wc2.1_2.5m_bio_9
	4.9
	3.6

	wc2.1_2.5m_bio_2
	4.2
	5.9

	wc2.1_2.5m_bio_12
	3.2
	2.2

	wc2.1_2.5m_bio_13
	2.2
	11.4

	wc2.1_2.5m_bio_8
	2.1
	1.1

	wc2.1_2.5m_bio_4
	2.1
	10.3

	wc2.1_2.5m_bio_1
	1.6
	7.4

	wc2.1_2.5m_bio_3
	1.4
	7.8

	wc2.1_2.5m_bio_15
	1.2
	0.2

	wc2.1_2.5m_bio_6
	0.8
	17.3

	wc2.1_2.5m_bio_7
	0.3
	0.2

	wc2.1_2.5m_bio_18
	0.2
	0.3

	wc2.1_2.5m_bio_17
	0
	0

	
	
	

	
	
	

	
	
	

	Sorex palustris
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_4
	35
	15

	wc2.1_2.5m_bio_16
	26.6
	0

	wc2.1_2.5m_bio_10
	8.3
	16.3

	wc2.1_2.5m_bio_18
	7.3
	11.4

	wc2.1_2.5m_bio_8
	4
	3.8

	wc2.1_2.5m_bio_11
	3.1
	32.9

	wc2.1_2.5m_bio_12
	3
	3.8

	wc2.1_2.5m_bio_3
	2.9
	0.7

	wc2.1_2.5m_bio_13
	2.8
	5.9

	wc2.1_2.5m_bio_14
	2.4
	4.3

	wc2.1_2.5m_bio_15
	1.7
	2.6

	wc2.1_2.5m_bio_9
	1.4
	1.2

	wc2.1_2.5m_bio_17
	0.7
	0

	wc2.1_2.5m_bio_19
	0.4
	0

	wc2.1_2.5m_bio_2
	0.4
	1.9

	wc2.1_2.5m_bio_7
	0
	0.1

	wc2.1_2.5m_bio_5
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_1
	0
	0

	
	
	

	
	
	

	
	
	

	Spilogale putorius
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_10
	60
	24

	wc2.1_2.5m_bio_5
	13.9
	0.2

	wc2.1_2.5m_bio_9
	12.8
	24.9

	wc2.1_2.5m_bio_3
	8.8
	3.3

	wc2.1_2.5m_bio_2
	1.7
	3.9

	wc2.1_2.5m_bio_12
	1
	5.5

	wc2.1_2.5m_bio_15
	0.5
	1.3

	wc2.1_2.5m_bio_8
	0.5
	3.5

	wc2.1_2.5m_bio_11
	0.5
	33.2

	wc2.1_2.5m_bio_18
	0.1
	0.1

	wc2.1_2.5m_bio_7
	0.1
	0

	wc2.1_2.5m_bio_1
	0.1
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_14
	0
	0

	wc2.1_2.5m_bio_13
	0
	0

	wc2.1_2.5m_bio_4
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	wc2.1_2.5m_bio_16
	0
	0

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	
	
	

	Sylvilagus obscurus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_8
	47.4
	0

	wc2.1_2.5m_bio_5
	15.8
	4.5

	wc2.1_2.5m_bio_15
	14.2
	77.4

	wc2.1_2.5m_bio_4
	11
	0

	wc2.1_2.5m_bio_14
	5.6
	3.9

	wc2.1_2.5m_bio_10
	3.1
	2.9

	wc2.1_2.5m_bio_19
	1.3
	1.8

	wc2.1_2.5m_bio_2
	0.5
	0.9

	wc2.1_2.5m_bio_1
	0.5
	0

	wc2.1_2.5m_bio_11
	0.3
	7.1

	wc2.1_2.5m_bio_18
	0.2
	0.9

	wc2.1_2.5m_bio_3
	0.1
	0

	wc2.1_2.5m_bio_7
	0.1
	0.5

	wc2.1_2.5m_bio_13
	0
	0

	wc2.1_2.5m_bio_12
	0
	0

	wc2.1_2.5m_bio_6
	0
	0

	wc2.1_2.5m_bio_16
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	wc2.1_2.5m_bio_9
	0
	0

	
	
	

	
	
	

	
	
	

	Synaptomys cooperi
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_4
	38.3
	16.5

	wc2.1_2.5m_bio_9
	9.6
	9.4

	wc2.1_2.5m_bio_18
	9.3
	7.4

	wc2.1_2.5m_bio_6
	9
	3.4

	wc2.1_2.5m_bio_3
	6.4
	0.4

	wc2.1_2.5m_bio_13
	6.1
	1

	wc2.1_2.5m_bio_17
	4.9
	0.3

	wc2.1_2.5m_bio_8
	3.1
	1.1

	wc2.1_2.5m_bio_14
	2.8
	1.2

	wc2.1_2.5m_bio_15
	2.4
	1.8

	wc2.1_2.5m_bio_19
	1.9
	14.2

	wc2.1_2.5m_bio_7
	1.3
	0

	wc2.1_2.5m_bio_10
	1.1
	0.2

	wc2.1_2.5m_bio_16
	0.8
	2.7

	wc2.1_2.5m_bio_12
	0.7
	0

	wc2.1_2.5m_bio_2
	0.6
	0.4

	wc2.1_2.5m_bio_5
	0.6
	3.6

	wc2.1_2.5m_bio_1
	0.5
	1.8

	wc2.1_2.5m_bio_11
	0.5
	34.5

	
	
	

	
	
	

	
	
	

	Tadarida brasiliensis
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_9
	20.2
	3.7

	wc2.1_2.5m_bio_5
	13.9
	5.7

	wc2.1_2.5m_bio_7
	13.9
	0

	wc2.1_2.5m_bio_17
	10
	6.5

	wc2.1_2.5m_bio_3
	10
	30.2

	wc2.1_2.5m_bio_8
	9.6
	0.9

	wc2.1_2.5m_bio_19
	5.4
	1.9

	wc2.1_2.5m_bio_18
	5
	2.8

	wc2.1_2.5m_bio_13
	4.2
	0.5

	wc2.1_2.5m_bio_1
	1.9
	21.2

	wc2.1_2.5m_bio_10
	1.8
	1.9

	wc2.1_2.5m_bio_14
	1.1
	3.6

	wc2.1_2.5m_bio_2
	1
	0

	wc2.1_2.5m_bio_6
	0.9
	0

	wc2.1_2.5m_bio_4
	0.5
	18.1

	wc2.1_2.5m_bio_12
	0.3
	0

	wc2.1_2.5m_bio_15
	0.3
	0.5

	wc2.1_2.5m_bio_11
	0
	2.3

	wc2.1_2.5m_bio_16
	0
	0.1

	
	
	

	
	
	

	
	
	

	Tamiasciurus hudsonicus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_11
	23.3
	1

	wc2.1_2.5m_bio_5
	22.3
	2.8

	wc2.1_2.5m_bio_14
	12.8
	9.8

	wc2.1_2.5m_bio_1
	9
	4.9

	wc2.1_2.5m_bio_6
	8.9
	37.6

	wc2.1_2.5m_bio_13
	4.3
	0.7

	wc2.1_2.5m_bio_8
	4.2
	3.3

	wc2.1_2.5m_bio_4
	3
	4.9

	wc2.1_2.5m_bio_7
	3
	13.8

	wc2.1_2.5m_bio_3
	1.9
	6.2

	wc2.1_2.5m_bio_12
	1.9
	4

	wc2.1_2.5m_bio_9
	1.5
	3.8

	wc2.1_2.5m_bio_18
	1.4
	1.6

	wc2.1_2.5m_bio_16
	1.2
	1

	wc2.1_2.5m_bio_15
	0.8
	1.4

	wc2.1_2.5m_bio_2
	0.3
	0.5

	wc2.1_2.5m_bio_17
	0.2
	2.5

	wc2.1_2.5m_bio_10
	0.1
	0.1

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	
	
	

	Tamias striatus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_15
	20.3
	18.3

	wc2.1_2.5m_bio_10
	16.4
	0.1

	wc2.1_2.5m_bio_8
	12.7
	4.8

	wc2.1_2.5m_bio_2
	8.9
	0.6

	wc2.1_2.5m_bio_9
	8.7
	4.8

	wc2.1_2.5m_bio_4
	5.6
	18.5

	wc2.1_2.5m_bio_18
	5.4
	5.7

	wc2.1_2.5m_bio_16
	4.3
	4.9

	wc2.1_2.5m_bio_17
	3.5
	3.1

	wc2.1_2.5m_bio_3
	3.1
	3.4

	wc2.1_2.5m_bio_14
	2.9
	3.5

	wc2.1_2.5m_bio_6
	2.6
	17.9

	wc2.1_2.5m_bio_11
	1.7
	1.3

	wc2.1_2.5m_bio_5
	1.6
	4.3

	wc2.1_2.5m_bio_1
	0.9
	5.7

	wc2.1_2.5m_bio_13
	0.7
	0.4

	wc2.1_2.5m_bio_12
	0.4
	0.7

	wc2.1_2.5m_bio_7
	0.4
	2.1

	wc2.1_2.5m_bio_19
	0
	0

	
	
	

	
	
	

	
	
	

	Ursus americanus
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_3
	18.8
	25.8

	wc2.1_2.5m_bio_18
	17.8
	14.1

	wc2.1_2.5m_bio_16
	10.7
	9

	wc2.1_2.5m_bio_15
	9.7
	5.8

	wc2.1_2.5m_bio_12
	9.1
	8.3

	wc2.1_2.5m_bio_13
	8
	7.9

	wc2.1_2.5m_bio_11
	7.1
	1.3

	wc2.1_2.5m_bio_10
	6
	6.5

	wc2.1_2.5m_bio_6
	5.5
	1.8

	wc2.1_2.5m_bio_1
	2.2
	2.7

	wc2.1_2.5m_bio_14
	1.8
	10.5

	wc2.1_2.5m_bio_2
	1.4
	2.8

	wc2.1_2.5m_bio_9
	1.2
	1.7

	wc2.1_2.5m_bio_19
	0.5
	0.4

	wc2.1_2.5m_bio_8
	0.3
	1.4

	wc2.1_2.5m_bio_5
	0.1
	0.2

	wc2.1_2.5m_bio_7
	0
	0

	wc2.1_2.5m_bio_4
	0
	0

	wc2.1_2.5m_bio_17
	0
	0

	
	
	

	
	
	

	
	
	

	Zapus hudsonius
	
	

	
	
	

	Analysis of variable contributions

	
	
	

	
	
	

	Variable
	Percent contribution
	Permutation importance

	wc2.1_2.5m_bio_5
	30.8
	0.2

	wc2.1_2.5m_bio_4
	19.7
	19.9

	wc2.1_2.5m_bio_2
	13.3
	2.6

	wc2.1_2.5m_bio_8
	10.1
	4.9

	wc2.1_2.5m_bio_9
	5.6
	5.5

	wc2.1_2.5m_bio_18
	5.2
	0.5

	wc2.1_2.5m_bio_3
	3.7
	16

	wc2.1_2.5m_bio_12
	1.6
	1.3

	wc2.1_2.5m_bio_10
	1.5
	1.4

	wc2.1_2.5m_bio_14
	1.5
	0.7

	wc2.1_2.5m_bio_19
	1.3
	0.7

	wc2.1_2.5m_bio_16
	1.2
	6.9

	wc2.1_2.5m_bio_7
	1.1
	4.2

	wc2.1_2.5m_bio_6
	1
	16.9

	wc2.1_2.5m_bio_15
	0.8
	4

	wc2.1_2.5m_bio_11
	0.7
	1.4

	wc2.1_2.5m_bio_13
	0.6
	1.7

	wc2.1_2.5m_bio_17
	0.5
	11.1

	wc2.1_2.5m_bio_1
	0
	0

	
	
	

	
	
	

	
	
	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



[bookmark: sf15]Supplementary 1.5. All Climate Models for Each Species. All 59 species model results for the baseline, SSP 2-4.5 GCMs (high CanESM, and low CNRM-CM6-1), and SSP 3-7.0 GCMs (high CanESM, and low CNRM-CM6-1).
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[bookmark: sf16]Supplementary 1.6. Range of Climate Predictions. All 59 species model results presented as a range between the low emission/low precipitation/low temperature scenario SSP 2-4.5 GCM CNRM-CM6-1 and the high emission/high precipitation/high temperature scenario 3-7. GCM CanESM. Predictions for each species show areas of climate suitability gain, climate stability, and climate suitability loss by 2041.
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[bookmark: sf17]Supplementary 1.7.  Consensus Models with Omissions. All modeled species are shown with the baseline climate model, test points correctly predicted, and test points erroneously omitted in the model. A consensus map of the future model predictions for suitable climate are also shown, with a full consensus shown in pink and lesser consensus, but possible alternatives shown in shades of blue and purple.
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[bookmark: sf18]Supplementary 1.8. Continuous Scores of Biodiversity Hotspots. Shown in “A” is the consensus of climate stability for all species overlapping to form a refugial hotspot in SSP 2-4.5 GCM CNRM-CM6-1 and “B” shows the consensus for climate stability in SSP 3-7.0 GCM CanESM. The greatest overlap in either scenario was 40 species, and the minimum overlap in the Appalachian ecoregion was 11 species. “C-F” shows the future overlay for both stable and expansion of suitable climate in SSP 2-4.5 GCM CNRM-CM6-1 within the Appalachian Ecoregion across all Carnivorans (“C”), Chiropterans (“D”), Eulipotyphlans (“E”), Lagomorphs (“F”), Rodents (“G”), and all taxa (“F”). Outlines of the divisions of EPA Ecoregion Level III within the Appalachians is also highlighted in “C-F” to delineate boundaries in taxanomic distribution.
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Supplementary Code 1.1. R code used to split the training and testing data into quartiles based on heterogeneity.
set.seed(13)
animalorig<-read.csv(choose.files(),header=T,as.is=T)
dups<-duplicated(animalorig[c("Latitude","Longitude")])
animal<-animalorig[!dups,]
animal
nrow(animal)
ncol(animal)
str(animal)
hetero<-animal$RelatENort 
hetero
quant<-quantile(hetero) ##get values for quartiles and then select for them##
quant
quart1<-animal[animal$RelatENort < #Getquartile1value#,] #values will vary by species
quart2<-animal[animal$RelatENort >= #Getquartile1value# & animal$RelatENort< #Getquartile2value#,]
quart3<-animal[animal$RelatENort >= #Getquartile2value# & animal$RelatENort< #Getquartile3value#,]
quart4<-animal[animal$RelatENort >= #Getquartile3value#,]
Q1tr<-subset(quart1, RelatENort >quantile(RelatENort, .95))
Q1te<-subset(quart1, RelatENort <=quantile(RelatENort,.95))
Q2tr<-subset(quart2, RelatENort >quantile(RelatENort, 0.75))
Q2te<-subset(quart2, RelatENort <=quantile(RelatENort, 0.75))
Q3tr<-subset(quart3, RelatENort >quantile(RelatENort, 0.5))
Q3te<-subset(quart3, RelatENort <=quantile(RelatENort, 0.5))
Q4tr<-subset(quart4, RelatENort >quantile(RelatENort, 0.25))
Q4te<-subset(quart4, RelatENort <=quantile(RelatENort, 0.25))
trainbind<-rbind(Q1tr,Q2tr,Q3tr,Q4tr)
testbind<-rbind(Q1te,Q2te,Q3te,Q4te)
write.csv(trainbind, "#fileoutputlocation#") 
write.csv(testbind,"#fileoutputlocation#")

Supplementary Code 1.2. R code used to create the MaxEnt models and run the predictions across various emissions and global circulation models.

R code for models
Example species: Microtus chrotorrhinus

###################################################################################
install.packages('raster')
install.packages('rgdal')
install.packages('dismo')
install.packages('rJava')
install.packages('maptools')
install.packages('sp')
library(rJava)
library(maptools)
library(dismo)
library(raster)
library(rgdal)
library(sp)
getwd()
setwd('D:/CLIPMammals')
data(wrld_simpl)
plot(wrld_simpl, xlim=c(-100,-55), ylim=c(25,55), axes=T, col="light yellow")
box()
train<-read.csv('D:/CLIPMammals/finalTrTe/trMicrotchrot.csv') #################whatever species################CHANGE THIS!!!!!!!!!
test<-read.csv('D:/CLIPMammals/finalTrTe/teMicrotchrot.csv')
trpt<-points(train$Longitude,train$Latitude, col='blue',)
tept<-points(test$Longitude,test$Latitude, col='orange',)
equi <- CRS("+proj=longlat +datum=WGS84")

#####################all variables used WC 19####################################################1/2BASELINE
bio1<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_1.tif"))
bio2<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_2.tif"))
bio3<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_3.tif"))
bio4<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_4.tif"))
bio5<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_5.tif"))
bio6<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_6.tif"))
bio7<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_7.tif"))
bio8<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_8.tif"))
bio9<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_9.tif"))
bio10<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_10.tif"))
bio11<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_11.tif"))
bio12<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_12.tif"))
bio13<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_13.tif"))
bio14<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_14.tif"))
bio15<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_15.tif"))
bio16<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_16.tif"))
bio17<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_17.tif"))
bio18<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_18.tif"))
bio19<-raster(paste0("D:/CLIPMammals/2.5WorldClim/baseline/wc2.1_2.5m_bio_19.tif"))
rastfiles<-c(bio1,bio2,bio3,bio4,bio5,bio6,bio7,bio8,bio9,bio10,bio11,bio12,bio13,bio14,bio15,bio16,bio17,bio18,bio19)
wc19vars25<-stack(rastfiles)
extent(wc19vars25)
polyspp<-readOGR("D:/CLIPMammals/usethese/microtchrot1n2.shp") #######################will vary by species############################CHANGE THIS!!!!!!!!!!
polyext<-spTransform(polyspp,equi)
plot(polyext)
cropwc19<-crop(wc19vars25,extent(polyext))
cropwc19sp<-mask(cropwc19,polyext)
plot(cropwc19sp)
writeRaster(cropwc19sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwc19sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)
seed<-set.seed(13)
backgr<-sampleRandom(x=cropwc19sp,
                     size=10000,
                     na.rm=T,
                     sp=T)
plot(backgr)
head(backgr)
p<-extract(cropwc19sp,train)
ptest<-extract(cropwc19sp,test)
a<-extract(cropwc19sp,backgr)
pa <- c(rep(1,nrow(p)), rep(0,nrow(a))) 
pder <- as.data.frame(rbind(p,a))

mod<-dismo::maxent(x=pder,
            p=pa,
            path=paste0("D:/Rmaxents/micchrot1"), ##########################will vary by species#####CHANGE THIS WITH SEARCH!!!!!!!!!!!
            args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
           )

prd1<-predict(mod,cropwc19sp)
plot(prd1)#continuous model
writeRaster(prd1,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(prd1),"prd1.tif"),########################will vary by species####CHANGE WITH SEARCH!!!!!!!!!
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)
prd2<-predict(mod,p) #environconditions of the training
head(prd2)#values of these environ conditions
hist(prd2)
plot(prd2)
modeval_tr<-dismo::evaluate(p=p,a=a,model=mod) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_tr)
modeval_te<-dismo::evaluate(p=ptest,a=a,model=mod)
print(modeval_te)

thd1<-threshold(modeval_tr, stat="no_omission") #min training presence threshold.. not using testing data
thd2<-threshold(modeval_tr,"spec_sens")
thd3<-threshold(modeval_tr,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4<-threshold(modeval_tr,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1>=thd1)
plot(prd1>=thd2)
plot(prd1>=thd3)
plot(prd1>=thd4)

plot1<-(prd1>=thd1)
plot2<-(prd1>=thd2)
plot3<-(prd1>=thd3)
plot4<-(prd1>=thd4)

writeRaster(plot1,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1),"thd1.asc"),########################change name of save files here and onward
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot2,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2),"thd2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot3,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3),"thd3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot4,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4),"thd4.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)




#############################predictive variables (most contributing) baseline####################################2/2BASELINE
rastfilescontr<-c(bio1,bio2,bio3,bio4,bio5,bio6,bio9,bio10,bio15) #change by most predictive, anything greater than 1%####LOOK AT FILE AND CHANGE MANUALLY!!!!!

mostpredvars25<-stack(rastfilescontr)
extent(mostpredvars25)
polyspp<-readOGR("D:/CLIPMammals/usethese/microtchrot1n2.shp") ################will vary by species
polyext<-spTransform(polyspp,equi)
plot(polyext)
cropmostpred<-crop(mostpredvars25,extent(polyext))
cropmostpredsp<-mask(cropmostpred,polyext)
plot(cropmostpredsp)
writeRaster(cropmostpredsp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropmostpredsp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)
seed<-set.seed(13)
backgr<-sampleRandom(x=cropwc19sp,
                     size=10000,
                     na.rm=T,
                     sp=T)
plot(backgr)
head(backgr)
p<-extract(cropmostpredsp,train)
ptest<-extract(cropmostpredsp,test)
a<-extract(cropmostpredsp,backgr)
pa <- c(rep(1,nrow(p)), rep(0,nrow(a))) 
pder <- as.data.frame(rbind(p,a))

mod<-dismo::maxent(x=pder,
                   p=pa,
                   path=paste0("D:/Rmaxents/micchrotmostcontr"), ########################will vary by spp
                   args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1cv<-predict(mod,cropmostpredsp)
plot(prd1cv)#continuous model
writeRaster(prd1cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(prd1cv),"prd1cv.tif"),########folder name will change
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)
prd2cv<-predict(mod,p) #environconditions of the training
plot(prd2cv)
modeval_tr<-dismo::evaluate(p=p,a=a,model=mod) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_tr)
modeval_te<-dismo::evaluate(p=ptest,a=a,model=mod)
print(modeval_te)

thd1cv<-threshold(modeval_tr, stat="no_omission") #min training presence threshold.. not using testing data
thd2cv<-threshold(modeval_tr,"spec_sens")
thd3cv<-threshold(modeval_tr,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4cv<-threshold(modeval_tr,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1cv>=thd1cv)
plot(prd1cv>=thd2cv)
plot(prd1cv>=thd3cv)
plot(prd1cv>=thd4cv)

plot1cv<-(prd1cv>=thd1cv)
plot2cv<-(prd1cv>=thd2cv)
plot3cv<-(prd1cv>=thd3cv)
plot4cv<-(prd1cv>=thd4cv)

writeRaster(plot1cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1cv),"thd1cv.asc"),#######change folder name here
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot2cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2cv),"thd2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot3cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3cv),"thd3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot4cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4cv),"thd4cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)



#################high impact scenario SSP 2.45 CAN 2021-2040 all vars################################1/2HIGH2.45
High2bio1<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_1.tif")
High2bio2<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_2.tif")
High2bio3<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_3.tif")
High2bio4<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_4.tif")
High2bio5<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_5.tif")
High2bio6<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_6.tif")
High2bio7<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_7.tif")
High2bio8<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_8.tif")
High2bio9<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_9.tif")
High2bio10<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_10.tif")
High2bio11<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_11.tif")
High2bio12<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_12.tif")
High2bio13<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_13.tif")
High2bio14<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_14.tif")
High2bio15<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_15.tif")
High2bio16<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_16.tif")
High2bio17<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_17.tif")
High2bio18<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_18.tif")
High2bio19<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Can/split/_19.tif")
rastfilesHigh2<-c(High2bio1,High2bio2,High2bio3,High2bio4,High2bio5,High2bio6,High2bio7,High2bio8,High2bio9,High2bio10,High2bio11,High2bio12,High2bio13,High2bio14,High2bio15,High2bio16,High2bio17,High2bio18,High2bio19)
Highssp2vars25<-stack(rastfilesHigh2)
extent(Highssp2vars25)

cropHigh2<-crop(Highssp2vars25,extent(polyext))
cropwcHigh2sp<-mask(cropHigh2,polyext)
plot(cropwcHigh2sp)
writeRaster(cropwcHigh2sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcHigh2sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pH2<-extract(cropwcHigh2sp,train)
ptestH2<-extract(cropwcHigh2sp,test)
aH2<-extract(cropwcHigh2sp,backgr)
paH2 <- c(rep(1,nrow(pH2)), rep(0,nrow(aH2))) 
pderH2 <- as.data.frame(rbind(pH2,aH2))
modH2<-dismo::maxent(x=pderH2,
                   p=paH2,
                   path=paste0("D:/Rmaxents/micchrot1/H2"), ################will vary by spp and will create H2 folders and so-on
                   args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1H2<-predict(modH2,cropwcHigh2sp)
plot(prd1H2)#continuous model
prdfutH2<-predict(modH2,cropwcHigh2sp)#change to future var for second piece
plot(prdfutH2)
prd2H2<-predict(modH2,pH2) #environconditions of the training
head(prd2H2)#values of these environ conditions
hist(prd2H2)
plot(prd2H2)
modeval_trH2<-dismo::evaluate(p=pH2,a=aH2,model=modH2) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trH2)
modeval_teH2<-dismo::evaluate(p=ptestH2,a=aH2,model=modH2)
print(modeval_teH2)

thd1H2<-threshold(modeval_trH2, stat="no_omission") #min training presence threshold.. not using testing data
thd2H2<-threshold(modeval_trH2,"spec_sens")
thd3H2<-threshold(modeval_trH2,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4H2<-threshold(modeval_trH2,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1H2>=thd1H2)
plot(prd1H2>=thd2H2)
plot(prd1H2>=thd3H2)
plot(prd1H2>=thd4H2)

plot5<-(prd1H2>=thd1H2)
plot6<-(prd1H2>=thd2H2)
plot7<-(prd1H2>=thd3H2)
plot8<-(prd1H2>=thd4H2)

writeRaster(plot5,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1H2),"thd1H2.asc"),#############change folder here
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot6,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2H2),"thd2H2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot7,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3H2),"thd3H2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot8,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4H2),"thd4H2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)



#################contributing vars high impact scenario SSP 2.45 CAN 2021-2040######################2/2HIGH2.45
rastfilesHigh2cv<-c(High2bio1,High2bio2,High2bio3,High2bio4,High2bio5,High2bio6,High2bio9,High2bio10,High2bio15)###will change each time

Highssp2varscv<-stack(rastfilesHigh2cv)
extent(Highssp2varscv)

cropHigh2cv<-crop(Highssp2varscv,extent(polyext))
cropwcHigh2spcv<-mask(cropHigh2cv,polyext)
plot(cropwcHigh2spcv)
writeRaster(cropwcHigh2spcv,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcHigh2spcv),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pH2<-extract(cropwcHigh2spcv,train)
ptestH2<-extract(cropwcHigh2spcv,test)
aH2<-extract(cropwcHigh2spcv,backgr)
paH2 <- c(rep(1,nrow(pH2)), rep(0,nrow(aH2))) 
pderH2 <- as.data.frame(rbind(pH2,aH2))
modH2<-dismo::maxent(x=pderH2,
                     p=paH2,
                     path=paste0("D:/Rmaxents/micchrotmostcontr/H2"), ##############will vary by spp and create H2 and so on
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1H2cv<-predict(modH2,cropwcHigh2spcv)
plot(prd1H2cv)#continuous model
prd2H2cv<-predict(modH2,pH2) #environconditions of the training
modeval_trH2<-dismo::evaluate(p=pH2,a=aH2,model=modH2) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trH2)
modeval_teH2<-dismo::evaluate(p=ptestH2,a=aH2,model=modH2)
print(modeval_teH2)

thd1H2cv<-threshold(modeval_trH2, stat="no_omission") #min training presence threshold.. not using testing data
thd2H2cv<-threshold(modeval_trH2,"spec_sens")
thd3H2cv<-threshold(modeval_trH2,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4H2cv<-threshold(modeval_trH2,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1H2cv>=thd1H2cv)
plot(prd1H2cv>=thd2H2cv)
plot(prd1H2cv>=thd3H2cv)
plot(prd1H2cv>=thd4H2cv)

plot5cv<-(prd1H2cv>=thd1H2cv)
plot6cv<-(prd1H2cv>=thd2H2cv)
plot7cv<-(prd1H2cv>=thd3H2cv)
plot8cv<-(prd1H2cv>=thd4H2cv)

writeRaster(plot5cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1H2cv),"thd1H2cv.asc"), #####change folder here
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot6cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2H2cv),"thd2H2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot7cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3H2cv),"thd3H2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot8cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4H2cv),"thd4H2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)



#####################high impact scenario SSP 3.7 CAN 2021-2040#############################1/2HIGH3.7
High3bio1<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_1.tif")
High3bio2<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_2.tif")
High3bio3<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_3.tif")
High3bio4<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_4.tif")
High3bio5<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_5.tif")
High3bio6<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_6.tif")
High3bio7<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_7.tif")
High3bio8<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_8.tif")
High3bio9<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_9.tif")
High3bio10<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_10.tif")
High3bio11<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_11.tif")
High3bio12<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_12.tif")
High3bio13<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_13.tif")
High3bio14<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_14.tif")
High3bio15<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_15.tif")
High3bio16<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_16.tif")
High3bio17<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_17.tif")
High3bio18<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_18.tif")
High3bio19<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Can/split/_19.tif")
rastfilesHigh3<-c(High3bio1,High3bio2,High3bio3,High3bio4,High3bio5,High3bio6,High3bio7,High3bio8,High3bio9,High3bio10,High3bio11,High3bio12,High3bio13,High3bio14,High3bio15,High3bio16,High3bio17,High3bio18,High3bio19)
Highssp3vars25<-stack(rastfilesHigh3)
extent(Highssp3vars25)

cropHigh3<-crop(Highssp3vars25,extent(polyext))
cropwcHigh3sp<-mask(cropHigh3,polyext)
plot(cropwcHigh3sp)
writeRaster(cropwcHigh3sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcHigh3sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pH3<-extract(cropwcHigh3sp,train)
ptestH3<-extract(cropwcHigh3sp,test)
aH3<-extract(cropwcHigh3sp,backgr)
paH3 <- c(rep(1,nrow(pH3)), rep(0,nrow(aH3))) 
pderH3 <- as.data.frame(rbind(pH3,aH3))
modH3<-dismo::maxent(x=pderH3,
                     p=paH3,
                     path=paste0("D:/Rmaxents/micchrot1/H3"), ##################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1H3<-predict(modH3,cropwcHigh3sp)
plot(prd1H3)#continuous model
prdfutH3<-predict(modH3,cropwcHigh3sp)#change to future var for second piece
plot(prdfutH3)
prd2H3<-predict(modH3,pH3) #environconditions of the training
head(prd2H3)#values of these environ conditions
hist(prd2H3)
plot(prd2H3)
modeval_trH3<-dismo::evaluate(p=pH3,a=aH3,model=modH3) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trH3)
modeval_teH3<-dismo::evaluate(p=ptestH3,a=aH3,model=modH3)
print(modeval_teH3)

thd1H3<-threshold(modeval_trH3, stat="no_omission") #min training presence threshold.. not using testing data
thd2H3<-threshold(modeval_trH3,"spec_sens")
thd3H3<-threshold(modeval_trH3,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4H3<-threshold(modeval_trH3,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1H3>=thd1H3)
plot(prd1H3>=thd2H3)
plot(prd1H3>=thd3H3)
plot(prd1H3>=thd4H3)

plot9<-(prd1H3>=thd1H3)
plot10<-(prd1H3>=thd2H3)
plot11<-(prd1H3>=thd3H3)
plot12<-(prd1H3>=thd4H3)

writeRaster(plot9,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1H3),"thd1H3.asc"),#################change output folder here
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot10,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2H3),"thd2H3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot11,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3H3),"thd3H3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot12,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4H3),"thd4H3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)


###########################most contributing high impact scenario SSP 3.7 CAN 2021-2040###############################2/2HIGH3.7
rastfilesHigh3cv<-c(High3bio1,High3bio2,High3bio3,High3bio4,High3bio5,High3bio6,High3bio9,High3bio10,High3bio15)###will change each time

Highssp3varscv<-stack(rastfilesHigh3cv)
extent(Highssp3varscv)

cropHigh3cv<-crop(Highssp3varscv,extent(polyext))
cropwcHigh3spcv<-mask(cropHigh3cv,polyext)
plot(cropwcHigh3spcv)
writeRaster(cropwcHigh3spcv,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcHigh3spcv),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pH3<-extract(cropwcHigh3spcv,train)
ptestH3<-extract(cropwcHigh3spcv,test)
aH3<-extract(cropwcHigh3spcv,backgr)
paH3 <- c(rep(1,nrow(pH3)), rep(0,nrow(aH3))) 
pderH3 <- as.data.frame(rbind(pH3,aH3))
modH3<-dismo::maxent(x=pderH3,
                     p=paH3,
                     path=paste0("D:/Rmaxents/micchrotmostcontr/H3"), #############################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1H3cv<-predict(modH3,cropwcHigh3spcv)
plot(prd1H3cv)#continuous model
prd2H3cv<-predict(modH3,pH3) #environconditions of the training
head(prd2H3cv)#values of these environ conditions
hist(prd2H3cv)
plot(prd2H3cv)
modeval_trH3<-dismo::evaluate(p=pH3,a=aH3,model=modH3) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trH3)
modeval_teH3<-dismo::evaluate(p=ptestH3,a=aH3,model=modH3)
print(modeval_teH3)

thd1H3cv<-threshold(modeval_trH3, stat="no_omission") #min training presence threshold.. not using testing data
thd2H3cv<-threshold(modeval_trH3,"spec_sens")
thd3H3cv<-threshold(modeval_trH3,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4H3cv<-threshold(modeval_trH3,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1H3cv>=thd1H3cv)
plot(prd1H3cv>=thd2H3cv)
plot(prd1H3cv>=thd3H3cv)
plot(prd1H3cv>=thd4H3cv)

plot9cv<-(prd1H3cv>=thd1H3cv)
plot10cv<-(prd1H3cv>=thd2H3cv)
plot11cv<-(prd1H3cv>=thd3H3cv)
plot12cv<-(prd1H3cv>=thd4H3cv)

writeRaster(plot9cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1H3cv),"thd1H3cv.asc"),############change output folder
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot10cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2H3cv),"thd2H3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot11cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3H3cv),"thd3H3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot12cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4H3cv),"thd4H3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)


#######################medium impact scenario SSP 2.45 CNRM-ESM2-1 2021-2040 all vars#######################1/2MEDIUM2.45
Med2bio1<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_1.tif")
Med2bio2<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_2.tif")
Med2bio3<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_3.tif")
Med2bio4<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_4.tif")
Med2bio5<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_5.tif")
Med2bio6<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_6.tif")
Med2bio7<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_7.tif")
Med2bio8<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_8.tif")
Med2bio9<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_9.tif")
Med2bio10<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_10.tif")
Med2bio11<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_11.tif")
Med2bio12<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_12.tif")
Med2bio13<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_13.tif")
Med2bio14<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_14.tif")
Med2bio15<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_15.tif")
Med2bio16<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_16.tif")
Med2bio17<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_17.tif")
Med2bio18<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_18.tif")
Med2bio19<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr2/split/_19.tif")
rastfilesMed2<-c(Med2bio1,Med2bio2,Med2bio3,Med2bio4,Med2bio5,Med2bio6,Med2bio7,Med2bio8,Med2bio9,Med2bio10,Med2bio11,Med2bio12,Med2bio13,Med2bio14,Med2bio15,Med2bio16,Med2bio17,Med2bio18,Med2bio19)
Medssp2vars25<-stack(rastfilesMed2)
extent(Medssp2vars25)

cropMed2<-crop(Medssp2vars25,extent(polyext))
cropwcMed2sp<-mask(cropMed2,polyext)
plot(cropwcMed2sp)
writeRaster(cropwcMed2sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcMed2sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pM2<-extract(cropwcMed2sp,train)
ptestM2<-extract(cropwcMed2sp,test)
aM2<-extract(cropwcMed2sp,backgr)
paM2 <- c(rep(1,nrow(pM2)), rep(0,nrow(aM2))) 
pderM2 <- as.data.frame(rbind(pM2,aM2))
modM2<-dismo::maxent(x=pderM2,
                     p=paM2,
                     path=paste0("D:/Rmaxents/micchrot1/M2"), ####################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1M2<-predict(modM2,cropwcMed2sp)
plot(prd1M2)#continuous model
prdfutM2<-predict(modM2,cropwcMed2sp)#change to future var for second piece
plot(prdfutM2)
prd2M2<-predict(modM2,pM2) #environconditions of the training
head(prd2M2)#values of these environ conditions
hist(prd2M2)
plot(prd2M2)
modeval_trM2<-dismo::evaluate(p=pM2,a=aM2,model=modM2) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trM2)
modeval_teM2<-dismo::evaluate(p=ptestM2,a=aM2,model=modM2)
print(modeval_teM2)

thd1M2<-threshold(modeval_trM2, stat="no_omission") #min training presence threshold.. not using testing data
thd2M2<-threshold(modeval_trM2,"spec_sens")
thd3M2<-threshold(modeval_trM2,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4M2<-threshold(modeval_trM2,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1M2>=thd1M2)
plot(prd1M2>=thd2M2)
plot(prd1M2>=thd3M2)
plot(prd1M2>=thd4M2)

plot13<-(prd1M2>=thd1M2)
plot14<-(prd1M2>=thd2M2)
plot15<-(prd1M2>=thd3M2)
plot16<-(prd1M2>=thd4M2)

writeRaster(plot13,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1M2),"thd1M2.asc"),###########change output folder
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot14,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2M2),"thd2M2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot15,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3M2),"thd3M2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot16,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4M2),"thd4M2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)






###########################contrib vars medium impact scenario SSP 2.45 CNRM-ESM2-1 2021-2040#################2/2MEDIUM2.45

rastfilesMed2cv<-c(Med2bio1,Med2bio2,Med2bio3,Med2bio4,Med2bio5,Med2bio6,Med2bio9,Med2bio10,Med2bio15)####change these each time

Medssp2varscv<-stack(rastfilesMed2cv)
extent(Medssp2varscv)

cropMed2cv<-crop(Medssp2varscv,extent(polyext))
cropwcMed2spcv<-mask(cropMed2cv,polyext)
plot(cropwcMed2spcv)
writeRaster(cropwcMed2spcv,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcMed2spcv),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pM2<-extract(cropwcMed2spcv,train)
ptestM2<-extract(cropwcMed2spcv,test)
aM2<-extract(cropwcMed2spcv,backgr)
paM2 <- c(rep(1,nrow(pM2)), rep(0,nrow(aM2))) 
pderM2 <- as.data.frame(rbind(pM2,aM2))
modM2<-dismo::maxent(x=pderM2,
                     p=paM2,
                     path=paste0("D:/Rmaxents/micchrotmostcontr/M2"), ####################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)

prd1M2cv<-predict(modM2,cropwcMed2spcv)
plot(prd1M2cv)#continuous model
prd2M2cv<-predict(modM2,pM2) #environconditions of the training
modeval_trM2<-dismo::evaluate(p=pM2,a=aM2,model=modM2) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trM2)
modeval_teM2<-dismo::evaluate(p=ptestM2,a=aM2,model=modM2)
print(modeval_teM2)

thd1M2cv<-threshold(modeval_trM2, stat="no_omission") #min training presence threshold.. not using testing data
thd2M2cv<-threshold(modeval_trM2,"spec_sens")
thd3M2cv<-threshold(modeval_trM2,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4M2cv<-threshold(modeval_trM2,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1M2cv>=thd1M2cv)
plot(prd1M2cv>=thd2M2cv)
plot(prd1M2cv>=thd3M2cv)
plot(prd1M2cv>=thd4M2cv)

plot13cv<-(prd1M2cv>=thd1M2cv)
plot14cv<-(prd1M2cv>=thd2M2cv)
plot15cv<-(prd1M2cv>=thd3M2cv)
plot16cv<-(prd1M2cv>=thd4M2cv)

writeRaster(plot13cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1M2cv),"thd1M2cv.asc"),########changeoutput
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot14cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2M2cv),"thd2M2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot15cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3M2cv),"thd3M2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot16cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4M2cv),"thd4M2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)



#############################medium impact scenario SSP 3.70 CNRM-ESM2-1 2021-2040 all vars############################1/2MEDIUM3.7
Med3bio1<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_1.tif")
Med3bio2<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_2.tif")
Med3bio3<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_3.tif")
Med3bio4<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_4.tif")
Med3bio5<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_5.tif")
Med3bio6<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_6.tif")
Med3bio7<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_7.tif")
Med3bio8<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_8.tif")
Med3bio9<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_9.tif")
Med3bio10<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_10.tif")
Med3bio11<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_11.tif")
Med3bio12<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_12.tif")
Med3bio13<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_13.tif")
Med3bio14<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_14.tif")
Med3bio15<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_15.tif")
Med3bio16<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_16.tif")
Med3bio17<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_17.tif")
Med3bio18<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_18.tif")
Med3bio19<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cnr3/split/_19.tif")
rastfilesMed3<-c(Med3bio1,Med3bio2,Med3bio3,Med3bio4,Med3bio5,Med3bio6,Med3bio7,Med3bio8,Med3bio9,Med3bio10,Med3bio11,Med3bio12,Med3bio13,Med3bio14,Med3bio15,Med3bio16,Med3bio17,Med3bio18,Med3bio19)
Medssp3vars25<-stack(rastfilesMed3)
extent(Medssp3vars25)

cropMed3<-crop(Medssp3vars25,extent(polyext))
cropwcMed3sp<-mask(cropMed3,polyext)
plot(cropwcMed3sp)
writeRaster(cropwcMed3sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcMed3sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pM3<-extract(cropwcMed3sp,train)
ptestM3<-extract(cropwcMed3sp,test)
aM3<-extract(cropwcMed3sp,backgr)
paM3<- c(rep(1,nrow(pM3)), rep(0,nrow(aM3))) 
pderM3 <- as.data.frame(rbind(pM3,aM3))
modM3<-dismo::maxent(x=pderM3,
                     p=paM3,
                     path=paste0("D:/Rmaxents/micchrot1/M3"), #will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)


prd1M3<-predict(modM3,cropwcMed3sp)
plot(prd1M3)#continuous model
prdfutM3<-predict(modM3,cropwcMed3sp)#change to future var for second piece
plot(prdfutM3)
prd2M3<-predict(modM3,pM3) #environconditions of the training
head(prd2M3)#values of these environ conditions
hist(prd2M3)
plot(prd2M3)
modeval_trM3<-dismo::evaluate(p=pM3,a=aM3,model=modM3) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trM3)
modeval_teM3<-dismo::evaluate(p=ptestM3,a=aM3,model=modM3)
print(modeval_teM3)

thd1M3<-threshold(modeval_trM3, stat="no_omission") #min training presence threshold.. not using testing data
thd2M3<-threshold(modeval_trM3,"spec_sens")
thd3M3<-threshold(modeval_trM3,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4M3<-threshold(modeval_trM3,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1M3>=thd1M3)
plot(prd1M3>=thd2M3)
plot(prd1M3>=thd3M3)
plot(prd1M3>=thd4M3)

plot17<-(prd1M3>=thd1M3)
plot18<-(prd1M3>=thd2M3)
plot19<-(prd1M3>=thd3M3)
plot20<-(prd1M3>=thd4M3)

writeRaster(plot17,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1M3),"thd1M3.asc"),##############this will vary
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot18,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2M3),"thd2M3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot19,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3M3),"thd3M3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot20,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4M3),"thd4M3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)




##########################contr vars medium impact scenario SSP 3.70 CNRM-ESM2-1 2021-2040################2/2MEDIUM3.70

rastfilesMed3cv<-c(Med3bio1,Med3bio2,Med3bio3,Med3bio4,Med3bio5,Med3bio6,Med3bio9,Med3bio10,Med3bio15)###changes each time

Medssp3varscv<-stack(rastfilesMed3cv)
extent(Medssp3varscv)

cropMed3cv<-crop(Medssp3varscv,extent(polyext))
cropwcMed3spcv<-mask(cropMed3cv,polyext)
plot(cropwcMed3spcv)
writeRaster(cropwcMed3spcv,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcMed3spcv),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pM3<-extract(cropwcMed3spcv,train)
ptestM3<-extract(cropwcMed3spcv,test)
aM3<-extract(cropwcMed3spcv,backgr)
paM3<- c(rep(1,nrow(pM3)), rep(0,nrow(aM3))) 
pderM3 <- as.data.frame(rbind(pM3,aM3))
modM3<-dismo::maxent(x=pderM3,
                     p=paM3,
                     path=paste0("D:/Rmaxents/micchrotmostcontr/M3"), ################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)


prd1M3cv<-predict(modM3,cropwcMed3spcv)
plot(prd1M3cv)#continuous model
prd2M3cv<-predict(modM3,pM3) #environconditions of the training
modeval_trM3<-dismo::evaluate(p=pM3,a=aM3,model=modM3) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trM3)
modeval_teM3<-dismo::evaluate(p=ptestM3,a=aM3,model=modM3)
print(modeval_teM3)

thd1M3cv<-threshold(modeval_trM3, stat="no_omission") #min training presence threshold.. not using testing data
thd2M3cv<-threshold(modeval_trM3,"spec_sens")
thd3M3cv<-threshold(modeval_trM3,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4M3cv<-threshold(modeval_trM3,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1M3cv>=thd1M3cv)
plot(prd1M3cv>=thd2M3cv)
plot(prd1M3cv>=thd3M3cv)
plot(prd1M3cv>=thd4M3cv)

plot17cv<-(prd1M3cv>=thd1M3cv)
plot18cv<-(prd1M3cv>=thd2M3cv)
plot19cv<-(prd1M3cv>=thd3M3cv)
plot20cv<-(prd1M3cv>=thd4M3cv)

writeRaster(plot17cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1M3cv),"thd1M3cv.asc"),###########change output
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot18cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2M3cv),"thd2M3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot19cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3M3cv),"thd3M3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot20cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4M3cv),"thd4M3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)



##################low impact (best case) scenario SSP 2.45 CNRM-CM6-1 2021-2040 all vars###############1/2LOW2.45
Low2bio1<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_1.tif")
Low2bio2<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_2.tif")
Low2bio3<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_3.tif")
Low2bio4<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_4.tif")
Low2bio5<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_5.tif")
Low2bio6<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_6.tif")
Low2bio7<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_7.tif")
Low2bio8<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_8.tif")
Low2bio9<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_9.tif")
Low2bio10<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_10.tif")
Low2bio11<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_11.tif")
Low2bio12<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_12.tif")
Low2bio13<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_13.tif")
Low2bio14<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_14.tif")
Low2bio15<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_15.tif")
Low2bio16<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_16.tif")
Low2bio17<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_17.tif")
Low2bio18<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_18.tif")
Low2bio19<-raster("D:/CLIPMammals/2.5WorldClim/ssp2Cn61/split/_19.tif")
rastfilesLow2<-c(Low2bio1,Low2bio2,Low2bio3,Low2bio4,Low2bio5,Low2bio6,Low2bio7,Low2bio8,Low2bio9,Low2bio10,Low2bio11,Low2bio12,Low2bio13,Low2bio14,Low2bio15,Low2bio16,Low2bio17,Low2bio18,Low2bio19)
Lowssp2vars25<-stack(rastfilesLow2)
extent(Lowssp2vars25)

cropLow2<-crop(Lowssp2vars25,extent(polyext))
cropwcLow2sp<-mask(cropLow2,polyext)
plot(cropwcLow2sp)
writeRaster(cropwcLow2sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcLow2sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pL2<-extract(cropwcLow2sp,train)
ptestL2<-extract(cropwcLow2sp,test)
aL2<-extract(cropwcLow2sp,backgr)
paL2 <- c(rep(1,nrow(pL2)), rep(0,nrow(aL2))) 
pderL2 <- as.data.frame(rbind(pL2,aL2))
modL2<-dismo::maxent(x=pderL2,
                     p=paL2,
                     path=paste0("D:/Rmaxents/micchrot1/L2"), ###########will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)


prd1L2<-predict(modL2,cropwcLow2sp)
plot(prd1L2)#continuous model
prdfutL2<-predict(modL2,cropwcLow2sp)#change to future var for second piece
plot(prdfutL2)
prd2L2<-predict(modL2,pL2) #environconditions of the training
head(prd2L2)#values of these environ conditions
hist(prd2L2)
plot(prd2L2)
modeval_trL2<-dismo::evaluate(p=pL2,a=aL2,model=modL2) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trL2)
modeval_teL2<-dismo::evaluate(p=ptestL2,a=aL2,model=modL2)
print(modeval_teL2)

thd1L2<-threshold(modeval_trL2, stat="no_omission") #min training presence threshold.. not using testing data
thd2L2<-threshold(modeval_trL2,"spec_sens")
thd3L2<-threshold(modeval_trL2,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4L2<-threshold(modeval_trL2,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1L2>=thd1L2)
plot(prd1L2>=thd2L2)
plot(prd1L2>=thd3L2)
plot(prd1L2>=thd4L2)

plot21<-(prd1L2>=thd1L2)
plot22<-(prd1L2>=thd2L2)
plot23<-(prd1L2>=thd3L2)
plot24<-(prd1L2>=thd4L2)

writeRaster(plot21,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1L2),"thd1L2.asc"),#####change output each time
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot22,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2L2),"thd2L2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot23,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3L2),"thd3L2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot24,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4L2),"thd4L2.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)


##########################contr vars low impact (best case) scenario SSP 2.45 CNRM-CM6-1 2021-2040################2/2LOW2.45

rastfilesLow2cv<-c(Low2bio1,Low2bio2,Low2bio3,Low2bio4,Low2bio5,Low2bio6,Low2bio9,Low2bio10,Low2bio15)###changes each time

Lowssp2varscv<-stack(rastfilesLow2cv)
extent(Lowssp2varscv)

cropLow2cv<-crop(Lowssp2varscv,extent(polyext))
cropwcLow2spcv<-mask(cropLow2cv,polyext)
plot(cropwcLow2spcv)
writeRaster(cropwcLow2spcv,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcLow2spcv),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pL2<-extract(cropwcLow2spcv,train)
ptestL2<-extract(cropwcLow2spcv,test)
aL2<-extract(cropwcLow2spcv,backgr)
paL2<- c(rep(1,nrow(pL2)), rep(0,nrow(aL2))) 
pderL2 <- as.data.frame(rbind(pL2,aL2))
modL2<-dismo::maxent(x=pderL2,
                     p=paL2,
                     path=paste0("D:/Rmaxents/micchrotmostcontr/L2"), ################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)


prd1L2cv<-predict(modL2,cropwcLow2spcv)
plot(prd1L2cv)#continuous model
prd2L2cv<-predict(modL2,pL2) #environconditions of the training
modeval_trL2<-dismo::evaluate(p=pL2,a=aL2,model=modL2) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trL2)
modeval_teL2<-dismo::evaluate(p=ptestL2,a=aL2,model=modL2)
print(modeval_teL2)

thd1L2cv<-threshold(modeval_trL2, stat="no_omission") #min training presence threshold.. not using testing data
thd2L2cv<-threshold(modeval_trL2,"spec_sens")
thd3L2cv<-threshold(modeval_trL2,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4L2cv<-threshold(modeval_trL2,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1L2cv>=thd1L2cv)
plot(prd1L2cv>=thd2L2cv)
plot(prd1L2cv>=thd3L2cv)
plot(prd1L2cv>=thd4L2cv)

plot17cv<-(prd1L2cv>=thd1L2cv)
plot18cv<-(prd1L2cv>=thd2L2cv)
plot19cv<-(prd1L2cv>=thd3L2cv)
plot20cv<-(prd1L2cv>=thd4L2cv)

writeRaster(plot17cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1L2cv),"thd1L2cv.asc"),###########change output
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot18cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2L2cv),"thd2L2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot19cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3L2cv),"thd3L2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot20cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4L2cv),"thd4L2cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)



#########################low impact (best case) scenario SSP 3.70 CNRM-CM6-1 2021-2040 all vars##############1/2LOW3.70
Low3bio1<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_1.tif")
Low3bio2<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_2.tif")
Low3bio3<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_3.tif")
Low3bio4<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_4.tif")
Low3bio5<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_5.tif")
Low3bio6<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_6.tif")
Low3bio7<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_7.tif")
Low3bio8<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_8.tif")
Low3bio9<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_9.tif")
Low3bio10<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_10.tif")
Low3bio11<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_11.tif")
Low3bio12<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_12.tif")
Low3bio13<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_13.tif")
Low3bio14<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_14.tif")
Low3bio15<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_15.tif")
Low3bio16<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_16.tif")
Low3bio17<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_17.tif")
Low3bio18<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_18.tif")
Low3bio19<-raster("D:/CLIPMammals/2.5WorldClim/ssp3Cn61/split/_19.tif")

rastfilesLow3<-c(Low3bio1,Low3bio2,Low3bio3,Low3bio4,Low3bio5,Low3bio6,Low3bio7,Low3bio8,Low3bio9,Low3bio10,Low3bio11,Low3bio12,Low3bio13,Low3bio14,Low3bio15,Low3bio16,Low3bio17,Low3bio18,Low3bio19)
Lowssp3vars25<-stack(rastfilesLow3)
extent(Lowssp3vars25)

cropLow3<-crop(Lowssp3vars25,extent(polyext))
cropwcLow3sp<-mask(cropLow3,polyext)
plot(cropwcLow2sp)
writeRaster(cropwcLow3sp,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcLow3sp),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pL3<-extract(cropwcLow3sp,train)
ptestL3<-extract(cropwcLow3sp,test)
aL3<-extract(cropwcLow3sp,backgr)
paL3<- c(rep(1,nrow(pL3)), rep(0,nrow(aL3))) 
pderL3 <- as.data.frame(rbind(pL3,aL3))
modL3<-dismo::maxent(x=pderL3,
                     p=paL3,
                     path=paste0("D:/Rmaxents/micchrot1/L3"), #will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)


prd1L3<-predict(modL3,cropwcLow3sp)
plot(prd1L3)#continuous model
prdfutL3<-predict(modL3,cropwcLow3sp)#change to future var for second piece
plot(prdfutL3)
prd2L3<-predict(modL3,pL3) #environconditions of the training
head(prd2L3)#values of these environ conditions
hist(prd2L3)
plot(prd2L3)
modeval_trL3<-dismo::evaluate(p=pL3,a=aL3,model=modL3) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trL3)
modeval_teL3<-dismo::evaluate(p=ptestL3,a=aL3,model=modL3)
print(modeval_teL3)

thd1L3<-threshold(modeval_trL3, stat="no_omission") #min training presence threshold.. not using testing data
thd2L3<-threshold(modeval_trL3,"spec_sens")
thd3L3<-threshold(modeval_trL3,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4L3<-threshold(modeval_trL3,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1L3>=thd1L3)
plot(prd1L3>=thd2L3)
plot(prd1L3>=thd3L3)
plot(prd1L3>=thd4L3)

plot25<-(prd1L3>=thd1L3)
plot26<-(prd1L3>=thd2L3)
plot27<-(prd1L3>=thd3L3)
plot28<-(prd1L3>=thd4L3)

writeRaster(plot25,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1L3),"thd1L3.asc"),########change this output
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot26,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2L3),"thd2L3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot27,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3L3),"thd3L3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot28,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4L3),"thd4L3.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

##########################contr vars low impact (best case) scenario SSP 3.70 CNRM-CM6-1 2021-2040################2/2LOW3.70

rastfilesLow3cv<-c(Low3bio1,Low3bio2,Low3bio3,Low3bio4,Low3bio5,Low3bio6,Low3bio9,Low3bio10,Low3bio15)###changes each time

Lowssp3varscv<-stack(rastfilesLow3cv)
extent(Lowssp3varscv)

cropLow3cv<-crop(Lowssp3varscv,extent(polyext))
cropwcLow3spcv<-mask(cropLow3cv,polyext)
plot(cropwcLow3spcv)
writeRaster(cropwcLow3spcv,
            filename=paste0("D:/Rmaxents/rasters/",names(cropwcLow3spcv),".asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

pL3<-extract(cropwcLow3spcv,train)
ptestL3<-extract(cropwcLow3spcv,test)
aL3<-extract(cropwcLow3spcv,backgr)
paL3<- c(rep(1,nrow(pL3)), rep(0,nrow(aL3))) 
pderL3 <- as.data.frame(rbind(pL3,aL3))
modL3<-dismo::maxent(x=pderL3,
                     p=paL3,
                     path=paste0("D:/Rmaxents/micchrotmostcontr/L3"), ################will vary by spp
                     args=c("responsecurves", "outputformat=logistic", "writeplotdata", "noextrapolate", "nodoclamp", "appendtoresultsfile", "maximumiterations=5000", "applythresholdrule=10 percentile training presence")
)


prd1L3cv<-predict(modL3,cropwcLow3spcv)
plot(prd1L3cv)#continuous model
prd2L3cv<-predict(modL3,pL3) #environconditions of the training
modeval_trL3<-dismo::evaluate(p=pL3,a=aL3,model=modL3) #p=enivor conditions present, a=environ conditions background, and model
print(modeval_trL3)
modeval_teL3<-dismo::evaluate(p=ptestL3,a=aL3,model=modL3)
print(modeval_teL3)

thd1L3cv<-threshold(modeval_trL3, stat="no_omission") #min training presence threshold.. not using testing data
thd2L3cv<-threshold(modeval_trL3,"spec_sens")
thd3L3cv<-threshold(modeval_trL3,stat="sensitivity",sensitivity=0.9) #omission rate is 10%
thd4L3cv<-threshold(modeval_trL3,stat="sensitivity",sensitivity=0.95) #5% omission rate

plot(prd1L3cv>=thd1L3cv)
plot(prd1L3cv>=thd2L3cv)
plot(prd1L3cv>=thd3L3cv)
plot(prd1L3cv>=thd4L3cv)

plot17cv<-(prd1L3cv>=thd1L3cv)
plot18cv<-(prd1L3cv>=thd2L3cv)
plot19cv<-(prd1L3cv>=thd3L3cv)
plot20cv<-(prd1L3cv>=thd4L3cv)

writeRaster(plot17cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd1L3cv),"thd1L3cv.asc"),###########change output
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot18cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd2L3cv),"thd2L3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot19cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd3L3cv),"thd3L3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)

writeRaster(plot20cv,
            filename=paste0("D:/Rmaxents/micchrotoutput/",names(thd4L3cv),"thd4L3cv.asc"),
            format="ascii",
            bylayer=TRUE,
            overwrite=TRUE)
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CHAPTER II:
A RIGHT OF PASSAGE: REFUGIAL CORRIDORS AND WILDLIFE CROSSINGS IN THE APPALACHIANS
[bookmark: _Toc164388150]
ABSTRACT
Given the rapid rate of changing climate, identification and preservation of stable regions of climate refugia has become a global priority for researchers and practitioners alike. However, concerns have been raised about loss of connectivity between key refugial areas globally, as relict ecosystems are at risk of being lost or experiencing severe inbreeding depression at best. One such region, the Appalachian Mountains of the eastern United States, is predicted to maintain stable climate refugia through at least 2040, growing populations in the region are encroaching on these refugia. To address these concerns, we used ecological niche modeling and least cost pathways to identify key climate refugia and corridors for maintaining connectivity. We focused on rodents, the largest group of mammals in the Appalachians, given their close ties to ecosystem composition and health, as well as their diversity of life histories. Past research has utilized charismatic flagship species for conservation and gaining public interest, therefore we chose to compare the designation of refugia and corridors based solely on the one remaining large mammal iconic of the Blue Ridge and Appalachia, the American black bear. Results highlighted that though the bear’s refugia and corridors encompassed the majority of the rodents in the region, for specific planning of wildlife crossings and protection of key corridors a multi-species approach including non-generalist taxa should be utilized. This approach to corridor planning for connecting refugia can be used in other geographic regions globally. With this approach, taxa that are often overlooked but critical to certain rare ecosystems will be included in planning that needs to occur prior to beginning road construction projects. To illustrate this possibility and to aide in conservation decision making in the south-central Appalachians, we identified three key areas of interrupted corridors for the overwhelming majority of rodents on I-26 and I-40 in the Blue Ridge (Tennessee and North Carolina), and I-75 in the Central Appalachians (Tennessee) and recommend surveys for incorporation of new wildlife overpasses/underpasses and/or modification of existing structures. In doing this, we aim to provide key information for planning to help mitigate vehicular collisions with large taxa, facilitate movement of small species unable to cross surfaces with large swaths of concrete median, and promote connectivity of stable climate refugia in a key biodiversity region of the United States.
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INTRODUCTION
Anthropogenic climate change is an active threat predicted to cause high extinction rates due to temperatures rising to levels that haven’t been present since the Eocene Epoch 40 mya (Houghton et al., 2001; Thomas et al., 2004). In response, a number of species have shifted their ranges in latitude, elevation, water depth or towards buffered microhabitats (Moritz et al., 2008; Parmesan & Yohe, 2003; Pelini et al., 2011; Perry et al., 2005; Spence & Tingley, 2020). A meta-analysis by Parmesan and Yohe (2003) focuses on global trends, noting that across taxa the average shift of a species range was 6.1 km towards higher latitudes and 6.1m higher in elevation per decade. However, a major pitfall to shifting to track suitable climate is habitat fragmentation, which can both lessen the overall availability of suitable habitat and increase distance between suitable patches (Gibson et al., 2013; Synes et al., 2020; Travis, 2003). Indeed, it has been predicted that in the Appalachians, many species that are already dispersal limited, such as moles, shrews, and rodents, may be further impacted by extensive areas of anthropogenic land use (Parmesan & Yohe, 2003).
 Rodents play key roles in every ecological system in which they are found, with a number considered keystone species or ecosystem engineers (Jones et al., 1994, 1997), having disproportionate impacts on the landscape around them and the species that inhabit them. For example the American beaver (Castor canadensis) facilitating emergent wetland habitat, prairie dogs (Cynomys spp.) increasing diversity of the flora in arid landscapes, or ground squirrels supporting entire carnivoran food webs in Idaho (Davidson et al., 2008; Miller et al., 1994; Power et al., 1996; Whicker & Detling, 1988; Wright et al., 2002). Rodents can also significantly alter ecosystems through seed dispersal (often through caching) and consumption of plants (increasing diversity), spread of fungi and mycorrhizae (the latter particularly by fungal specialists such as Tamiasciurus and Clethrionomys), aeration of the soil both below ground and along the surface, and facilitate nutrient cycling and mineral turnover through decomposition of old vegetation and waste excretion (Dickman, 1999; Godó et al., 2022; Lacher et al., 2016; Stephens & Rowe, 2020; Yensen & Hafner, 1998). Though, large mammals are often predicted to be more at risk due to slower reproductive rates and greater resource requirements, consideration should also be given to those with low dispersal traits (Isaac, 2009; Morrison et al., 2018). In choosing rodents, despite their fast reproduction, we accounted for elusive, small, dispersal limited taxa tied to rare ecosystems (e.g. Appalachian balds, Appalachian spruce-fir forests) that would be dispersal limited, with the assumption that many of these taxa serve as a “best case” persistence scenario for taxa that reproduce/adapt more slowly in those systems. Loss of rodent diversity can have profound impacts on a region, particularly given the cascading trophic effects that could cause the direct extinction of other species (Hafner et al., 1998; Lacher et al., 2016; Yensen et al., 1992; Yensen & Hafner, 1998). Of concern are rodent species of greatest conservation need threatened by climate change, especially those in relict systems such as the Appalachian boreal forests.
In a time of rapid climate change, connectivity of refugia (=suitable persisting habitats) and dispersal to these refugia is another challenge faced by rodents, if not all taxa. Unfortunately, natal dispersal distance (hereafter referred to as “dispersal distance”) is often poorly known in small mammals, though typically dispersal distance of North American mammals typically correlates to both body size and home range size (Bowman et al., 2002; Sutherland et al., 2000; Van Vuren, 1998; Whitmee & Orme, 2013). Whitme and Orme (2013) noted strong trends in dispersal ability and phylogeny as well. A number of small rodents (<100g), e.g. arvicolines, occupy only a few hundred square-meter home ranges within their entire life (Le Galliard et al., 2012). The mean dispersal distance based on the literature review of Le Galliard et al (2012) suggests that though capable of dispersing into the multi-kilometer range each year (the bulk of studies showed dispersal of small rodents as less than 1km per year), the mean yearly dispersal distance of small rodents such as the arvicolines to be closer to 10 meters. However, it should be noted that a number of small rodents will also produce more than one liter per year, enabling a number of dispersal events (Le Galliard et al., 2012). A key problem facing rodents, like many other taxa, is growing anthropogenic disruption of the landscape (e.g. roadways, urban sprawl, removal of native land cover), which is thought to be a compounding factor to geographic isolation of populations, particularly for small mammals (Brunke et al., 2019; Chambers & Garant, 2010; Ćosić et al., 2013; Lugon-Moulin & Hausser, 2002; Segelbacher et al., 2010). Barriers to dispersal are a major concern because populations can become isolated and experience inbreeding depression if not genetically rescued (Ćosić et al., 2013; Frankham, 2015; Pertoldi et al., 2007; Ralls et al., 2020; Tallmon et al., 2004). Prior to reaching this level of genetic isolation, an alternative is to try to bridge these populations utilizing wildlife corridors (Gracanin et al., 2023; Shafaghat et al., 2022; Thapa et al., 2018).
Wildlife corridors can be defined as habitat allowing dispersal between otherwise isolated ecological areas (Hamaide et al., 2022; Liu et al., 2018; Loro et al., 2015; Newmark, 1993). In addition to providing means of dispersal to suitable habitat in an increasing anthropogenic landscape, wildlife corridors are also key to connecting persisting suitable habitats (=refugia) in the face of global climate change (Carroll, 2010; Lawler et al., 2013, 2015; McKinley et al., 2019; Minor & Lookingbill, 2010; Zhu et al., 2021). Indeed, Lawler et al. (2013) identified the Appalachian Mountains (hereafter Appalachians) as a key dispersal route in the western hemisphere for a number of vertebrate taxa in the face of climate change at coarse resolution (i.e. 50 km grids). Zhu et al. (2021) conducting a study at finer resolution (i.e. 1 km), and found this region to have a high percentage of protected areas overlapping with high diversity of species richness across vertebrate taxa, even into the future (2070), ideal for the placement of wildlife corridors (Hamaide et al., 2022; Liu et al., 2018; Loro et al., 2015; Newmark, 1993). It has also been stressed that when planning for wildlife corridors, the goal should be to physically connect designated protected patches together through means such as wildlife overpasses, underpasses, and bridges; as opposed to placing an overpass that leads to unprotected land that could easily end up developed urban landscape (e.g. a subdivision) (Beier & Loe, 1992).
Corridors for wildlife and climate corridors have been studied at the continental scale (e.g., McGuire et al., 2016; Nuñez et al., 2013; Rose & Burton, 2009) and at regional and  localized scales (e.g., Alexander & Waters, 2000; Erb et al., 2012; Wilson & Belote, 2022). Our study focuses on the Appalachians as known climate refugia at the regional level and includes a diverse and representative group for mammals, both well-studied and cryptic taxa, for comparison to other taxonomic groups in the region. The potential climate refugia for mammals were estimated for near future climatic conditions (2040s). We take a regional connectivity approach in identifying specific sites for climate connectivity corridors by modeling where refugial patches within the region could be found as well as overlap with a charismatic flagship species, making this a novel method for providing specific corridor advice in the region. Much of this type of work has been conducted globally (e.g., Denneboom et al., 2021; Glista et al., 2009; Mata et al., 2008; Olsson et al., 2008; Pell & Jones, 2015), as well as in the western United States (e.g., Barnick et al., 2022; Caldwell & Klip, 2020; Gloyne & Clevenger, 2001; Huijser et al., 2016; Mccollister & Van Manen, 2010) and has shown that corridors have been used by a wide diversity of taxa of varying sizes to cross otherwise impenetrable sections of major roadways. In the eastern United States, wildlife corridors are becoming more common (Austin & Garland, 2001; Donaldson, 2007; Jones et al., 2008; Parker et al., 2011), with successful implementation in Florida connecting habitat for large charismatic species such as the federally listed Florida Panther (Puma concolor coryi) (Beckmann et al., 2012; Foster & Humphrey, 1995; Shepherd et al., 2023). As a result of public outcry, there is interest in the Appalachians to implement more corridors, particularly in the Blue Ridge (https://smokiessafepassage.org/); this study may assist corridor planning by providing another metric for identifying optimal areas for placement, which has been met with enthusiasm by stakeholders (e.g. National Parks Conservation Association and The Nature Conservancy) in the region.
	Given the key role of the Appalachians as climate refugia for relict boreal species and endemics (see Chapter 1; Berry & Smith, 2013; Browne & Ferree, 2007; Cartwright & Wolfe, 2016; Graham et al., 2010; Gross, 2010; G. Hewitt, 2000), connectivity on the landscape and establishing wildlife corridors is of the utmost importance (Anderson et al., 2015; Anderson et al., 2023). For this study, we investigate whether protecting climate refugia for charismatic flagship species secondarily aids in the conservation of more rare and elusive species that have important ecological roles. To do this we analyzed the degree of overlap between stable climate refugia for a flagship species (the American black bear, see below) and rodent species within the Appalachian Ecoregion. We also investigated whether major road systems in the Appalachians could impede movement of species with limited dispersal abilities attempting to track geographic shifts of their climate suitability. To do this, we identified key refugial parcels for each rodent species, and determined whether roads intersected potential corridors between these refugial areas.
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[bookmark: _Toc164388153]Study area and species data
The potential for stable climate refugia (Chapter 1), combined with existing large protected areas in a landscape matrix of agriculture and urban areas makes the Appalachians an ideal candidate region for wildlife corridors. Our study area was represented by Level II Ozark, Ouachita-Appalachian Forest as defined by the Environmental Protection Agency (EPA) that comprises the Appalachians as the “Appalachian Ecoregion” (Commission for Environmental Cooperation, 1997). 
Similar to global trends, the order Rodentia is the most specious mammalian group (28 species) within the Appalachian Ecoregion (78 species total); five families and seven subfamilies of rodents are represented in the region. These species range in ecology from habitat generalists such as the deer mice (Peromyscus maniculatus) to habitat specialists such as the Allegheny woodrat (Neotoma magister) and have adapted to diverse lifestyles, from semi-fossorial ground squirrels to the semi-aquatic beaver and muskrat to arboreal gliding flying squirrels. Of these Appalachian rodent species, 16 are found on at least one State Wildlife Action Plan (SWAP) list of species of greatest conservation need. The ranges of three federally listed subspecies, Glaucomy sabrinus coloratus, Microtus chrotorrhinus carolinensis, and N. floridana haematoria, overlap with the Appalachian Ecoregion (Appendix II: Table 2.1). 
We selected a charismatic species, the American black bear (Ursus americanus) for comparison of climate refugia and corridor needs with our focal group of rodent species. The American black bear is a generalist species from the order Carnivora and is listed on SWAPs for three states in the Appalachian Ecoregion. Additionally, the American black bear has gained considerable media attention with videos emerging of bears with cubs struggling to cross Interstate-40 along the edge of the Great Smoky Mountains National Park, thus strengthening the case for corridors to connect the remaining habitat patches for this species.
We included in our study all rodent subspecies overlapping the Appalachian Ecoregion and the larger EPA Level I Eastern Temperate Forest and Northern Forest Ecoregion, to account for possible links with populations and regions outside of our study area. We downloaded occurrence data for these 29 species (28 rodents and the bear; Appendix II: Table 2.1) from GBIF and VertNet, and cleaned, geographically clipped, and temporally aligned the data following the procedures used in Chapter 1. 
[bookmark: _Toc164388154]Climate Data
To determine stability of climate into the future, we followed standard methodology: we utilized the 19 bioclimatic variables from WorldClim 2 representing current (baseline) temperature and precipitation variables for 1970-2000 (https://www.worldclim.org/data/index.html) and future climate projections at the finest available resolution from the newest of the Climate Model Intercomparison Project (CMIP) 6 (2.5 arc minute resolution; ~5 km) (Fick & Hijmans, 2017). We used standard future climatic variables, representing two middle-of-the road emission scenarios (SSP 2-4.5 and 3-7.0) for greenhouse gases and three Global Circulation Models representing a range of warmer/wetter and cooler/drier scenarios (CNRM-CM6-1, CNR-ESM2-1, and CanESM) to predict climate refugia into 2040 (Fick & Hijmans, 2017).
[bookmark: _Toc164388155]Ecological niche modeling parameters and evaluation
To generate ecological niche models and estimate current and future potential distributions, we used Maximum Entropy (Maxent) machine-learning algorithm given its versatility and widely accepted use (Elith et al., 2011; see Chapter 1). In Chapter 1, we ran models for 23 rodent species of greatest conservation need (SGCN) and for the American black bear. In this chapter we used the same modeling parameters as in Chapter 1 for five additional rodent species occurring in the Appalachian Ecoregion (Castor canadensis, Marmota monax, Ondatra zibethicus, Sciurus carolinensis, and Sigmodon hispidus). Lastly, to improve model performance, we applied a more standard model training approach for four rodent SGCNs with restricted ranges and few occurrence points (M. chrotorrhinus, Reithrodontomys humulis, Synaptomys cooperi, and Zapus hudsonius) by utilizing all occurrence data to train and test the model through crossvalidation, rather than selecting data to train and test the model based on climatic heterogeneity. These species have narrow ranges and limited occurrence data; thus we ran five crossvalidation iterations with all occurrence data and obtained models with higher performance (as measured by AUC and omission error). The resulting models were then overlaid to produce a consensus climate model showing stability from the baseline into the future across climate scenarios (SSP and GCM). These consensus models were considered “stable climate refugia” throughout the manuscript. The consensus models represent a conservative estimate of stable climate refugia. This is less problematic for those species with a high degree of connectivity between source refugia but is worth keeping under consideration for taxa with a more uncertain climatic future with less consensus (see Chapter 1 for extent of predictions by scenario relative to consensus models).
[bookmark: _Toc164388156]Land cover, protected areas, and primary roadways
[bookmark: _Hlk158667901]We refined climate suitability estimates for stable refugia by excluding areas on the landscape that would be difficult for the vast majority, if not all species, to disperse through or inhabit for a prolonged period of time based on land cover type and species’ habitat requirements (Brunke et al., 2019; Dewitz, 2021; Emmons, 2000; Kuefler et al., 2010; Wells et al., 2006). Following the methods of Chapter 1, we removed developed areas, barren spaces, cropland, hayfields, and pasture from the National Land Cover Database (Dewitz, 2021) because we assumed that these areas are unsuitable for long term stability of the species studied. The class “open water” was retained only for semi-aquatic rodent species, for which we buffered open water and wetlands by 0.5 km. The buffer was necessary, albeit erring on the side of overestimation, to encompass shorelines and account for fluctuations in the water table, as well as to allow for dispersal between patches of wetland and open water areas (Cotner & Schooley, 2011; Cox & Nelson, 2009; Eubanks et al., 2011; Nadeau et al., 1995; Wang et al., 2019). We used the United States Geological Survey’s (USGS) Protected Area Database of the United States (PAD-US; U.S. Geological Survey, 2022) to identify where protected areas overlap with these rodents, following Chapter 1, where we assume stable climate, suitable landcover, and protected land constitute highest likelihood of persistence for a species. Additionally in this chapter, we documented these protected climate refugia that were in close proximity (1 kilometer or less) to a key dispersal barrier for species, primary roadways (Brunke et al., 2019; Chambers & Garant, 2010; Ćosić et al., 2013; Lugon-Moulin & Hausser, 2002; Segelbacher et al., 2010). Primary roadways (=Interstates and Major US Highways) were derived from the United States Census Bureau 2021 TIGER/Line Primary Roads shapefile for the Appalachian Ecoregion (U.S. Census Bureau, Geography Division, 2021). We then buffered by 1 km each greater urban area derived from the U.S. Census Bureau’s TIGER/Line Urban Areas shapefile (U.S. Census Bureau, Geography Division, 2020) to determine areas of overlap with hotspots and priority areas for 2022 for major cities in the region with populations over 50,000 (U.S. Census Bureau, Population Division, 2023).
[bookmark: _Toc164388157]Identifying climate connectivity 
Given the variability in body size and dispersal ability of rodents, we assessed separately for each species the feasibility of connectivity of stable climate refugia by species within the Appalachian Ecoregion by using Least Cost Pathway (LCP) analysis given its widespread use (e.g., Balbi et al., 2019; Cushman et al., 2009; Li et al., 2010; Poor et al., 2012; Pullinger & Johnson, 2010; C. Wang & Liu, 2020). We calculated the size of climate refugia patches and the distance between patches to create connectivity corridors, or the shortest and easiest traversal paths. Individual refugial patches were sorted by size (sq km) and binned, with the top 75% of size distribution values kept and identified as “core refugial patches” (a necessity for LCP; e.g. see Belote et al., 2016 or Alexander et al., 2016). The centroid for each patch was used in corridor calculations in ArcGIS Pro v3.2, under the assumption that the centroid was less susceptible to leading/trailing edge effects beyond the 2040 time frame (Garden et al., 2015; Hagerty et al., 2011; Heintzman & McIntyre, 2021; Koen et al., 2014; Parra-Olea et al., 2012; Skov & Svenning, 2004). Leading edge effects of phylogeography are long-distance or rare dispersal events that lead to colonization of novel areas, whereas trailing edge effects are remnant populations in areas quickly deteriorating in climate and habitat suitability (Bennett et al., 1991; Davis & Shaw, 2001; Hampe & Petit, 2005; Hewitt, 2000; Hewitt, 2004) The largest core refugial patch was considered as the primary refugial “source” relative to the network of all core refugial patches.
To estimate landscape resistance to the movement for each species, we considered two characteristics: climatic suitability and land cover type (from the NLCD dataset). We classified climatically unsuitable cells as difficult to traverse (high resistance, value of 9), and climatically suitable cells as easily traversable (no resistance, value of 1). For land cover we created a gradient of resistance values from 1 (least resistant; e.g., forest cover) to 9 (most resistant; e.g. high intensity development; see Appendix II: Supplementary 2.1; Chapter 1 accompanying Mammalian Species accounts). We created two separate land cover dispersal rasters: one for aquatic/semi-aquatic obligates (C. canadensis, O. zibethicus, and Oryzomys palustris) and the other for terrestrial species. We added the climatic and land cover resistance rasters in ESRI ArcGIS Pro v.3.2 to produce an overall “travel cost raster” with values ranging from 2 representing areas of easiest traversal (suitable climate and least resistant land cover) to 18 showing areas nearly impossible to move through (unsuitable climate and most resistant land cover).
A combination of the travel cost raster and the source refugial patches was used to calculate the output distance raster (=the least cost distance between each cell based on the lowest accumulative cost from the source) and path direction raster (=the direction to the neighboring cell when retracing the shortest path to the source based on lowest accumulative cost) utilized in calculating the distance accumulation of a species through the Distance Accumulation tool in ESRI’s ArcGIS Pro v.3.2. This was then utilized to calculate the least cost corridor between the main refugial source and other sources of refugia that were smaller in size. The final outputs were both lines and a raster showing overlapping optimal connectivity corridors between key climate refugial patches by each 5 km raster cell. We made the assumption that this output distance raster shows the “best case scenario” for connectivity and potential dispersal between stable climate refugia in the future, with the acknowledgement that there are a multitude of travel corridors and dispersal routes between different edges of suitable habitat that could be utilized. We buffered the core refugial areas by 10km, 30km, and 50km for all rodents, given that most rodents are small and tend to move under 1 km per year; the two larger extents (30km and 50km) account for larger rodents (porcupines and beavers) and the rare possibility of a long distance dispersal event through the 2021-2040 period (Bowman et al., 2002; Le Galliard et al., 2012; Littlefield et al., 2019; Sutherland et al., 2000; Van Vuren, 1998; Whitmee & Orme, 2013). Each core possesses a ring that indicates distance from the surrounding core climate refugia areas, with the assumption that refugial areas separated by >50km may represent sink subpopulations, whereas areas within 10 km or less could likely be targeted for mammalian stepping stones to maintain population connectivity (Bowman et al., 2002; Le Galliard et al., 2012; Littlefield et al., 2019; Sutherland et al., 2000; Van Vuren, 1998; Whitmee & Orme, 2013). Distances 30-50km or greater should be considered low probability of maintaining connectivity among populations, thus higher likelihood of these populations becoming isolated. For comparison, the 10, 30, and 50 km buffers were placed around U. americanus core refugial areas, however it should be noted that a bear can easily travel over 100 km and should be assumed as close to “unlimited dispersal”. Lastly, our predictions led us to set the following criteria for this particularly study to determine species “at risk” to fragmentation and potential climatic isolation: 1) core climate areas, excluding land cover, should consist of an area of at least 100,000 square kilometers; and 2) distances between fragmented core areas should be minimal relative to the size of the species in question given the small home ranges and poor dispersal ability of most of these animals (i.e. arvicoline rodents should have core refugial parcels within 10 kilometers of one another to maintain some climate connectivity). The first criterion of 100,000 square kilometers is slightly less than a third of the area of the Appalachian Ecoregion (Beier & Loe, 1992), and this value also was a natural delineation in the amount suitable climate among taxa falling well above this area; for some species the value was smaller, around 50,000 square kilometers, and a few taxa were below 10,000 square kilometers, particular species that are known to be restricted climatically and in habitat use. The second criterion is tied directly to the size and dispersal ability that varies by species, with distance between core refugia preferably adjacent, but noting that this distance may be traversable if it falls within the formula proposed by Bowman et al. (2002).
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[bookmark: _Toc164388159]Taxonomic trends and refugial overlap filtering for land cover
Of the 28 rodents that occur within the Appalachian Ecoregion, 61% (17 species) are members of the family Cricetidae: 7 species are of the subfamily Arvicolinae (voles, lemmings, and muskrats), 8 species are Neotominae (North American rats and mice), and 2 species are Sigmodontinae (New World rats and mice). The next largest family within the Appalachian Ecoregion are the Sciuridae with 7 species (25%): 5 species are members of the subfamily Sciurinae (tree squirrels) and the other 2 species are Xerinae (ground squirrels). The remaining families occurring within the Appalachian Ecoregion are Castoridae (1 species), Erethizontidae (1 species), and Zapodidae (2 species). Of the federally listed taxa, 2 are cricetids (1 arvicoline and 1 neotomine), whereas the other is a sciurine.
Stable climate refugia overlapping suitable land cover for the family Ursidae occupies 65% of the Appalachian Ecoregion (Appendix II: Figure 2.1; Supplementary 2.2). By individual family average, U. americanus occupies 48% of climate refugial areas of Castoridae, 93% of Erethizontidae, 82% of Cricetidae (subfamilies: 80% of Arvicolinae, 88% of Neotominae, and 61% of Sigmodontinae), 88% of Sciuridae (subfamilies: 88% of Sciurinae and 90% of Xerinae), and 92% of Zapodidae. Inversely, the proportion of U. americanus climate refugial area occupied by the families are <1% by Castoridae, 41% by Erethizontidae, 48% by Cricetidae (subfamilies: 51% by Arvicolinae, 54% by Neotominae, and 13% by Sigmodontinae), 79% by Sciuridae (subfamilies: 77% by Sciurinae and 84% by Xerinae), and 50% by Zapodidae.
At the species level (Appendix II: Supplementary 2.3 and 2.4), U. americanus has low overlap (<50%) with the following climate refugial area of the following taxa: the sigmodontine O. palustris, the cricetid O. zibethicus, and the castorid C. canadensis. Ursus americanus had moderate overlap (50-75%) with the climate change refugia of the arvicoline M. chrotorrhinus and the neotomine P. polionotus; whereas all other taxa fell within the high overlap category (>75%). Inversely, the species with extremely low overlap (<10%) of the climate refugial area of U. americanus were: the sigmodontine O. palustris, the castorid C. canadensis, the arvicolines M. chrotorrhinus and O. zibethicus, and the neotomine P. polionotus. Species with low overlap (10-49%) included: the neotomines R. humulis and P. gossypinus, the sigmodontine S. hispidus, the arvicoline M. ochrogaster, the zapodid Z. hudsonius, and the erethizontid E. dorsatum. Moderate overlap (50-75%) of the climate refugial area of U. americanus occurred in the neotomines Ochrotomys nuttalli, N. magister, and N. floridanus, the arvicoline C. gapperi, the zapodid N. insignis, the sciurines G. sabrinus, G. volans, S. niger, and Tamiasciurus hudsonicus, and the xerine Ma. monax. Species with high overlap (>75%) were the arvicolines S. cooperi, M. pennsylvanicus, and M. pinetorum, the xerine Tamias striatus, the sciurine S. carolinensis, and the neotomines P. maniculatus and P. leucopus. 
We created an overlay of stable climate refugia for all rodent species in the Appalachians, which ranged in overlap from 2-23 species (Appendix II: Supplementary 2.5). Areas with the most species overlapping within the Appalachians can be found in the following EPA Level III ecoregions: the Blue Ridge along the Tennessee-North Carolina border, the Southwestern Appalachians along the Tennessee-Kentucky border, throughout the Central Appalachians, and the Ridge and Valley of southwestern Virginia. In terms of refugial “hotspots” for rodents in the Appalachians, we used the same definition as in Chapter 1, and kept 75% of total possible rodent overlap (17 species or more; 127,820  km²) to be considered for conservation, with areas of 90% overlap (21 species or more; 75% of total rodent species in the Appalachians; 7,249 km²) to be targeted as “priority areas” for refugia (Appendix II: Supplementary 6). Of the 127,820 km² of rodent climate refugia hotspots (including suitable land cover) in the Appalachian Ecoregion: 34% can be found in the Central Appalachians; 31% in the Ridge and Valley; 17% can be found in the Blue Ridge; 12% in the Western Allegheny Plateau; and 5% in the Southwestern Appalachians. 
 Priority areas (21 or more species overlap) occupy 7,249 km², or 2%, of the Appalachian Ecoregion, distributed as follows: 45% occurs in the Central Appalachians; 40% in the Blue Ridge; 11% in the Ridge and Valley; 4% in the Southwestern Appalachians; and no areas with 21 rodent refugia or more overlapping in the Western Allegheny Plateau. Most of these 21+ species priority areas can be found in the Central Appalachians and the Blue Ridge, which are comparable in size and together comprise 85% of all priority areas. The Ridge and Valley (11%) is followed by the Southwestern Appalachians distantly, with the Western Allegheny Plateau containing no priority refugial areas under this criteria. At most, 6% of the total land area of the Blue Ridge falls under the priority area criteria, followed by 5% of the Central Appalachians. The Southwestern Appalachians and Ridge in Valley, comparably, both have <1% of their total land area as priority areas. Finally, to compare overlap, we overlaid these rodent refugial hotspots and priority areas with the stable climate refugia of U. americanus to determine which areas the charismatic species could be most useful as a “flagship species” for conserving the more cryptic rodents (Appendix II: Figure 2.2). Ursus americanus overlapped with 89% of refugial hotspots and 97% of priority areas; whereas the refugial hotspots occupied 50% of the climate refugial area of U. americanus and priority areas occupied 3% of U. americanus’ climate refugial area.
[bookmark: _Toc164388160]Roadways and urban areas as barriers to dispersal on the landscape
Of the 15,666 km² of the 1 km buffered interstate and primary roads crossing the Appalachian Ecoregion, 42% overlap with the climate refugia of U. americanus, 22% overlap with rodent refugial hotspots, and less than 1% overlap with priority areas. There are 12 major cities with populations above 50,000 within the Appalachian Ecoregion: Birmingham, AL; Asheville, NC; Knoxville, Chattanooga, Johnson City, and Kingsport, TN ; Allentown, Reading, Scranton, Harrisburg, and Pittsburgh PA; and Roanoke, VA (U.S. Census Bureau, Population Division, 2023). Of these U.S. Census defined metropolitan areas, U. americanus climate refugia overlap with all of them to some degree. Rodent refugial hotspots overlapped with Asheville, Johnson City, Kingsport, Roanoke, Pittsburgh, Reading, Allentown, and Scranton; and rodent priority areas only overlapped with a portion of the eastern Asheville metropolitan area.
Given that protected areas often serve as refuge from habitat loss and certain disturbance events, we evaluated the degree of overlap of protected climate refugia with primary roadways within the Appalachian Ecoregion. It is worth noting that 1,015 km² of primary roadways intersect with protected areas of the Appalachian Ecoregion (Appendix II: Supplementary 2.7). Of this area, 60% (604 km²) overlapped with U. americanus climate refugia, 47% (476 km²) overlapped with rodent refugial hotspots, and less than 1% (4 km²) overlapped with rodent refugial priority areas. A particular focus was given to practicality and feasibility of planning for mitigating the negative effects of roads in the priority areas of overlap (90% or greater; 21 or more species). These priority areas occurs in three regions: the first and largest priority area is bisected by Interstate-26 (I-26) at the Tennessee-North Carolina border at the intersection of Cherokee National Forest in Unicoi County, TN and Pisgah National Forest in Madison County, NC; the second smaller priority area is adjacent to Interstate-75 (I-75) overlapping the Royal Blue Unit of the North Cumberland Wildlife Management Area in Campbell County, TN; and the smallest priority area is in close proximity to I-40 in Buncombe County Park in Buncombe County, North Carolina. In comparison, U. americanus has stable climate refugia within protected areas overlapping interstates in an area of 604 km². Overlap of these areas with rodent hotspots was 80% (380 km²), and with rodent priority areas 100% of the time (4 km²) (Appendix II: Figure 2.3; Supplementary 2.8).
[bookmark: _Toc164388161]Connectivity of core climate refugia 
We mapped climate connectivity between the largest “core” areas of contiguous stable climate refugia for all species (Supplementary 9). Our models predict that most rodent species were to maintain a high degree of contiguous stable climate through the 2021-2040 period. Eight species (29% of the rodents in the Appalachian Ecoregion) were predicted to be susceptible to climatic isolation in the 2021-2040 period: the castorid, C. canadensis; the arvicolines, M. chrotorrhinus and M. ochrogaster; the sigmodontines, O. palustris and S. hispidus; the neotomines, P. polionotus and R. humulis; and the zapodid, Z. hudsonius (Appendix II: Table 2.2).
Finally, we overlaid these “best case scenario” paths between refugia for each individual species, allowing us to predict trends in areas with potential for high species traffic and travel corridors. Individual least cost pathways for all taxa led to 386 potential corridors ranging in length from 5km to 1357km. We buffered by 1 km the least cost pathway of each individual species between climate refugia (typical maximum dispersal range for an individual for most of rodents examined) and calculated the number of overlapping pathways within that 1 km buffer, with areas with 25% or more overlap (11 overlapping corridors or more) being considered as key corridor routes (Appendix II: Figure 2.4). This resulted in three major corridors running considerable contiguous distances southeast to northwest. The longest contiguous predicted corridors stretched roughly 900km from the Georgia-North Carolina border through the Blue Ridge north through the Ridge and Valley into central Pennsylvania. Consequently, this stretch also maintains the longest contiguous corridors, with several supporting over 25 intersecting pathways: most notably the 37km segment in Carter County/Johnson County (TN), 64km segment in Grayson County/Smyth County/Wythe County (VA), 67km segment in Bedford County/Blair County (PA), and 63km segment Juniata County/Mifflin County/Snyder County (PA). Additionally, the greatest number of overlapping segments also occurs in this longest Blue Ridge/Ridge and Valley Corridor, with areas in Cherokee County (NC), Carter County (TN), and Blair County (PA) having over 40 intersecting pathways. A shorter corridor in the Blue Ridge/Ridge and Valley/Central Appalachians is also present, running from northwest North Carolina roughly 260km northward to intersect with the longer Blue Ridge/Ridge and Valley Corridor and continuing northward through parts of the Central Appalachians of West Virginia and Maryland before culminating in the Ridge and Valley of southern Pennsylvania (~600km total length). A final long contiguous corridor begins in the Central Appalachians of eastern Kentucky and runs northeast 675km through the Western Allegheny Plateau of West Virginia and Pennsylvania before turning eastward through the Central Appalachians to end in the Ridge and Valley of central Pennsylvania. There were also less contiguous connectivity corridors of various lengths running from southwest to northeast: a 65 km segment from northeast Alabama into southcentral Tennessee in the Southwestern Appalachians; a 170km segment running from the Ridge and Valley south of Knoxville (TN) to the Tennessee-Kentucky border; a 75km segment running from northcentral Tennessee in the Central Appalachians to southeastern Kentucky; a 320km segment in the Central Appalachians running from eastern Kentucky along the Virginia border into central West Virginia; and a 107km segment running from the Ridge and Valley of western Virginia northward into the Central Appalachians of southern West Virginia. 
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[bookmark: _Toc164388163]Can conservation planning for a flagship taxon account for cryptic taxa?
We found a high degree of mismatch among stable climate refugia of rodents and the flagship ursid.  Our results indicate that we should plan conservation efforts around a number of overlapping taxa, rather than solely relying on a single flagship species as an “umbrella” for the region. Given the prevalence of souvenirs, signs, and advertisements in the Appalachians, one could argue that the beloved and charismatic American black bear (U. americanus) appears more often than not, though the other large charismatic taxon would be the newly reintroduced wapiti (Cervus canadensis). Either taxon could be utilized as a flagship in this instance for the region, however given the generalist nature of the wapiti, the results would likely be similar, with most of the region climatically suitable and habitat and biotic factors driving most of the distribution. It is worth noting that this study could focus on any size or group of taxa, however we specifically chose the ill-reputed but ecologically significant rodents (Bogoni et al., 2020; Corlett, 2007; Godó et al., 2022; Hafner et al., 1998; Lacher et al., 2016; Stoner et al., 2007; Yensen & Hafner, 1998) given the stark contrast to the public opinion compared to the bears. Another reason for the selection of the American black bear as our flagship species is that, ecologically, these two groups (the bears and rodents) have been documented as working in tandem to disperse seeds, rodent predation of seeds occurring less often than initially expected, and seeds dispersed through bear scat alone germinating the less often than seeds dispersed by rodents such as deer mice (Peromyscus) (Enders & Vander Wall, 2012; Koike et al., 2012). This clear ecological link, as well as the rodents’ roles as ecological drivers in any system they inhabit allowed their usage as a proxy for their respective habitats, particularly those with restrictive ranges (Godó et al., 2022; C. G. Jones et al., 1994; Lacher et al., 2016; Miller et al., 1994).
Reliance on this flagship species alone to designate wildlife overpasses and underpasses could lead to missed opportunities in critical areas. Given that U. americanus is a generalist with strong dispersal abilities, placement of corridors in high traffic interstate areas within its range and refugia would overall save money and lives, however we recommend focusing on areas within its range that are occupied by a high number of refugia for rodents in the region, some of which are federally listed. It is worth noting that many of these rodents are generalist taxa, with models being most strongly driven by restricted taxa (in terms of habitat or climatic niche). It is also important to note that these refugia were based mostly on climate with overlay of the land cover, however many of these rodents occupy small habitat structures on the landscape (e.g. Neotoma) that inhabit a smaller portion of the predicted refugial range (BAM model of a species’ niche; e.g. (Peterson & Soberón, 2012; Soberón, 2010).
	In summary, our study showed that the “flagship taxon” of the Appalachians, the American black bear, did encompass many key regions of rodents, however, could not be relied upon to refine critical areas. This appears to be a conundrum widely faced and criticized of the flagship concept, with many of the species chosen globally that are large, well-known, with forward facing eyes, and overtly charismatic (McGowan et al., 2020). Instead, it is proposed by McGowan et al. (2020) that we separately highlight these key biodiversity areas while maintaining the flagship species for funding and conservation fund raising as we propose here in our study with the American black bear accounting for less charismatic rodents.
[bookmark: _Toc164388164]What is the geographic distribution of key refugial areas for rodents?
Averaged by family or subfamily as appropriate, Castoridae, by far, has the smallest portion of climate refugia with suitable habitat in the Appalachian Ecoregion. This is mostly due to the sole species of this family on the continent, the North American beaver, (C. canadensis) being reliant on riparian, lacustrine, and wetland environments (Wang et al., 2019). It is worth noting that future endeavors should consider semi-aquatic species (even beyond rodents) separately for wildlife underpasses in riparian and wetland areas given the unique habitat occupied by these taxa, particularly those adjacent to primary roadways. Sigmodontinae follows second, with only two species: the marsh rice rat (O. palustris), which is restricted to similar habitats as the beaver, and the hispid cotton rat (S. hispidus), which is found only in the more south/central reaches of the Appalachian Ecoregion. Erethizontidae, with its single Appalachian member, the North American porcupine (E. dorsatum), is restricted by its boreal distribution to the northern Appalachian Ecoregion. Arvicolinae and Neotominae averaged to more middle of the road with shared climate refugia overlap with the ursid, with some wide-spread generalist taxa within each respective subfamily, such as the woodland vole (M. pinetorum) and the North American deer mouse (P. maniculatus); others were highly restricted in terms of range, suitable climate, and habitat such as the rock vole (M. chrotorrhinus) or inhabiting only a small southern portion of the Appalachian Ecoregion such as the oldfield mouse (P. polionotus). Zapodidae also falls in the middle of the road, with only two species, the woodland jumping mouse (N. insignis) being more widespread climatically and the meadow jumping mouse (Z. hudsonius) more climatically restricted. Finally, Sciurinae and Xerinae are comparable and exhibit a high degree of climate refugia overlap with U. americanus, likely due to their generalist habitat preferences and ecological roles and occupy large areas of novel suitable climate refugia not occupied by the ursid (select species shown in Appendix II: Supplementary 2.10). 
	At the species level, as mentioned above, the rodents C. canadensis, O. palustris and the arvicoline, O. zibethicus (muskrat), are limited by their need for aquatic/semi-aquatic habitats, making their suitable climate refugia quite restricted. The habitat preference of the arvicoline M. chrotorrhinus for talus slopes (Orrock & Pagels, 2003), combined with climatic isolation of the Appalachian population, has restricted this species’ distribution to the southern Appalachians, with the subspecies M. c. carolinensis in the Blue Ridge of federal concern. The taxon with the smallest overlap in range with U. americanus is P. polionotus, which only occurs in the southernmost portion of the Appalachians. It is worth noting that the species with the highest degree of overlap are the generalist and widespread sciurids T. striatus (Eastern chipmunk) and S. carolinensis (Eastern gray squirrel), neotomines P. leucopus (white-footed mouse) and P. maniculatus, and the arvicoline M. pinetorum.
	Cumulatively, the Central Appalachians was projected to have the highest concentration of rodent hotspots (overlap of 17-20 rodent species), measured as total area and percentage of the region, whereas the lowest concentration of rodent hotspots was found in the Southwest Appalachians (percentage) and Western Allegheny Plateau (area). The projection of priority areas (overlap of 21-23 species) was highest by land area in the Central Appalachians and most concentrated (percentage of region) in the Blue Ridge. The Western Allegheny Plateau, despite being the second largest region in the Appalachian Ecoregion, had no priority areas, whereas both the smallest region, the Southwestern Appalachians, and the largest, the Ridge and Valley, had comparably small portions of land occupied by priority areas. These trends for both priority areas and hotspots are worth noting given the disproportionate number of species occupying a small area in both the Central Appalachians and the Blue Ridge, highlighting key ecosystems that many of these species have been integral to since the Miocene (Abramson et al., 2021; Fabre et al., 2012; Lacher et al., 2016; Steppan & Schenk, 2017). 
In terms of overall composition of land mass of the Appalachian Ecoregion, 33% is the Ridge and Valley, 24% is the Western Allegheny Plateau, 18% is the Central Appalachians, 14% is the Blue Ridge, and 11% is the Southwestern Appalachians. This is important to note given the disproportionate distribution of rodents compared to this land mass. The rodent climate refugia hotspots containing 17+ species can be found occupying 37% of the total Appalachian Ecoregion, with the most occurring in the Central Appalachians and closely followed by the Ridge and Valley (both containing nearly two-thirds of all hotspots), more distantly followed by the Blue Ridge and Western Allegheny Plateau, and behind that with 5% of the hotspots is the Southwestern Appalachians. Relative to total land area within each region, 70% of the Central Appalachians and nearly 50% of the Blue Ridge is occupied by hotspots, with around one-third of the Ridge and Valley containing these hotspots, followed by the Southwestern Appalachians and Western Allegheny Plateau.

[bookmark: _Toc164388165]Are roadways a barrier for species trying to track favorable climate?
The Appalachian Ecoregion contains an extensive network of primary roadways that function both as major north-south routes between metropolises in New England and those such as Atlanta, and as major east-west routes connecting the eastern seaboard to the rest of the nation. This patchwork crosses through some key climate refugia for rodents, often adjacent to or intersecting protected areas, such as National Forest. It has been noted that even in optimal habitat conditions, many small rodents have limited dispersal given small home range and size, let alone cross large multi-lane roadways (Bakker & Van Vuren, 2004; Chen & Koprowski, 2016; Hennessy et al., 2018; Kozakiewicz, 1993; McGregor et al., 2008; Merrick & Koprowski, 2017; Oxley et al., 1974). Though some existing culverts can function as wildlife corridors, the assumption should be that, if not designed with specific parameters, they are less than ideal given their primary use as water channels, which deter use unless a dry bridge is present and the size of the culvert does not appear threatening (e.g. the “tunneling” effect is not too great nor is the distance under the roadway in a dark and enclosed area too great) (Clevenger et al., 2001; D’Amico et al., 2015; Henke et al., 2001; Jones et al., 2008; McDonald & St. Clair, 2004; Meaney et al., 2007). The extensive use of solid concrete medians in the region in combination with mitigation efforts for rock slides often lead to trapped and subsequently killed larger animals, such as bears (Bélanger-Smith, 2014; Clevenger et al., 2006; Clevenger & Kociolek, 2013; Glista et al., 2009; Kociolek & Clevenger, 2007) (Supplementary 10). This combination makes for a dire situation for species trying to track suitable habitat and climate refugia in the region.
Beier & Loe (1992) stresses the importance of highlighting not just stable areas of habitat (and in our case climate as well) to be connected with a wildlife corridor, but incorporating designated protected patches that the corridors are physically connecting together through means such as wildlife overpasses, underpasses, and bridges; as opposed to placing an overpass that leads to unprotected land that could easily end up developed urban landscape (e.g. a subdivision). In our results, we highlighted 4 square kilometers of priority refugial corridors that should be evaluated for placement of wildlife overpasses and wildlife underpasses connecting protected areas. In the Central Appalachian ecoregion, the priority corridor on I-75 in Campbell County, TN, had 31,165 vehicles on average passing through it daily in 2022 as a major north-south transportation corridor in the Eastern U.S. (Location IDs 07000049; Tennessee Department of Transportation, 2023), in addition to being adjacent to the two extensive Wildlife Management Areass in the region, as well as Cove Lake State Park. Of note, a potential corridor site connecting the Royal Blue Unit of the North Cumberland Wildlife Management Area near mile marker (mm) 136 on I-75 has an impenetrable concrete median running its length, starting at the Cove Creek crossing (which itself is a wildlife corridor) near mm 134.5 and ending near mm 138.5. Another potential corridor site in close proximity (~2 km) of the priority area, which itself is unfortunately close to privately owned commercial property, is connecting the swath of forested median running from mm 139.2 to 140.4 to connect the Royal Blue Unit and the Sundquist Unit of the WMAs, though this may be trickier given there is a stretch of private property running the northbound length with campgrounds. A better alternative, though more distant from the priority area, would be to connect the two WMAs with wildlife corridors where they are adjacent to the interstate right-of-way further north between mm 141.6 and mm 146.4, particularly given the solid concrete median that runs between mm 145 and mm 146.4. 
In the Blue Ridge ecoregion, the priority corridor on the border of TN-NC on I-26 in Unicoi County, TN/Madison County, NC has 11,089 vehicles, on average that passed through it daily in 2022 (86000066; Tennessee Department of Transportation, 2023). This area in particular serves as one of the few uninterrupted corridors (with the exception of I-26) of National Forest (NF), with Cherokee NF on the Tennessee side and Pisgah NF in North Carolina. This area, known as Sam’s Gap, is less steep than the roadcuts to the north and south, and is ideal for wildlife corridors, particularly given the number of large mammals hit here and on the neighboring stretch of I-26 in both Unicoi and Madison Counties (Supplementary 10). Part of the problem lies in the steep geology and roadcuts, which can force a large animal onto the interstate, and the other is the overuse of solid concrete medians as a central divider on this stretch of I-26 in particular. On the Tennessee side, from mm 40.6 to just past mm 54.4 there is only a small gap in the concrete median for official vehicles to change direction, which then continues unbroken to just before mm 5 on the North Carolina side where there is another small official vehicle gap, and the nearly continuous stretch of solid concrete median finally ends just past mm 8. This is nearly 22 miles of solid concrete barrier, whereas the sides are often open (barring the fence along the interstate right-of-way), which Jones et al. (2008) and personal observation suggest is often damaged to the point that animals can pass through making it easy for large animals to try to cross and become trapped. This was of particular concern given the presence of bear preserves in the region, with the Unicoi County Bear Reserve overlapping the western edge of I-26 through Sam’s Gap (Tennessee Wildlife Resource Agency, 2023), and expansion of the reintroduced elk population in the Smokies, with a bull elk having been struck near exit 2 on I-26 in 2019 (personal observation; Appendix II: Supplementary 2.10). Indeed, at the county level, Jones et al. (2008) found American black bear movement to be ranked among the highest in Madison County along this stretch of the border spanning I-26. Given the struggle of larger animals, it is likely to be difficult, if not impossible, for the small rodents to cross in these areas. 
In the Blue Ridge, in Buncombe County, NC, on the I-40 priority refugial corridor, 39,225 vehicles passed through daily in 2022 (Location ID 0110000217; North Carolina Department of Transportation, 2023). Fortunately, the priority areas mostly are north of this stretch, with only a small portion highlighted to the west of the Black Mountain Reservoir. Unfortunately, there are few protected areas to bridge in this priority area along the interstate. However, about 2 miles east on I-40 in McDowell County, NC, there are hotspots within protected areas that could use overpasses to maintain connectivity of Pisgah National Forest that is bisected by I-40, from just past mm 67 to mm 71. It should be noted that for all of these proposed corridor sites, existing bridges spanning forested ravines and creeks can function as overpasses, whereas small drainage culverts not designed explicitly for wildlife should not be considered underpasses without specific evaluation of size and placement (Clevenger et al., 2001; D’Amico et al., 2015; Henke et al., 2001; Jones et al., 2008; McDonald & St. Clair, 2004; Meaney et al., 2007). On the ground surveys within these proposed areas are important given the presence of roadcuts being less than ideal for some mammals, though perhaps others relying on talus may find them more favorable, and overall steepness of the surrounding landscape in combination with surrounding landcover may make for an obvious choice of placement.
As for connectivity corridors between climate refugia, fortunately most rodents (and the bear) were predicted in this study to maintain stable and connected core climate refugia (areas over 100,000 km²). Of the species not meeting this threshold, and though predicted to be susceptible to climatic isolation, a number of species had ranges of suitable climate that were in close enough proximity to warrant migration events. In particular, M. ochrogaster had an area of over 67,000 km² and another over 51,000 km² within 5 km of one another. The species of most concern is the most climatically restricted of all species analyzed, M. chotorrhinus, which has 1,079 km² adjacent to a 338 km² refugial patch, however the next closest stable climate refugium is 43 km away. Aquatic/semi-aquatic species are always of concern given their reliance on specific habitat, with climate refugia likely tied to the underlying hydrology of the region; C. canadensis show large degrees of separation between climate refugia (over 440 km) and O. palustris reliance on marsh and wetland with a distance of 70 km separating refugial patches. The last taxon of note is P. polionotus, which occurs only in the most southern Appalachians, with a high degree of separation (over 100 km). Taxa with separation greater than 50 km of climate refugia are likely to experience climate isolation or worse, extirpation, if they cannot track their preferred climate refugia; however, we should note that some taxa only occupy the Appalachians as fringe populations and should also consider populations outside of this ecoregion for connectivity corridors in future studies (i.e. P. polionotus).
Lastly, the least cost pathways between stable climate refugia, though considered a best-case scenario and not one the individual animal may always logically take, were useful in showing overall trends in corridors between key refugial areas. Similar to previous studies (Carroll, 2010; Lawler et al., 2013, 2015; McKinley et al., 2019; Minor & Lookingbill, 2010; Zhu et al., 2021), our study shows key corridors within the Appalachians with a regional, near future, and more taxonomically specific focus; allowing for comparison to studies at the continental level, those predicting into the more distant future (2080s), and determining whether inclusion of all vertebrates overlaps with specific groups of concern. A key central corridor runs from the Southwest Appalachians of central Tennessee northward through the Kentucky-Virginia border in the Central Appalachians through central West Virginia. The other major corridor in the Appalachian Ecoregion runs from central eastern Kentucky in the Western Allegheny Plateau northward through western West Virginia and the Central Appalachians northward into central Pennsylvania in the Ridge and Valley. In the east along the Blue Ridge from the North Carolina-Georgia border, northward until it intersects the Ridge and Valley in southeast Virginia and travels northward to central Pennsylvania. Each of these key corridors intersects a number of primary roadways in the region, highlighting the need for wildlife overpasses and underpasses in high diversity areas with unique ecosystems.
Roadways are indeed a major barrier and source of mortality for wildlife (Cruz et al., 2019; Denneboom et al., 2021; Rhodes et al., 2014), with the focus of this study being primary roadways and their intersection to climate change refugia and division of travel corridors. However it is worth noting that secondary roadways can also be a source of mortality, though speed and traffic volume are contributing factors to road mortality (Cruz et al., 2019; Denneboom et al., 2021; Rhodes et al., 2014). A key assumption was that given the high speed and volume of traffic on the interstates and primary roadways in the Appalachians compared to secondary roadways, the former would be the primary threats to wildlife and most likely to receive funding for mitigation measures. Upon implementation within a region, additional studies should be conducted to determine the feasibility of mitigating additional smaller roadways where there is a documented need in the region. 
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	It is worthy of mention that many of the areas discussed here also overlap with the results of Chapter 1, suggesting that these corridors have a high likelihood of benefitting most of mammals in the region depending on location, and even extend beyond to benefitting other fauna and flora sharing these ecosystems in the Appalachians. Given the dependency of the ecosystems in the Appalachians on rodents for nutrient cycling, seed dispersal, and even as a food source, the impacts of bridging these climate refugia separated by anthropogenic structures would prevent loss of taxa crucial to the ecosystems. Additionally, lives and property damage through vehicular collisions could be saved in the case of large mammals, such as the charismatic American black bear. Though it is important to consider the range of these flagship species in planning of wildlife corridors, a multispecies approach with less generalist taxa is a worthwhile endeavor in targeting specific areas of stability for overlap, particularly in proximity to protected areas. Planning based solely on a single species, like the American black bear, could omit important wildlife corridor areas for smaller and more elusive wildlife in the region. Major wildlife corridors tracking suitable climate refugia were described in this study within the Appalachian Ecoregion, with most taxa exhibiting high connectivity of climate refugia. One of the major threats to tracking these refugia and suitable climate are primary roadways, particularly those with long expanses of concrete medians. It is important that we utilize existing features for key wildlife corridors, such as roadway bridges over ravines, valleys, and creeks, while avoiding placement in locations with sheer rock faces or that funnel wildlife into areas of high anthropogenic activity. Ground truthing of these highlighted areas in the near future will be key in all rodent refugia, not just priority areas, if we are to create a connectivity network in such a diverse landscape of endemics surrounded by such a populous region.
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[bookmark: T21]Table 2.1. Taxa Included and Sampe Sizes.  List of taxa included in this study, as well as state wildlife action plan (SWAP)/federal listing status, sample size, DOI of datasets, and references utilized for delimiting the samples by subspecies for the data used. Taxa considered boreal relicts or Appalachian endemics are indicated with a *. The ursid of the order Carnivora is shown in gray as the charismatic outgroup.
	Family
	Subfamily
	Scientific name
	Common name
	2015 SWAP Listed
	Training/Testing sample size
	DOI of GBIF dataset
	Range utilized to delimit subspecies for models

	Castoridae
	none
	Castor canadensis
	North American Beaver
	none
	117/29
	https://doi.org/10.15468/dl.cdzusb 
	Stephen H. Jenkins, Peter E. Busher, Castor canadensis, Mammalian Species, Issue 120, 8 June 1979, Pages 1–8, https://doi.org/10.2307/3503787

	Cricetidae
	Arvicolinae
	Clethrionomys gapperi*
	Southern Red-backed Vole
	C. g. carolinensis SC; C. g. maurus KY
	367/587
	https://doi.org/10.15468/dl.q6tx73
	Joseph F. Merritt, Clethrionomys gapperi, Mammalian Species, Issue 146, 8 May 1981, Pages 1–9, https://doi.org/10.2307/3503900

	Cricetidae
	Arvicolinae
	Microtus chrotorrhinus*
	Rock Vole
	M. c. carolinensis federal species of concern; MD, NC, TN, VA, WV
	46/11
	https://doi.org/10.15468/dl.t246x6
	Gordon L. Kirkland, Jr. , Frederick J. Jannett, Jr., Microtus chrotorrhinus, Mammalian Species, Issue 180, 18 June 1982, Pages 1–5, https://doi.org/10.2307/3503842

	Cricetidae
	Arvicolinae
	Microtus ochrogaster
	Prairie Vole
	WV
	135/224
	https://doi.org/10.15468/dl.p96duv
	Dick T. Stalling, Microtus ochrogaster, Mammalian Species, Issue 355, 26 April 1990, Pages 1–9, https://doi.org/10.2307/3504103

	Cricetidae
	Arvicolinae
	Microtus pennsylvanicus
	Meadow Vole
	SC
	612/975
	https://doi.org/10.15468/dl.f4dsmt
	Lawrence M. Reich, Microtus pennsylvanicus, Mammalian Species, Issue 159, 3 December 1981, Pages 1–8, https://doi.org/10.2307/3503976

	Cricetidae
	Arvicolinae
	Microtus pinetorum
	Woodland Vole
	none
	239/384
	https://doi.org/10.15468/dl.uqk32b
	Michael J. Smolen, Microtus pinetorum, Mammalian Species, Issue 147, 8 May 1981, Pages 1–7, https://doi.org/10.1093/mspecies/147.1

	Cricetidae
	Arvicolinae
	Ondatra zibethicus
	Muskrat
	none
	76/157
	https://doi.org/10.15468/dl.3nmcjg 
	Gale R. Willner, George A. Feldhamer, Elizabeth E. Zueker, Joseph A. Chapman, Ondatra zibethicus, Mammalian Species, Issue 141, 20 November 1980, Pages 1–8, https://doi.org/10.2307/3504016

	Cricetidae
	Arvicolinae
	Synaptomys cooperi*
	Southern Bog Lemming
	GA, MD, TN, WV
	75/19
	https://doi.org/10.15468/dl.mkmt97
	Robert K Rose , Alicia V Linzey, Synaptomys cooperi (Rodentia: Cricetidae), Mammalian Species, Volume 53, Issue 1007, 2 August 2021, Pages 95–111, https://doi.org/10.1093/mspecies/seab009

	Cricetidae
	Neotominae
	Neotoma floridana
	Eastern Woodrat
	N. f. haematoria federal species of concern; TN, NC; N. f. ilonoensis TN; SC
	99/161
	https://doi.org/10.15468/dl.bxcxe7
	Robert W. Wiley, Neotoma floridana, Mammalian Species, Issue 139, 20 November 1980, Pages 1–7, https://doi.org/10.2307/3503989

	Cricetidae
	Neotominae
	Neotoma magister*
	Allegheny Woodrat
	AL, KY, MD, NC, TN, VA, WV
	542/640
	https://doi.org/10.15468/dl.wkw9fu
	Steven B. Castleberry and others, Neotoma magister, Mammalian Species, Issue 789, 24 May 2006, Pages 1–5, https://doi.org/10.1644/789.1

	Cricetidae
	Neotominae
	Ochrotomys nuttalli
	Golden Mouse
	TN, WV
	93/147
	https://doi.org/10.15468/dl.jueku4
	Donald W. Linzey , Robert L. Packard, Ochrotomys nuttalli, Mammalian Species, Issue 75, 15 June 1977, Pages 1–6, https://doi.org/10.2307/3503860

	Cricetidae
	Neotominae
	Peromyscus gossypinus
	Cotton Mouse
	KY, VA; protected heritage species KY
	420/667
	https://doi.org/10.15468/dl.n23x74
	James L. Wolfe , Alicia V. Linzey, Peromyscus gossypinus, Mammalian Species, Issue 70, 15 June 1977, Pages 1–5, https://doi.org/10.2307/3503898

	Cricetidae
	Neotominae
	Peromyscus leucopus
	White-footed Mouse
	subspecies outside of study area
	1199/1903
	https://doi.org/10.15468/dl.3vc4xw
	James Alden Lackey and others, Peromyscus leucopus, Mammalian Species, Issue 247, 13 December 1985, Pages 1–10, https://doi.org/10.2307/3503904

	Cricetidae
	Neotominae
	Peromyscus maniculatus
	Deer Mouse
	none
	470/751
	https://doi.org/10.15468/dl.6ksurg
	Unavailable- utilized Hall's Mammals of North America only

	Cricetidae
	Neotominae
	Peromyscus polionotus
	Oldfield mouse
	subspecies outside of study area
	44/72
	https://doi.org/10.15468/dl.ngxdfk
	Unavailable- utilized Hall's Mammals of North America only

	Cricetidae
	Neotominae
	Reithrodontomys humulis
	Eastern Harvest Mouse
	MD, WV
	64/16
	https://doi.org/10.15468/dl.3xq5f7
	Dick T. Stalling, Reithrodontomys humulis, Mammalian Species, Issue 565, 24 October 1997, Pages 1–6, https://doi.org/10.2307/3504466

	Cricetidae
	Sigmodontinae
	Oryzomys palustris
	Marsh Rice Rat
	subspecies outside of study area of federal concern
	114/179
	https://doi.org/10.15468/dl.7c58vc
	James L. Wolfe, Oryzomys palustris, Mammalian Species, Issue 176, 18 June 1982, Pages 1–6, https://doi.org/10.2307/3503921

	Cricetidae
	Sigmodontinae
	Sigmodon hispidus
	Hispid Cotton Rat
	none
	237/751
	https://doi.org/10.15468/dl.7k2hmy 
	Guy N. Cameron, Stephen R. Spencer, Sigmodon hispidus, Mammalian Species, Issue 158, 3 December 1981, Pages 1–9, https://doi.org/10.2307/3504057

	Erethizontidae
	Erethizontinae
	Erethizon dorsatum*
	North American Porcupine
	MD, WV
	66/107
	https://doi.org/10.15468/dl.657jwx
	Charles A. Woods, Erethizon dorsatum, Mammalian Species, Issue 29, 13 June 1973, Pages 1–6, https://doi.org/10.2307/3504036

	Sciuridae
	Sciurinae
	Glaucomys sabrinus*
	Northern Flying Squirrel
	G. s. coloratus/ G. s. fuscus federally endangered; MD, NC, TN, VA, WV
	61/104
	https://doi.org/10.15468/dl.y74cy7
	Nancy Wells-Gosling , Lawrence R. Heaney, Glaucomys sabrinus, Mammalian Species, Issue 229, 14 November 1984, Pages 1–8, https://doi.org/10.2307/3503926

	Sciuridae
	Sciurinae
	Glaucomys volans
	Southern Flying Squirrel
	none
	213/345
	https://doi.org/10.15468/dl.n8vnsw
	Patricia G. Dolan , Dilford C. Carter, Glaucomys volans, Mammalian Species, Issue 78, 15 June 1977, Pages 1–6, https://doi.org/10.2307/3504026

	Sciuridae
	Sciurinae
	Sciurus carolinensis
	Eastern Gray Squirrel
	none
	283/809
	https://doi.org/10.15468/dl.yhrvq8 
	John L. Koprowski, Sciurus carolinensis, Mammalian Species, Issue 480, 2 December 1994, Pages 1–9, https://doi.org/10.2307/3504224

	Sciuridae
	Sciurinae
	Sciurus niger
	Fox Squirrel
	S. n. niger SC, VA
	274/445
	https://doi.org/10.15468/dl.w322kg
	John L. Koprowski, Sciurus niger, Mammalian Species, Issue 479, 2 December 1994, Pages 1–9, https://doi.org/10.2307/3504263

	Sciuridae
	Sciurinae
	Tamiasciurus hudsonicus*
	American Red Squirrel
	GA, TN
	2055/3257
	https://doi.org/10.15468/dl.sfd8bq
	Michael A. Steele, Tamiasciurus hudsonicus, Mammalian Species, Issue 586, 1 June 1998, Pages 1–9, https://doi.org/10.2307/3504443

	Sciuridae
	Xerinae
	Marmota monax
	Groundhog
	none
	87/182
	https://doi.org/10.15468/dl.2fpj5w 
	Gary G. Kwiecinski, Marmota monax, Mammalian Species, Issue 591, 4 December 1998, Pages 1–8, https://doi.org/10.2307/3504364

	Sciuridae
	Xerinae
	Tamias striatus
	Eastern Chipmunk
	none
	274/445
	https://doi.org/10.15468/dl.q7hk3z
	Dana P. Snyder, Tamias striatus, Mammalian Species, Issue 168, 25 May 1982, Pages 1–8, https://doi.org/10.2307/3503819

	Zapodidae
	Zapodinae
	Napaeozapus insignis*
	Woodland Jumping Mouse
	TN, SC
	169/266
	https://doi.org/10.15468/dl.t6zd4s
	John O. Whitaker, Jr. , Robert E. Wrigley, Napaeozapus insignis, Mammalian Species, Issue 14, 16 June 1972, Pages 1–6, https://doi.org/10.2307/3503916

	Zapodidae
	Zapodinae
	Zapus hudsonius
	Meadow Jumping Mouse
	AL, TN, WV
	134/33
	https://doi.org/10.15468/dl.ekgdnd
	John O. Whitaker, Jr., Zapus hudsonius, Mammalian Species, Issue 11, 16 June 1972, Pages 1–7, https://doi.org/10.2307/3504066

	Ursidae
	Ursinae
	Ursus americanus
	American Black Bear
	AL, KY, SC
	62/101
	https://doi.org/10.15468/dl.6mzsyc
	Serge Larivière, Ursus americanus, Mammalian Species, Issue 647, 23 January 2001, Pages 1–11, https://doi.org/10.2307/0.647.1




[bookmark: T22]Table 2.2. Size of Core Climate Refugia by Species. Core climate refugia sizes by species, with largest cores for those that are highly fragmented and shortest distance between cores. Grayed out portions indicate that climatic isolation is not predicted for that species.
	Species
	Largest Core Climate Refugia (sq km)
	Largest Fragmented Cores (sq km)
	Shortest Distances between Cores (km)

	Castor canadensis
	46,442
	46,422; 15,820; 8,545
	753; 447

	Clethrionomys gapperi
	176,330
	
	

	Erethizon dorsatum
	131,006
	
	

	Glaucomys sabrinus
	209,254
	
	

	Glaucomys volans
	250,576
	
	

	Marmota monax
	252,211
	
	

	Microtus chrotorrhinus
	1,079
	1,079; 338; 276
	Adjacent; 43

	Microtus ochrogaster
	67,094
	67,094; 51,175; 1,225 
	5; 61

	Microtus pennsylvanicus
	287,195
	
	

	Mictrotus pinetorum
	342,246
	
	

	Napaeozapus insignis
	187,404
	
	

	Neotoma floridana
	200,836
	
	

	Neotoma magister
	158,514
	
	

	Ochrotomys nuttalli
	154,124
	
	

	Ondatra zibethicus
	267,190
	
	

	Oryzomys palustris
	37,405
	37,405; 9,529; 1,489
	70; 591

	Peromyscus gossypinus
	124,483
	
	

	Peromyscus leucopus
	342,314
	
	

	Peromyscus maniculatus
	336,367
	
	

	Peromyscus polionotus
	2,660
	2,660; 2,527; 2,017
	307; 138

	Reithrodontomys humulis
	71,384
	71,384; 10, 228; 1,241
	13; 163 

	Sciurus carolinensis
	341,991
	
	

	Sciurus niger
	254,037
	
	

	Sigmodon hispidus
	62,787
	62,787; 14,463; 2,987
	32; 24

	Synaptomys cooperi
	256,501
	
	

	Tamiasciurus hudsonicus
	235,759
	
	

	Tamias striatus
	319,649
	
	

	Zapus hudsonius
	86,629
	86,629; 17,155; 16,846; 9,760
	109; 17; 17 

	Ursus americanus
	297,717
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FIGURES
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[bookmark: F21]Figure 2.1. Refugia Summaries by Family/Subfamily. Breakdown of the climate refugia (CCR) overlap by family, or if applicable subfamily. The silhouette shows the average amount of CCR with appropriate land cover (in square kilometers) for each family/subfamily listed, whereas the light teal blue bar shows the average percentage of climate refugia novel to that rodent group, the light orange shows the overlap between that rodent group’s CCR and the CCR of Ursus americanus, the dark blue shows the novel CCR to U. americanus, and the gray represents the parts of the Appalachian Ecoregion that have unsuitable climate or land cover. Each cube represents 1,000 square kilometers. To the right of the waffle charts is a phylogeny based on (Steppan & Schenk, 2017), showing respective relationships between the groups shown above.

[image: ]
[bookmark: F22]Figure 2.2. Key Rodent Refugia Overlap with Bear Refugia. Areas of highest rodent climate refugia density that overlap with the stable climate refugia of the American black bear (Ursus americanus) within the Appalachian Ecoregion. Areas shown in lighter blue represent a consensus of rodent stable climate refugia that have been categorized as rodent hotspots (17+ species; 113,132 km²), whereas darker blue represents a consensus of rodent priority climate refugia areas (21+ species; 7,049 km²).
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[bookmark: F23]Figure 2.3. Overlap of Refugia with Primary Roadways and Protected Areas. A. Central portion of the Appalachian Ecoregion with key primary roadway barriers (gray) to dispersal in priority (red) and hotspot (blue) refugial areas for rodents and the American black bear; B Shows the same for the northern extent of the Appalachian Ecoregion. Major cities and National Parks are included as points of reference.
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[bookmark: F24]Figure 2.4. Least Cost Pathway Refugial Corridors. Climate connectivity corridors between stable climate change refugia (CCR) for rodents in the Appalachian Ecoregion. The least cost pathways (LCP), or “best case scenarios” are the shortest paths between these CCRs by species and are shown in darker gray; travel corridors that statistically have the most LCPs within a 1km radius are shown in blue; areas where these travel corridors overlap with primary roadways within the Appalachians, which are known barriers to species dispersal, are shown in red.
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SUPPLEMENTARY DATA
[bookmark: ST21]Supplementary 2.1. Traversal Scores by Land Cover. Table list of landcover traversal scores used to create the resistance raster for the Least Cost Pathway analysis based on research listed above, Mammalian Species accounts (Chapter 1), and personal observation.
	Non-Aquatic
	Land Cover Type
	Difficulty to traverse (1 is easiest, 9 most difficult)

	
	Open Water
	7

	
	Open Spaces
	6

	
	Developed, Low Intensity
	6

	
	Developed, Medium Intensity
	8

	
	Developed, High Intensity
	9

	
	Barren
	6

	
	Deciduous Forest
	1

	
	Evergreen Forest
	1

	
	Mixed Forest
	1

	
	Shrub/Scrub
	1

	
	Grassland
	3

	
	Pasture/Hay Field
	4

	
	Cultivated Crops
	6

	
	Wooded Wetlands
	3

	
	Emergent Herbaceous Wetlands
	

	
	
	

	Aquatic
	Land Cover Type
	Difficulty to traverse (1 is easiest, 9 most difficult)

	
	Open Water
	1

	
	Open Spaces
	6

	
	Developed, Low Intensity
	6

	
	Developed, Medium Intensity
	8

	
	Developed, High Intensity
	9

	
	Barren
	6

	
	Deciduous Forest
	1

	
	Evergreen Forest
	1

	
	Mixed Forest
	1

	
	Shrub/Scrub
	1

	
	Grassland
	1

	
	Pasture/Hay Field
	3

	
	Cultivated Crops
	6

	
	Wooded Wetlands
	1

	
	Emergent Herbaceous Wetlands
	1




[bookmark: ST22]Supplementary 2.2. Calculations of Overlap of Rodent Refugia with Bear Refugia. Table measurements of the Consensus Climate Refugia with Suitable Land Cover of rodents in relation to the American black bear.
	Family
	Subfamily
	Scientific name
	Consensus Climate Refugia (CCR) with suitable land cover (sq km) by species
	Overlap of a species' CCR with Ursus americanus CCR (sq km)
	Novel species' CCR not overlapping Ursus americanus CCR (sq km)
	Percentage CCR by species found overlapping the CCR of Ursus americanus
	Percentage CCR by species found non-overlapping the CCR of Ursus americanus
	Percentage CCR of Ursus americanus occupied by species' CCR
	Percentage CCR of Ursus americanus not occupied by a species' CCR

	Castoridae
	none
	Castor canadensis
	1,982
	952
	1,030
	48.03%
	51.97%
	0.42%
	99.58%

	Cricetidae
	Arvicolinae
	Clethrionomys gapperi*
	135,419
	120,400
	15,019
	88.91%
	11.09%
	53.68%
	46.32%

	Cricetidae
	Arvicolinae
	Microtus chrotorrhinus*
	2,007
	1,268
	739
	63.18%
	36.82%
	0.57%
	99.43%

	Cricetidae
	Arvicolinae
	Microtus ochrogaster
	84,191
	80,485
	3,706
	95.60%
	4.40%
	35.88%
	64.12%

	Cricetidae
	Arvicolinae
	Microtus pennsylvanicus
	213,329
	193,324
	20,005
	90.62%
	9.38%
	86.19%
	13.81%

	Cricetidae
	Arvicolinae
	Microtus pinetorum
	247,272
	222,956
	24,316
	90.17%
	9.83%
	99.40%
	0.60%

	Cricetidae
	Arvicolinae
	Ondatra zibethicus
	3,426
	1,366
	2,060
	39.87%
	60.13%
	0.61%
	99.39%

	Cricetidae
	Arvicolinae
	Synaptomys cooperi*
	194,732
	176,437
	18,295
	90.61%
	9.39%
	78.66%
	21.34%

	Cricetidae
	Neotominae
	Neotoma floridana
	164,595
	145,436
	19,159
	88.36%
	11.64%
	64.84%
	35.16%

	Cricetidae
	Neotominae
	Neotoma magister*
	132,248
	115,102
	17,146
	87.03%
	12.97%
	51.32%
	48.68%

	Cricetidae
	Neotominae
	Ochrotomys nuttalli
	121,890
	113,500
	8,390
	93.12%
	6.88%
	50.60%
	49.40%

	Cricetidae
	Neotominae
	Peromyscus gossypinus
	94,861
	87,730
	7,131
	92.48%
	7.52%
	39.11%
	60.89%

	Cricetidae
	Neotominae
	Peromyscus leucopus
	245,168
	221,676
	23,492
	90.42%
	9.58%
	98.83%
	1.17%

	Cricetidae
	Neotominae
	Peromyscus maniculatus
	241,268
	218,059
	23,209
	90.38%
	9.62%
	97.22%
	2.78%

	Cricetidae
	Neotominae
	Peromyscus polionotus
	5,672
	4,028
	1,644
	71.02%
	28.98%
	1.80%
	98.20%

	Cricetidae
	Neotominae
	Reithrodontomys humulis
	62,533
	58,583
	3,950
	93.68%
	6.32%
	26.12%
	73.88%

	Cricetidae
	Sigmodontinae
	Oryzomys palustris
	1,760
	505
	1,255
	28.69%
	71.31%
	0.23%
	99.77%

	Cricetidae
	Sigmodontinae
	Sigmodon hispidus
	63,365
	58,961
	4,404
	93.05%
	6.95%
	26.29%
	73.71%

	Erethizontidae
	Erethizontinae
	Erethizon dorsatum*
	99,231
	92,534
	6,697
	93.25%
	6.75%
	41.25%
	58.75%

	Sciuridae
	Sciurinae
	Glaucomys sabrinus*
	187,211
	144,453
	42,758
	77.16%
	22.84%
	64.40%
	35.60%

	Sciuridae
	Sciurinae
	Glaucomys volans
	187,211
	167,758
	19,453
	89.61%
	10.39%
	74.79%
	25.21%

	Sciuridae
	Sciurinae
	Sciurus carolinensis
	244,793
	221,497
	23,296
	90.48%
	9.52%
	98.75%
	1.25%

	Sciuridae
	Sciurinae
	Sciurus niger
	186,305
	167,735
	18,570
	90.03%
	9.97%
	74.78%
	25.22%

	Sciuridae
	Sciurinae
	Tamiasciurus hudsonicus*
	175,316
	156,796
	18,520
	89.44%
	10.56%
	69.90%
	30.10%

	Sciuridae
	Xerinae
	Marmota monax
	184,216
	165,276
	18,940
	89.72%
	10.28%
	73.68%
	26.32%

	Sciuridae
	Xerinae
	Tamias striatus
	233,010
	211,749
	21,261
	90.88%
	9.12%
	94.40%
	5.60%

	Zapodidae
	Zapodinae
	Napaeozapus insignis*
	148,280
	133,172
	15,108
	89.81%
	10.19%
	59.37%
	40.63%

	Zapodidae
	Zapodinae
	Zapus hudsonius
	98,763
	92,296
	6,467
	93.45%
	6.55%
	41.15%
	58.85%

	Ursidae
	Ursinae
	Ursus americanus
	224,302
	224,302
	0
	100.00%
	0.00%
	100.00%
	0.00%




[bookmark: SF23]Supplementary 2.3. Detailed Climate Refugial Overlap by Species. Detailed overlap of climate change refugia unique to the American black bear, unique to the specified rodent species, and areas of overlap between the two, accounting for suitable land cover.[image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ][image: ]

[bookmark: SF24]Supplementary 2.4. Refugia by Rodent Species in Relation to Bear Refugia. The relationship between Consensus Climate Refugia of the American black bear and each rodent species, including novel areas for each, overlap between the bear and the rodent species, and unsuitable areas of the Appalachian Ecoregion.
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[bookmark: SF25]Supplementary 2.5. Rodent Biodiversity in the Appalachian Ecoregion. Specific number of overlapping rodent Climate Change Refugia in the Appalachian ecoregion considering only suitable land cover.
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[bookmark: SF26]Supplementary 2.6. Detailed Relationship of Rodent Hotspot and Priority Areas. Overlap of rodent hotspot and priority areas with the American black bear, as well as novel areas for each species. Darkest blue represents American black bear only, lightest blue shows 17 species or more, medium blue shows 20 species or more overlap, and pink shows 23 species overlap.
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[bookmark: SF27]Supplementary 2.7. Detailed Maps of Primary Roads Intersecting Biodiverse Regions and Protected Areas. Detailed version of Figure 3 showing key protected areas, primary roadways and rodent hotspots and priority areas in the Appalachian Ecoregion. (A) shows the northern extent of the Appalachian Ecoregion with areas of 17 or more species overlapping in relation to primary roadways and protected areas, whereas (B) shows the southernmost extent of the 17 or more and 21 or more species overlapping in relation to primary roadways and protected areas in the Appalachian Ecoregion.
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[bookmark: SF28]Supplementary 2.8. Detailed Aerial Maps of Priority Areas Intersecting Primary Roadways. Detailed arial maps of the three priority areas designated for wildlife overpasses/underpasses in the Appalachian ecoregion, with the priority area in light blue, primary road corridors with a 1km buffer in dark blue, and protected areas in that region in green. (A) the largest extent of protected area overlapping a priority area and primary roadway (Interstate-26) at the Tennessee-North Carolina border; (B) shows the second largest extent of protected area overlapping a priority area and primary roadway (Interstate-75) in north-central Tennessee; and (C) shows the smallest protected area overlapping with a priority area and primary roadway (Interstate-40) east of Asheville, North Carolina.
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[bookmark: SF29]Supplementary 2.9. Feasibility of Connectivity of Refugia Maps. Stable Consensus Climate Refugia are shown for each species, with the Least Cost Pathway shown as the Optimal Pathway on the map; each core climate area was buffered by 10, 30, and 50 km.
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[bookmark: SF210]Supplementary 2.10. Detailed Photographs Representing the I-26 Proposed Corridor Area.  A. American Black Bear (Ursus americanus) found dead on I-26 in the priority area trapped against a concrete barrier; B. Typical terrain, land cover, and uninterrupted barrier present within the priority area on I-26 facing westbound; C. Natural funnel due to the geology and slope of the landscape that leads to regular bear collisions on I-26 eastbound near exit 50 (TN); D. Large expanses of woodland and grassland habitat suitable for rodents within the priority area along I-26 eastbound near mile marker 1 (NC); E. Appalachian Trail running across the border at Sam’s Gap (NC side) paralleling I-26 surrounded by suitable rodent habitat within the priority area; F. Major road barriers of different heights (all but the metal prove difficult for animals to cross) on I-26 near Sam’s Gap (TN side)- photograph taken from a frontage road; G. Height of the taller concrete barriers shown in F in relation to a 5’10” person; H. Typical drainage culvert (small variety) running underneath I-26 near Sam’s Gap (TN side) holding standing water; I. Close-up of a small drainage culvert filled with trash/water and exhibiting a tunneling effect to the point of zero visibility of the other side of the culvert; J. Typical drainage culvert (large variety) running beneath I-26 near Sam’s Gap (TN side) in a priority area; K. Close-up of the large culvert (a human could crawl through albeit uncomfortably) with standing water and tunneling effect to a lesser degree as the other side is slightly visible; and L. Typical I-26 overpass accommodating a smaller roadway and the Appalachian Trail (near Sam’s Gap on the NC side) with concrete embankments and fence barriers. All photography credits go to Lauren M. Lyon.
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REINTRODUCTION EFFORTS IN APPALACHIA AND CLIMATE SUITABILITY OF THE FOUR SUBSPECIES OF WAPITI IN NORTH AMERICA



[bookmark: _Toc164388173]ABSTRACT
Historically, human colonization events have had severe negatives impact on biodiversity globally. In North America, prominent examples of such negative impacts are the eradication of over 60 million American bison by the 1870s, and extirpation of the once numerous (about 10 million individuals) wapiti (Cervus canadensis) from most of its historical range following European colonization, including the extinction of two subspecies (C. c. merriami and C. c. canadensis). Given successful reintroductions of wapiti in the western U.S., we investigated the efforts to restore this species’ range in the Appalachian Mountains, where C. c. canadensis, a now extinct subspecies, once lived. We utilized ecological niche modeling, coupled with an extensive literature review of wapiti genetics and ecology, to create climate suitability models through the 2040s for each of the four subspecies of wapiti both at the continental scale and focused solely on the Appalachians. Results showed that the Tule and Roosevelt wapiti have separate climatic niches from all other subspecies, whereas the Rocky Mountain wapiti showed high degrees of overlap with the Manitoba subspecies in the west. In the Appalachians, the Rocky Mountain wapiti showed the highest degree of climatic suitability through the 2040s, whereas the Manitoba wapiti had no suitable climate predicted present. Previous studies found that the populations of Manitoba wapiti, the source for reintroductions in Tennessee and North Carolina, underwent a severe bottleneck in 1906, reducing the alleles and heterozygosity to that of a founder population that was specific to Alberta, Canada. Lack of genetic diversity within release sites in Tennessee and North Carolina, small population size with low growth, and lack of suitable climate are severely limiting the restoration potential in the southern Appalachians. Through a summary of literature in the region, as well as novel climate and refugial maps for the wapiti we aim to promote greater restoration success, much like has been experienced in Kentucky. Finally, we wish this study will serve as a research template for necessary modeling and carefully informed selection of variables for a species long considered a “generalist” ecologically, but which may be experiencing reintroduction setbacks due to a cascade of effects and potential susceptibility to stressors including maladaptation to regional climate.
[bookmark: _Toc164388174]
INTRODUCTION
Humans have created an ongoing biodiversity crisis that has resulted in the decline in nearly half of all vertebrate populations globally ( Davis et al., 2018; Finn et al., 2023; Myers, 1996; O’Connor et al., 2020; Rull, 2022). One tool to combatting these losses is species reintroductions to their historical ranges (Evans et al., 2022; Seddon et al., 2007). The International Union for the Conservation of Nature (IUCN)’s Species Survival Commission (SSC) published a series of guidelines and deemed “re-introduction” as attempting to establish a species in part of its historical range where previously extirpated or extinct (IUCN, 1998). A critical step in the reintroduction process is to determine the cause of extirpation/extinction to ensure that the reintroduced population does not meet a similar demise (IUCN, 1998). Wolf et al (1998) cite three factors as critical for reintroduction success: (a) quality of site habitat; (b) location site relative to historic range; and (c) released number of individuals at a site. Though occurring globally, extensive literature, detailed planning, and conservation success has been documented among charismatic fauna and/or keystone species, such as the black-footed ferret (Mustela nigripes), California condor (Gymnogyps californianus), gray wolf (Canis lupus), sea otter (Enhydra lutris), and prairie dogs (Cynomys spp.) in North America (Hale & Koprowski, 2018; Martínez-Meyer et al., 2006; Sarrazin & Barbault, 1996). More recently and as a case study for reintroduction efforts, is the wapiti, an eastern keystone species and a game species.
The wapiti (Cervus canadensis; or American Elk) as it is globally referred to avoid confusion with the elk (= Moose; Alces alces), is a name derived from the indigenous Shawnee people’s word meaning “white rump” (National Park Service, 2023). It is the second largest member of the deer family Cervidae (following A. alces), with C. canadensis initially, and even in recent literature, lumped with the Eurasian species, C. elaphus (red deer). However, based on the litany genetic data (Doan et al., 2022; Hu et al., 2019; Lorenzini & Garofalo, 2015; Ludt et al., 2004; Meiri et al., 2018; Pitra et al., 2004; Polziehn & Strobeck, 1998), geographical distance, and morphological and behavioral differences (e.g. difference in the larynx producing different calls, with the wapiti bugling versus the red deer which has a lower pitched “roar”) (Frey & Riede, 2013), we followed recommendations of treating C. canadensis as its own separate species rather than a subspecies. The genus Cervus appears to have first originated around the Miocene-Pliocene transition and spread of C4 grasslands in Asia (Di Stefano & Petronio, 2002), with subsequent divergence about 6 mya into an “Eastern clade” consisting of C. nippon and C. canadensis of eastern Asia and North America, and a “Western clade” of C. elaphus from Europe, North Africa, and east-central Asia (Lorenzini & Garofalo, 2015). The C. canadensis lineage then split from C. nippon roughly 2 mya during the Pleistocene, further deriving the wapiti lineage from C. elaphus as the former spread across the Bering Land Bridge during variation in glacial cycles to colonize North America (Lorenzini & Garofalo, 2015). Prior to European colonization, six subspecies of wapiti (=American Elk; Cervus canadensis) spanned the North American continent with population estimates near 10 million individuals (O’Gara & Dundas, 2002; Popp et al., 2014). Habitat loss and overhunting through the mid-twentieth century reduced wapiti populations to only half a million individuals, mostly in the west, and caused the extirpation of the eastern wapiti (C. c. canadensis) and Merriam’s wapiti (C. C. merriami) (O’Gara & Dundas, 2002; Popp et al., 2014). Today, estimates of wapiti populations are slightly over 1 million individuals (Popp et al., 2014), with reintroduction efforts having mixed results (O’Gara & Dundas, 2002).
Popp et al (2014) note that elk restoration in eastern North America has been understudied, with populations such as the Pennsylvania herd being studied over half a century post-release (Banfield & Rosenberry, 2020; Kentucky Department of Fish and Wildlife Resources, 2015; Larkin et al., 2003).  Indeed, reintroduced wapiti in the east have been noted (Padilla et al., 2023) as lacking in the research prevalent of their western counterparts (e.g., Amor et al., 2019; Bender et al., 2012; Christianson & Creel, 2007; McCorquodale, 2003; Rickbeil et al., 2019; Rowland et al., 2000). Padilla et al. (2023) note the differences in habitat type, weather, predation, and private-public land interface of the eastern North American populations compared to those out west (Brough et al., 2017; Radeloff et al., 2005; Webb et al., 2011), with additional challenges to reintroduction efforts arising from concerns of transmission of diseases (Padilla et al., 2023; Kurth, 2022).
The IUCN (IUCN, 1998) strongly encourages due diligence in researching areas for reintroductions and maintaining studies to ensure success, making study of the wapiti ideal. Martinez-Meyer et al (Martínez-Meyer et al., 2006) explicitly state the need for consideration of climate change and long term effects on a particular release site and surrounding area, particularly during the planning stage of reintroduction. Given the lack of climate studies featuring wapiti released into the Appalachians and eastern North America, we investigated whether geographically and/or genetically separated subspecies of wapiti have distinct climatic niches. To do this, we conducted a detailed review of wapiti genetics, as well as extirpation and recovery of populations across the continent, and subsequently created ecological niche models using baseline climatic conditions, when many population recovery efforts began (1970-2000), and projected the models to near future conditions (2021-2040). We also evaluated whether the wapiti released in the Appalachian Mountains were predicted to have climatic suitability in this region, hence be climatically adapted to this region now and into the future. We modeled all subspecies and projected them to the Appalachians, and evaluated the performance of all subspecies for comparison, though with a predominant focus on the Rocky Mountain, Manitoban, and potential hybrid of the subspecies.
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Kentucky: Cervus canadensis nelsoni
Kentucky Department of Fish and Wildlife Resources carried out a habitat study as well as public survey prior to releasing the first herd in the state of Kentucky, finding that eastern Kentucky was biologically appropriate in terms of land base, human population, and lack of large scale agriculture (Kentucky Department of Fish and Wildlife Resources, 2015; Larkin, 2001). With overwhelming public support (Maehr et al., 1999), 1,541 wapiti were translocated to Kentucky from Arizona, Kansas, North Dakota, New Mexico, Oregon and Utah, from 1997-2002 (Kentucky Department of Fish and Wildlife Resources, 2015; Larkin, 2001; Larkin et al., 2003; Maehr et al., 1999; Seward, 2003). The initial 8 counties where wapiti in Kentucky were released were: Pike, Martin, Floyd, Knott, Letcher, Perry, Leslie, and Bell (Kentucky Department of Fish and Wildlife Resources, 2015); with the original restoration zone including the surrounding Johnson, Magoffin, Breathitt, Clay, and Knox counties, followed by the addition of Whitley and McCreary counties in 2004 to connect to Tennessee’s restoration zone (Kentucky Department of Fish and Wildlife Resources, 2015). Within the Kentucky restoration zone of over 4 million acres, 87% of the land is privately owned, making management of habitat quality for the herd a challenge (Kentucky Department of Fish and Wildlife Resources, 2015). As of 2018, refined abundance estimates place the Kentucky wapiti population at around 7,000 individuals (Crank et al., 2019). 

Tennessee: Cervus canadensis manitobensis
	Tennessee Wildlife Resource Agency evaluated the potential for wapiti restoration in 1996 utilizing the following guidelines: a) 200,000 acre or greater area; (b) significant portion public land; (c) land cover significantly open or able to be converted to open; (d) potential for public hunting; and (e) avoid crop disturbance (Tennessee Wildlife Resource Agency, 2018; Wathen et al., 1997). After some initial debate as to release location, in 2000, TWRA proposed a restoration zone of 670,000 acres in Scott, Campbell, Claiborne, Anderson, and Morgan counties, contiguous with Kentucky’s wapiti restoration zone (Tennessee Wildlife Resource Agency, 2000, 2018). This restoration area encompassed the North Cumberland Wildlife Management Area (WMA; = Royal Blue WMA) and was proposed to have 400 wapiti released starting in 2000 (Tennessee Wildlife Resource Agency, 2000, 2018). Source populations were imported from Elk Island National Park (Alberta, Canada) given the distance from chronic wasting disease (CWD) outbreaks and rigorous pathogen testing protocols, with releases occurring from 2000-2002 (Lupardus et al., 2011; Tennessee Wildlife Resource Agency, 2018); however, in 2003 and 2008 wapiti were obtained from Land Between the Lakes (Kentucky) given lack of availability from Elk Island National Park (Lupardus et al., 2011; Tennessee Wildlife Resource Agency, 2018). Given the prevalence of CWD and concern with disease introductions, no wapiti have been released in Tennessee since 2008 nor is there a recommendation for the release of more through 2027, resulting in a release total of 201 individuals (Tennessee Wildlife Resource Agency, 2018). Population estimates for the Tennessee wapiti herd as of 2016 was roughly 349 individuals, though uncertainty was high (Tennessee Wildlife Resource Agency, 2018).

Virginia: Cervus canadensis nelsoni
After failed restoration efforts in the early twentieth century due to poor habitat quality, site selection, and improper harvest management, in 1997 Virginia Department of Game and Inland Fisheries proposed a new plan to release wapiti (over 1,540 individuals) into the eastern portion of the state over the course of five years (Virginia Department of Game and Inland Fisheries, 2019). Planning commenced with identifying locations of suitable habitat for restoration site and building public support, though with pathogen spread a major concern, these efforts would stall out (Virginia Department of Game and Inland Fisheries, 2019). In 2000, given the spread and establishment of populations from Kentucky into Virginia despite legal harvest of either sex, the lack of detection of pathogens, and renewed public interest, discussions continued until 2009 when new evaluations of southwest Virginia for potential restoration sites began (Virginia Department of Game and Inland Fisheries, 2019). As such, hunting of dispersing wapiti was banned in 2011 in Buchanan, Wise, and Dickenson counties (=the Virginia Elk Restoration Area); 75 wapiti were released between 2012 and 2014 onto reclaimed mining lands in Buchanan County (Virginia Department of Game and Inland Fisheries, 2019). Release of wapiti into this region was a polarizing decision with Buchanan County being targeted for passive restoration in an attempt to further surrounding counties’ acceptance of these animals (Virginia Department of Game and Inland Fisheries, 2019). The source for the wapiti translocation from 2012 to 2014 was the Kentucky herd, with harvest proposed to be banned in the surrounding restoration area counties in 2013 and again in 2015, but was met with strong opposition, preventing enactment in either instance (Virginia Department of Game and Inland Fisheries, 2019). More recent surveys and education efforts have reported positive responses to the presence of wapiti in the area, which would benefit the Virginia herd given the prediction that the currently occupied area is likely close to carrying capacity and incapable of sustained growth of the wapiti population at the current rate (Virginia Department of Game and Inland Fisheries, 2019).

West Virginia: Cervus canadensis nelsoni
West Virginia Division of Natural Resources began looking at feasible options for wapiti restoration in 1972, and again in 2005 with the assessment of potential habitat and restoration areas on the landscape, particularly given the success of the Kentucky wapiti herd and subsequent natural immigration of individuals into West Virginia (West Virginia Division of Natural Resources, 2021). Initial wapiti management plans were drafted between 2011 and 2015, with an official management area and damage fund for agricultural loss being passed by state legislature (West Virginia Division of Natural Resources, 2021). The Tomblin Wildlife Management Area was designated after acquisition of 44,000 acres of habitat for an initial wapiti release site; in 2016, 24 wapiti were captured from the Kentucky Land Between the Lakes Recreation Area and released in West Virginia (West Virginia Division of Natural Resources, 2021). An additional 46 individuals were transferred from the Arizona herd and released in 2018 (West Virginia Division of Natural Resources, 2021). Given the West Virginia herd is still in early stages of release, the estimated total number of animals was 85, prior to calves being born in 2021 (West Virginia Division of Natural Resources, 2021). The restoration zone in West Virginia overlaps Wayne, Lincoln, Boone, Logan, Mingo, Wyoming, and McDowell counties, forming a contiguous patch with the Virginia and Kentucky adjacent wapiti herds (West Virginia Division of Natural Resources, 2021).

North Carolina: Cervus canadensis manitobensis
	In 2001, 25 wapiti were released experimentally into the Great Smoky Mountains National Park, from the Land Between the Lakes in Kentucky, followed by an additional 27 individuals in 2002, to Cataloochee, NC (North Carolina Wildlife Resources Commission, 2013). In 2008, the population was deemed stable enough to be considered a successful reintroduction, with North Carolina Wildlife Resource Commission estimating between 150-200 wapiti occupying Haywood, Jackson, and Swain counties (North Carolina Wildlife Resources Commission, 2013). Overarching restoration goals for North Carolina include a harvestable population outside of the National Park, with management involving collaboration and cooperation between the Eastern Band of Cherokee Indians, NPS, public, and private landowners (North Carolina Wildlife Resources Commission, 2013).

Pennsylvania: Cervus canadensis nelsoni
Attempts to reintroduce wapiti to Pennsylvania in the early 20th century were poorly documented, with initial 50 individuals reintroduced from Yellowstone National Park in 1913 and additional 22 animals donated from a private reserve in Monroe County, and subsequent reintroductions in 1915 from Yellowstone National Park (95), and Wind Cave National Park in 1924 and 1926 (10 bulls total) (Banfield & Rosenberry, 2020). Most likely due to persecution in response to crop damage, this initial population became depleted, and reintroductions were considered failed mostly, with populations unknown for nearly 40 years and estimates between 14-100 individuals remaining (Banfield & Rosenberry, 2020). A management area was first defined in 1982, in a matrix of public land; public support indicated the presence of wapiti desirable in an area of 205 square miles in north-central Pennsylvania north of I-80 (Banfield & Rosenberry, 2020). Natural dispersal to the southeast led to expansion of this management area by 2006 to include an area of 835 square miles in a landscape matrix with over 70% public land (Banfield & Rosenberry, 2020), Currently the wapiti management area in Pennsylvania occupies the north-central part of the state including Cameron, McKean, Elk, Clinton, Clearfield, Tioga, Potter, Lycoming, and Jefferson counties (3,757 square mile area); much of this is public land, with only 26% privately-owned (Banfield & Rosenberry, 2020). Estimates show that roughly half of this area is occupied, giving the wapiti room for population growth and expansion in the future. Population estimates for 2017 suggested the minimum number of individuals to be upward of 900 (Banfield & Rosenberry, 2020). Concerns from the Pennsylvania Game Commission have arisen due to the genetic bottleneck that occurred in the early-mid 20th century, with studies showing poor genetic diversity relative to Yellowstone stock, and though the population appears healthy, reproductive rates are “suspiciously low” (Banfield & Rosenberry, 2020).
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All wapiti records were downloaded from the Global Biodiversity Information Facility (GBIF; see Appendix III: Supplementary 3.1). Fossil records were removed, as well as those missing latitude and longitude data, a year, and those with uncertainty greater than 10km. To match the temporal range of climate data with that of occurrence records, while ensuring that sample size needs for modeling were met, only records from 1960 to 2015 were used in this study. Points were then rarified to avoid biasing the model using the same grain as the climate data (2.5 arc minute resolution ~5km).  For the creation of the models, points from the eastern US were excluded as those were introduced populations, however these were later used to evaluate projections to the eastern half of the continent. Initial models were run utilizing the following groupings: Cervus canadensis (species level), C. c. manitobensis, C. c. nannodes, C. c. nelsoni, and C. c. roosevelti. There is also a debate regarding the validity of C. c. manitobensis and C. c. nelsoni as individual subspecies or if this is a result of extirpation. Therefore, we modeled C. c. manitobensis x C. c. nelsoni together and projected it as well for comparison. This is of particular importance given that both of these subspecies have been reintroduced to the Appalachians (C. c. manitobensis in Tennessee and North Carolina), and there is potential for hybridization. The models were run with the background sampling extent of wapiti in the west created using available points and overlaying the Environmental Protection Agency (EPA) Level III Ecoregions (Commission for Environmental Cooperation, 1997) in that region (Appendix III: Supplementary 3.2).
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All models were run initially with all 19 bioclimatic variables from WorldClim 2 (ttps://www.worldclim.org/data/index.html; (Fick & Hijmans, 2017) at 2.5 arc minute resolution for a baseline climate of 1970-2000. Following the methods of Chapters 1 and 2, the baseline ecological niche models were projected onto future climatic conditions from two Shared Socioeconomic Pathways, SSP 2.45 and SSP 3.70, across a range of low, medium, and high temperature and precipitation change Global Circulation Models from CMIP6 (Coupled Model Intercomparison Projects 6), GCM CNR-ESM2-1, GCM CNRM-CM6-1, and GCM CanESM, for the near future (2021-2040) (Fick & Hijmans, 2017). Consensus forecasts were created to determine a minimum-maximum predicted climatically suitable area from each model for near future, as well as individual models for comparison.
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Models were trained to the extent of species, subspecies, or hybrid ranges utilizing all variables initially, and then rerun a second time with a subset of variables contributing to the model (greater than 1%) and projected to estimate the potential climatic suitability continent-wide (Appendix III: Supplementary 3.3). We ran maximum entropy (Maxent) models with standard methodology including no clamping or extrapolation, 5,000 iterations crossvalidated among ten replicates, logistic output, and the average raster of all replicates was thresholded to minimum training presence, the suitability probability value at which all training data are classified as present or suitable. Models were evaluated internally via AUC, and externally through Sensitivity (=calculated with additional data that was not used in the models). Additionally, we ran a third set of models to determine the ability of one taxon to predict the distribution (known occurrences) of another taxon by using all known records to test the reciprocal prediction (training+testing+external testing). The degree of climatic niche overlap between subspecies was evaluated using training/testing points as well as those points omitted from the model due to close proximity for that subspecies range. These reciprocal models were projected across the historic range of the wapiti for each species, subspecies, and the hybrid, and evaluated for degree of overlap with other subspecies through known occurrence points post-2020. For projections we also utilized Multivariate Environmental Similarity Surfaces (MESS) to measure the degree of similarity between the environments of the training data with respect to the variables utilized in model creation and the projected new environments (i.e. the Appalachian Ecoregion) (Elith et al., 2010). In MESS analysis, negative values represent dissimilarity in that the values present in the new environment fall outside of the range of training environments; scores will vary by the number of variables and degree of difference in environments (Elith et al., 2010). We also utilized Limiting Factor analysis (LF) to highlight the areas driving dissimilarity in predictions; for this analysis, each variable in the new environment was changed to the mean value of that particular variable for the training region while measuring model response (Elith et al., 2010). The Limiting Factor is determined when that particular variable change results in a higher predicted probability of a species occurring in the new environment relative to all other variables (Elith et al., 2010).  Through examination of the LFs of each subspecies, we determined why a particular area may be predicted unsuitable. This information may inform future studies predicting thermal tolerance or even provide linkages to particular habitat management strategies for vegetation types preferred by the wapiti.
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For our focal area of wapiti reintroduction in the Appalachian ecoregion, we eliminated unsuitable land cover for long term persistence for the wapiti using the National Land Cover Dataset (NLCD CONUS) for 2019 at 30-meter resolution (Dewitz, 2021). The areas removed included developed areas, barren spaces, and croplands, given the generalist nature of this species. In evaluating the climate suitability of the reintroduced wapiti subspecies to the Appalachian ecoregion, we also specifically evaluated counties of initial wapiti release as well as the neighboring counties to predict climate suitability in the event of population expansion. 
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Species level: Wapiti
Grouping Cervus canadensis at the species level (534 occurrences) and running the model based on current ecoregion distribution based on species-level occurrences across the continent led to the following most contributing variables: precipitation of the coldest quarter (23.9%), isothermality (20.7%), mean temperature of the warmest quarter (14.3%), mean temperature of the wettest quarter (8.6%), precipitation of the warmest quarter (6.1%), mean diurnal range (5.5%); maximum temperature of the warmest month, precipitation of the driest month and quarter, temperature seasonality, temperature annual range, precipitation seasonality, mean temperature of the coldest quarter, and annual mean temperature had low contributions to model accuracy gain (<5% each). Variables excluded were minimum temperature of the coldest month, mean temperature of the driest quarter, annual precipitation, precipitation of the wettest month and quarter. A commonality between this and all subspecies/hybrid models was the exclusion of the precipitation of the wettest quarter variable. Model projections to the baseline climate (1970-2000) predicted the largest suitable climate range for the wapiti, encompassing 99.7% of all wapiti points, including occurrences not used in the model for a total of 2280/2288 throughout the historic range, including all points in the east (72/72) (Appendix III: Supplementary 3.4). Predictions projected through the historic range are shown in Figure 3.1A, with the mean AUC value 0.854 (Appendix III: Supplementary 3.4). MESS analysis and Limiting Factor analysis (Appendix III: Supplementary 3.5; range of MESS -380 to 55) showed some differences in climatic niche present along the North Carolina-Georgia-South Carolina border (scores ranging from -30 to 0) within the Appalachian ecoregion. Throughout the Appalachian Ecoregion, aside from the dissimilar areas, MESS scores were predominantly 0 to 10, with isothermality as the limiting factor isothermality in that area. 
Manitoba Wapiti: Cervus canadensis manitobensis
	The variables contributing most to the model of the subspecies\ C. c. manitobensis (40 occurrences) were: precipitation of the coldest quarter (28.3 %), mean temperature of the wettest quarter (17.5%) and driest quarter (12.1%) precipitation of the wettest month (10.8%), annual precipitation (10.7%), temperature seasonality (5.3%); maximum temperature of the warmest month, precipitation seasonality, annual mean temperature, temperature annual range, precipitation of the driest and coldest quarters, and mean temperature of the coldest quarter each contributed <5%. Variables excluded were mean diurnal range, isothermality, minimum temperature of the coldest month, mean temperature of the warmest quarter, and precipitation of the driest month and wettest quarter. Baseline projections showed overlapping suitability with all points of this subspecies, including 28 occurrences not used in the model training (100% correctly predicted; total 68/68), with the mean AUC value 0.774. Outside of the initially examined background region of the Great Plains, climate suitability was also predicted overlapping with 48.9% of the C. c. nelsoni points (906/1854), particularly in Arizona and New Mexico, large portions of Colorado and Montana, southern Utah, eastern Idaho, and parts of Alberta and British Columbia (Fig. 3.1B). Additionally, the population of C. c. manitobensis for the baseline did not show predicted climate suitability in the east south of Michigan. MESS and Limiting Factor analysis showing strong differences in the southeast, particularly in southwest North Carolina-South Carolina-Georgia borders within the Appalachian ecoregion (scores -175 to -75). Most of the Appalachians falls within the highly dissimilar category, with negative MESS scores ranging from -1 in the northwestern part of the Appalachian ecoregion in Ohio and Pennsylvania to -175 as mentioned above in the southwestern Appalachians. The most limiting variable in this area was the precipitation of the coldest quarter. 
Tule Wapiti: Cervus canadensis nannodes
	The variables contributing most to the models for C. c. nannodes (11 occurrences) were: precipitation seasonality (40.8%), precipitation of the warmest quarter (26.2%), mean temperature of the wettest quarter (16.3%), precipitation of the driest quarter (9.4%); the variables that contributed least were: precipitation of the wettest month, isothermality, and precipitation of the driest month and coldest quarter (<5% each). Variables excluded from the model were annual mean temperature, mean diurnal range, temperature seasonality, maximum temperature of the warmest month, minimum temperature of the coldest month, temperature annual range, mean temperature of the driest quarter, mean temperatures of the warmest and coldest quarters, and precipitation of the wettest quarter. Only a few areas northward in south-central Washington were found to be climatically similar to their current range (Fig. 3.1C), and no region predicted suitable for C. c. nannodes was found to overlap the other subspecies. All points used in the model were predicted suitable for C. c. nannodes, including an additional 16 occurrences (100%; total 27/27), with the mean AUC 0.94. Cervus canadensis nannodes was not predicted to have suitable climate outside of California and Washington state. MESS and Limiting Factor analysis showed strong climatic differences along the Georgia-South Carolina-North Carolina border (-380 to -100) within the Appalachian Ecoregion, though the entirety is the most dissimilar of all the subspecies according to MESS analyses with the majority of the Ecoregion showing MESS values from -250 to -100 and at most -75 within the northeastern portion of the Appalachian Ecoregion. The limiting factors were precipitation of the warmest quarter and precipitation of the driest month.
Rocky Mountain Wapiti: Cervus canadensis nelsoni
 	For C. c. nelsoni (356 occurrences), the variables with the highest contribution were on average: precipitation of the driest month (29.3%), mean diurnal range (23.4%), precipitation of the warmest quarter (12%), isothermality (11.8%), annual precipitation (5.5%), mean temperature of the wettest quarter (5%); least contributing variables were: mean temperature of the coldest quarter, annual mean temperature, precipitation seasonality, minimum temperature of the coldest month, and mean temperature of the driest quarter (<5% each).  Excluded from the model were temperature seasonality, maximum temperature of the warmest month, temperature annual range, mean temperature of the warmest quarter, precipitation of the wettest month, and precipitation of the wettest, driest, and coldest quarters. All points utilized in the model were predicted correctly, with additional occurrence predictions leading to a total of 99.9% predicted suitable (1852/1854), with the mean AUC value 0.885. When projected onto the historic range of the wapiti (Fig. 3.1D), C. c. nelson models predicted suitable areas that overlapped with 98.5% of all C. c. manitobensis occurrences (67/68), 4.5% of C. c. roosevelti occurrences (12/267), and all reintroductions into the eastern US and Canada as of 2015 (72/72). This includes known sites not shown due to high spatial uncertainty (random placement in a 28km x 28km grid) intentionally generated by iNaturalist for critically endangered taxa. Of note, this also includes overlap with the reintroduced C. c. manitobensis in Tennessee/North Carolina. MESS and Limiting Factor Analysis shows some mild climate dissimilarity in the Appalachians in central West Virginia (-10 to 0) and higher climate dissimilarity along the Georgia-South Carolina-North Carolina borders (-75 to -20), into southwest North Carolina along the southern half of the Tennessee-North Carolina border near the Great Smoky Mountains National Park (-20 to 0). The overwhelming majority of the Appalachian Ecoregion falls within 0-10 MESS scores, making this subspecies the most similar in terms of climatic conditions and greatest area predicted with climate suitability of the four subspecies of wapiti. Limiting factors in these areas are precipitation of the warmest and driest quarters and precipitation of the driest month.
Roosevelt’s Wapiti: Cervus canadensis roosevelti
The variables contributing to C. c. roosevelti models (78 occurrences) were: precipitation seasonality (28.5%), temperature seasonality (24.6%), and mean diurnal range (18.1%), temperature annual range (9.2%), precipitation of the coldest quarter (6.9%); precipitation of the warmest and driest quarters, isothermality, annual mean temperature, and maximum temperature of the warmest month each contributed <5%. Variables excluded were minimum temperature of the coldest month, mean temperatures of the wettest, driest, warmest, and coldest quarters, annual precipitation, precipitation of the wettest and driest months, and precipitation of the wettest quarter. All occurrences were predicted correctly with points not included in the model bringing the total occurrences predicted correctly (264/267) to have suitable climate to 98.9%, with the mean AUC 0.854. When projected across the historic range of the wapiti, there were a few scattered areas of predicted climate suitability through eastern California into northern Baja and throughout the highlands of Arizona and central New Mexico, as well as northward along the coast of British Columbia and along the front range within that province. The climatic niche of C. c. roosevelti is distinct in that the overlap with other subspecies is nearly minimal (1 occurrence of C. c. nannodes and 2 occurrences of C. c. nelsoni). Except for a small area along the Minnesota-Wisconsin border, there is no climate similarity found in the eastern U.S. or Appalachian ecoregion, with MESS and limiting factor analysis showing moderate niche dissimilarity in the Appalachians (-20 to 10). Most of the Appalachians had MESS values from -10 to 0, with the limiting factors precipitation seasonality and annual mean temperature.
Hybrid Model: Cervus canadensis manitobensis x C. c. nelsoni
	We generated an ecological niche model for the two subspecies together to evaluate the scenario of admixture (=hybrid), particularly given that both were released into the eastern US (438 occurrences). Therefore, this should be treated as more of a “best case” scenario for Tennessee and North Carolina in terms of climate predictions. On average, the following variables contributed most to the hybrid model: isothermality (26.7%), mean temperature of the warmest quarter (21.7%), precipitation of the coldest quarter (14.6%), mean diurnal range (13.3%), precipitation of the warmest quarter (8%); the least contributing variables were: precipitation of the driest month and quarter, annual mean temperature, precipitation seasonality, temperature seasonality, mean temperature of the coldest quarter, annual precipitation, and mean temperature of the driest quarter (<5%). Variables excluded from the model were the maximum temperature of the warmest month, minimum temperature of the coldest month, temperature annual range, mean temperature of the wettest quarter, precipitation of the wettest month, and precipitation of the wettest quarter. Total occurrences predicted correctly were 1920/1922 (99.9%), with all (72/72) occurrences in the east predicted correctly as well, and the mean AUC value was 0.881.  Additionally, overlap increased to 9/27 for C. c. nannodes (33.3%) and 24/267 for C. c. roosevelti (9%). Predictions for the hybrid subspecies were more extensive than those resulting from the model for C. c. nelsoni, but more restricted than those for that of C. canadensis. MESS and Limiting Factor analysis showed high climate dissimilarity along the Georgia-South Carolina-North Carolina border (-75 to 0), and a small swath along the Tennessee-North Carolina border (-30 to 0). The majority of the Appalachian Ecoregion was predicted to fall within the 0 to 10 MESS score range, with limiting factors precipitation of the warmest and driest quarters and precipitation of the driest month.
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Species level: Wapiti
For the species level prediction of C. canadensis, there is a high degree of projection consensus in the future, across all both SSPs and all GCMs, throughout the east and west. The most disagreement was found in the Great Plains, in northern Iowa, central-west Minnesota, northern Kansas, western South Dakota, most of North Dakota, eastern Montana, and southern Texas (model consensus numbers ranging from 0-6 shown in Fig. 3.2). It should be noted that areas of full consensus are most likely to be climatically suitable for the wapiti in the near future (2021-2040), whereas areas predicted absent in even minimal consensus should be considered unsuitable in the near future (detailed individual models by SSP and GCM can be found in Appendix 3: Supplementary 3.6). Areas with the most loss of predicted suitable climate from baseline to the near future across all models occur in much of North Dakota, eastern Montana, eastern South Dakota, western Minnesota, northern Iowa, and southwest Texas; whereas additional loss is predicted in small portions of the montane areas of Utah, Nevada, Arizona, California, and eastern New Mexico (future projections for any consensus, moderate consensus, and full consensus are shown overlaid with baseline climate in Appendix III: Supplementary 3.7; losses detailed in the results and discussion of this chapter are the result of those areas predicted unsuitable under at least one future scenario). Potential areas of climatic expansion are predicted to occur in Iowa, southeastern South Dakota, and small montane portions of Utah, Arizona, California, and Nevada.
Manitoba Wapiti: Cervus canadensis manitobensis
	Future projections for C. c. manitobensis were the second most variable in terms of suitable predicted climate, with consensus among all climate scenarios occurring predominantly within the Rocky Mountains, parts of British Columbia, much of Manitoba, western Ontario, and central Arizona and New Mexico. Large swaths of Saskatchewan, western Colorado, central New Mexico, and the Great Plains show a lack of consensus, as well as northeast Wisconsin and northern Michigan. Climate suitability in Kansas was predicted in only one climate projection, as were periphery areas around the western Oklahoma herd, and much of the central-eastern portion of North Dakota also fell within the single projection suitability category. Loss of suitable climate was predicted within the Great Plains predominantly, with Saskatchewan, eastern Montana, southern North Dakota, west-central South Dakota and Nebraska, eastern Colorado, western Kansas, east-central New Mexico, most of Texas, and parts of central Oklahoma experiencing the greatest areas of lack of climate suitability in the near future. Areas of expansion of suitable climate in the near future were predicted further north in the Canadian Provinces, as well as eastern Montana, Wyoming, and Colorado, western North Dakota, South Dakota, Nebraska, east-central Kansas, and western Oklahoma.
Tule Wapiti: Cervus canadensis nannodes
Future projections of suitable climate C. c. nannodes were the most variable of all subspecies, with consensus among all projections occurring in Inyo, Ventura, Santa Barbara Kern, San Benito, Fresno, Sonoma, and Lake counties (CA); climate suitability was also predicted in in Grant, Yakima, Klickitat, and Benton counties in Washington, though this subspecies is confined to California. Largest areas of disagreement occurred along the coast of California from Mendocino County to San Luis Obispo County and along the Sierra Nevadas in the areas surrounding Tulare County northward to Tuolumne County, and north in Nevada County (CA) to Lassen County (CA); additional disagreement areas were predicted in Nevada in Lyon and Washoe counties. Largest areas of climate suitability loss in the near future were from Glenn County (CA) southward to the San Francisco Bay area in Contra Costa County, as well as San Mateo and Santa Clara counties southward into Santa Barbara County; additional losses were predicted along the Los Angeles-San Bernardino County border, western Inyo County, and Mariposa County (CA). Expansion was predicted further northward in Mendocino and Lake counties, Tulare, Fresno, Madera, and Tuolumne counties, and Nevada (CA), Yuba, Sierra, Butte, Plumas, and Lassen counties (CA); expansion of suitable climate was also predicted predominantly in Washoe County (NV), Klickitat County (WA), and Gilliam County (OR).
Rocky Mountain Wapiti: Cervus canadensis nelsoni
The future projections for C. c. nelsoni showed the second highest degree of consensus across climate scenarios ranging from predicted suitable climate in southern Alaska southward to the Mexican states of Chihuahua and Sonora, eastward into northern Texas, northern Georgia and northward into the Canadian provinces of Nova Scotia and Quebec. The largest areas of disagreement in suitable climate are in southern Nevada and western Utah, as well as south-central Arkansas in the east. Largest areas of suitable climate loss include most of California, Oregon, and Washington with the exclusion of the Sierra Nevadas and Cascade Range, much of western Nevada, southwest Idaho, and areas to the south and west of the Great Salt Lakes in Utah, most of Mexico with the exception of the border with New Mexico and Arizona, much of southern Texas, and central Alabama and Georgia. Notable areas of suitable climatic expansion in the near future are projected for parts of eastern Texas, west-central Arkansas, and northern Georgia.
Roosevelt’s Wapiti: Cervus canadensis roosevelti
	C. c. roosevelti was predicted with the greatest degree of consensus across all climate scenarios and subspecies, with areas of consensus in the Sierra Nevadas, and the northwest coast of California spanning northward to the southern Alaska-Canadian border. Largest areas with a lack of consensus are in the Rockies of British Columbia as well as west of the Coast Mountains. Loss of suitable climate was minimal for this subspecies, with areas outside of their range showing slight loss such as in central Arizona, and areas on the edge of their historic range such as the Cascades of northern California. Expansion of suitable climate was predicted along north Vancouver Island, parts of the eastern Coast Mountains and small portions of the Rockies in British Columbia.
Hybrid Model: Cervus canadensis manitobensis x C. c. nelsoni
The degree of consensus for the projection of the hybrid model was greater than that of the species level model, but less than that of C. c. nelsoni, with consensus ranging from Alaska southward into Mexico and eastward into Georgia and Nova Scotia to the north. Areas lacking consensus for suitable climate were greatest in north-east Iowa and southern Minnesota, east Texas, and all but western Arkansas. Major areas of climatic suitability loss predicted by the hybrid model in the near future were in southern Arizona into Sonora (Mexico), to the west of the Salt Lakes in Utah, southern Texas near the border with Mexico, most of Louisiana and eastern Mississippi, parts of Manitoba, and eastern Ontario along the border with Michigan. Expansion of suitable climate was predominantly predicted along the northern edge of its range in Canada, as well as eastern Texas, central and east Arkansas, central Tennessee, and northern Georgia.
[bookmark: _Toc164388184]Appalachian reintroductions
Species level: Wapiti
Projecting the wapiti at the species level shows climate suitability in the near future for all counties of the initial release/management in the Appalachian Ecoregion (Appendix III: Supplementary 3.8), as well as throughout much of the eastern U.S. (Appendix III: Supplementary 3.9), with the exception of those in North Carolina (Fig. 3.3). Climate suitability is predicted absent near the Georgia-South Carolina-North Carolina border in Macon, Jackson, Transylvania, and Henderson (NC) counties, northern Rabun County (GA), and the southernmost edge of Haywood County (NC). Surrounding this area of predicted unsuitable climate there is slight variance by 5-10 km in model consensus ranging from 2-5 projection agreement. Typically, north of the town of Balsam Grove, near Shining Rock Wilderness and east of Tuckasegee (NC), projection agreement was at least 4 projections or more (Appendix III: Supplementary 3.10).
Manitoba Wapiti: Cervus canadensis manitobensis
	Projecting C. c. manitobensis, which is the subspecies on record for release into both Tennessee and North Carolina, yielded no suitable future climate predicted within the Appalachians, or within the eastern U.S. outside of portions of Michigan and Wisconsin (Appendix III: Supplementary 3.7 and 3.9).
Rocky Mountain Wapiti: Cervus canadensis nelsoni
	Release of C. c. nelsoni occurred in Kentucky, Virginia, West Virginia, and Pennsylvania within the Appalachian ecoregion. Projections predicted climate suitability with full consensus in all of the Pennsylvania management areas for 2021-2040, and most of West Virginia, Virginia, and Kentucky. Outside areas of full consensus in these three states, high agreement (>4) of predicted suitable climate was obtained in Kanawha, Boone, Raleigh, Lincoln, Logan, Mingo, and Wyoming counties (WV), Wise, Russell, Scott, and Lee (VA) counties, and Harlan, Letcher, Leslie, Clay, Knox, Bell, Whitley, McCreary, and Wayne counties (KY). In Tennessee consensus for this subspecies (not released) was variable, with full consensus of suitable climate mostly occurring in the counties of the Ridge and Valley ecoregion (EPA Ecoregion Level III; (Commission for Environmental Cooperation, 1997). Areas of agreement of 4-5 projections were found in Claiborne, Campbell, Union, Grainger, Scott, Morgan, Pickett, Fentress, Cumberland, Anderson, Roane, Monroe, Blount, Sevier, and Cocke counties (TN). Counties with full projection agreement for predicted unsuitable climate included Morgan, Anderson, Monroe, Blount, Sevier, and Cocke counties (TN).  Along the Cumberland Plateau, projection agreement was higher (4-5 models), particularly along the I-75 corridor, compared to those counties in the east of the state, with areas of 1-3 projection agreement only occurring north of Petros (TN) and south-west of Caryville and Norris Dam State Park (TN). In the eastern counties within the Blue Ridge, full consensus of projected suitability was observed within the Ridge and Valley northward towards Newport, and Harford near the Tennessee-North Carolina border, particularly in Cherokee National Forest. This transitions to 4-5 projection consensus in the foothills of the Great Smoky Mountains near Seymour and Pigeon Forge (TN) eastward. At higher elevation and north of Townsend and surrounding Gatlinburg (TN) consensus fell to 1-3 projection predicting suitable climate, with much of the Great Smoky Mountains National Park on the Tennessee side predicted not to have suitable climate for this subspecies. Within North Carolina, full consensus climate projections predicted suitable climate in only Madison and Buncombe counties (NC), with 4-5 consensus suitability projections in these two counties, as well as Jackson, Henderson, and Haywood counties (NC). Full projection consensus for absence of suitable climate was predicted in Graham, Cherokee, Macon, Jackson, Swain, Haywood, Transylvania, Henderson, Buncombe, and Madison counties (NC) as well as those adjacent in Georgia and South Carolina. Highest projection consensus in North Carolina was predicted from Hot Springs in Pisgah National Forest southward through Marshall and Sandy Mush Game Land to northwest Asheville (NC). There is 4-5 projection consensus along the I-40 corridor from the Tennessee-North Carolina border through Cove Creek, including parts of the Cataloochee Valley in the Great Smoky Mountains National Park, to just south of Lake Junaluska and east to Canton (NC). The area surrounding Cherokee, Bryson City, Whittier, and southeast to Cullowhee (NC) was variable with 1-3 projections predicting suitable climate, and the area 5 km east of Whittier predicted suitable by 4-5 models. Some of the edges of the 4-5 projection consensus along the I-40 corridor dropped to 1-3 projection consensus before a consensus of no suitable climate was reached. All projections showed a lack of suitable climate from Lake Santeetlah northward to the border with Tennessee and northeast through the Great Smoky Mountains National Park with the exceptions of the western border along the Cataloochee Valley mentioned above near the I-40 corridor.
	The hybrid projection shows a greater degree of full consensus among future projections in Kentucky, Virginia, and West Virginia, to full consensus in Pennsylvania. Though counties with 4-5 projection consensus are close or identical to C. c. nelsoni projections in these states, the hybrid model shows this congruence occurring in less than half of the area than the former models. In West Virginia, these 4-5 projection areas are centered predominantly around Boone County, with only a 5 km patch in Wise County and Lee County (VA). In Kentucky they are centered around: Cumberland Gap National Historical Park; Corrigan WMA northward towards Kentucky Ridge Forest WMA; Shillalah Creek WMA; northeast of Wailsend to Beverly in Bell county; from Rosspoint and Mary Alice westward to the county border; a small patch northeast of Holmes Mill in Harlan County; south of Mozelle to the county border in Leslie County; surrounding the Elk Forest WMA; northward towards Ashers Fork in Clay County; east of Erose and Walker in Knox County; immediately adjacent to the Tennessee-Kentucky border south of Creekmore, Strunk, and Fidelity (KY) in McCreary County; and much of the southern edge of Wayne County (KY). In Tennessee 4-5 projection consensus occupies most of Pickett, Fentress, Cumberland, Morgan, and Scott counties, with western portions of Anderson, Campbell, Roane, and Clairborne counties as well. In the eastern part of the state, projection consensus was highest in the foothills of the Blue Ridge near the transition for the Ridge and Valley through central Monroe, Blount, and Sevier counties, as well as southern Cocke County. This includes 4-5 projection consensus of suitability through Tellico Plains; Fort Loudon Lake (Monroe); Townsend and the northern border of the Great Smoky Mountains National Park (Blount); Pigeon Forge and Gatlinburg and the northern edge of the National Park (Sevier); and Cocke County. In North Carolina, the western edge of Cherokee county has 4-5 projection consensus, as well as surrounding Whittier and Cherokee (Swain); near Webster and west of Oliver (Jackson); with the largest areas of 4-5 projection consensus occurring north of the area surrounding Lake Junaluska and Canton towards Cove Creek along the National Park’s eastern edge and Cataloochee; Waterville at the border of Tennessee-North Carolina (Haywood); the eastern edge of Buncombe County; the areas surrounding Royal Pines, Swannanoa, and Barnardsville (Buncombe); the area surrounding Fletcher and Mills River (Henderson); surrounding Trust (Madison); along the border of Madison and Yancey counties; along the Tennessee-North Carolina border near Sams Gap; and north of Allegheny and Mars Hill (Madison). Areas with low consensus of 1-3 projections only occurred in North Carolina and Tennessee, with some uncertainty near Frozen Head State Park and the confluence of Morgan, Anderson, and Scott counties (TN). Low consensus was also predicted for much of the transition from the foothills to higher elevations along the edges of the Great Smoky Mountains National Park (TN). In North Carolina, the low consensus of 1-3 projections was predicted throughout the central and southern half of Cherokee County, surrounding Cullowhee and North of Cherokee (Jackson) and Bryson City (Swain) into the edge of the Great Smoky Mountains National Park surrounding and just north of the Oconaluftee Visitor’s Center. Additional low consensus areas in North Carolina included the Madison-Haywood County borders to west of Luck (NC), and east of Fairview (Buncombe) and surrounding Fruitland (Henderson). Areas with full consensus of unsuitable climate for the hybrid wapiti are most of the Great Smoky Mountains National Park (both the Tennessee and North Carolina side), the eastern half of Monroe County (TN) and Cherokee County (NC), all of Graham, Macon, and Transylvania counties (NC), Rabun County (GA), and Oconee County (SC), most of Swain, Jackson, and Henderson counties (NC), roughly half of Haywood County (NC), and small periphery portions of Buncombe County (NC).
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[bookmark: _Toc164388186]Do the wapiti subspecies have distinct climatic niches?
A growing number of studies have noted the importance of utilizing biologically relevant populations in the creation of niche models, often due to the local adaptation and shaping the environmental tolerances and optimal niches of an animal both at and below the species level (Banta et al., 2012; Godoy et al., 2018; Hällfors et al., 2016; Maguire et al., 2018; Marcer et al., 2016; Pearman et al., 2010; Smith et al., 2019). Smith et al. (2019) note the particular differences in outputs depending on lumping or splitting of training data, and advisee against splitting models to populations and subspecies based solely on null model tests of niche overlap and model differences. Smith et al. (2019) instead encouraged the utilization of genetic, environmental, geographic limits, and knowledge of a species’ ecology to determine if subdivisions are necessary to inform the model at the entire species level. Indeed, Smith et al. (2019) recommend partial-pooling in the event that there is potential for gene flow in populations or subspecies (as shown in Chapter 1), hence we chose to address these concerns in this study. Our findings showed that whole species wapiti models overpredicted suitable climate, making them less useful in conservation decision making, and highlighted the need for models tailored to the reintroduced populations based on subspecies. Climatically, only C. c. nannodes and C. c. roosevelti were shown to have distinct niches, whereas C. c. manitobensis and C. c. nelsoni showed significant if not almost complete overlap, which could indicate these populations were not separate subspecies prior to human intervention, or highlight that the maintained genetic diversity, wider distribution, and reintroduction success of C. c. nelsoni allows for adaptability to a greater range of climatic conditions. 
The overlap of the climatic niche of C. c. manitobensis with C. c. nelsoni likely is tied to its ecology, with C. c. manitobensis climate suitability found predominantly in the Great Plains, with some suitability in the Temperate Sierras, Northern Forests, Northwestern Forested Mountains, and Deserts (EPA Ecoregion Level I; (Commission for Environmental Cooperation, 1997). Historically, C. c. manitobensis mostly inhabited the prairies and plains, with recovery of fossils in Alberta indicative that this subspecies has been present for at least 10,000 years (early Holocene) (Burns, 1986; Naughton, 2003; Shackleton & Hills, 1977; Speller et al., 2014). Given the rapid decline due to overhunting across the continent with the arrival of European settlers, Canada began regulating and protecting remaining wapiti populations in the late 1800s with some of the earliest conservation efforts occurring for the wapiti, specifically C. c. manitobensis (Speller et al., 2014). The wildlife reserve Elk Island National Park was established in 1906 (then Elk Park) (Speller et al., 2014), which is notable as one of the source populations for the reintroduction efforts in Tennessee-North Carolina. There is currently an argument that there is strong genetic influence from C. c. nelsoni and that it is not genetically distinct from C. c. manitobensis, having once formed a continuous population prior to extirpation (Polziehn et al., 2000; Polziehn & Strobeck, 1998), which was then subsequently admixed due to translocation and reintroduction efforts (Speller et al., 2014). Results from Speller et al. (2014) suggest that gene flow was much higher historically and subsequently limited by human influence, with C. c. nelsoni possessing much higher haplotype and nucleotide diversity at present than C. c. manitobensis, likely due to the significant bottleneck experienced by the latter, which consist mostly of relict Elk Island National Park populations. The bottleneck caused by this extirpation and limitation to a population in Elk Island National Park, and subsequent genetic work (Polziehn et al., 2000; Polziehn & Strobeck, 1998; Speller et al., 2014) are indicative of a population of wapiti that exhibits founder effects, is locally adapted to a small area in Alberta, Canada, and has likely lost genetic diversity that once tied it to its geographic neighbor, the now extinct eastern wapiti (C. c. canadensis).
Ecologically, the climate predictions and projections agree with the ecological niches and genetic separation of the smallest subspecies of wapiti, C. c. nannodes, which was restricted to remnant marshlands in Kern County by the early 1900s (Sacks et al., 2024) from the once wider expanses of grasslands and woodlands of the Central Valley and Coast Range (California Department of Fish and Wildlife, 2018). Cervus canadensis nannodes is suspected of having been reduced to as few as 3 individuals in the region by the late 1800s (McCullough, 1969; Sacks et al., 2024). Reintroduction efforts renewed in the 1970s, with Sacks et al. (2024) documenting gene flow between the three subspecies in California, with C. c. nannodes estimated to exceed 5,700 animals (California Department of Fish and Wildlife, 2018). However, along the Mendocino coast there is genetic admixture with the remnant populations of C. c. roosevelti; though it was noted that there is little to no evidence of admixture between C. c. nannodes and the reintroduced C. c. nelsoni, which occupy a smaller portion of northeastern California than originally documented (Sacks et al., 2024). It was also mentioned that the C. c. nelsoni were introduced from Montana source populations which are otherwise predicted to have been mostly naturally separated by the Great Basin from the other subspecies (California Department of Fish and Wildlife, 2018). Therefore, a higher degree of reproductive isolation with C. c. nannodes was expected (Sacks et al., 2024), lending credence to the prediction that C. c. nannodes and C. c. roosevelti have been isolated from the remaining subspecies for some time (California Department of Fish and Wildlife, 2018; McCullough, 1969). The California Department of Fish and Wildlife (2018) specifically lists climate change as an area in need of research, mentioning the impact of regional effects and local habitat type may have on the presence of the three subspecies that occur there. California Department of Fish and Wildlife, (2018) proposed that climate impacts are unforecastable given the wide distribution and habitat variety, as well as the wapiti’s generalist nature and dispersal abilities. The variability in the models may reflect this, or it may also be a result of a small sample size restricted in range, however we recommend examining the outputs produced here in relation to protected areas in California and known distributions before dismissing climate models altogether as there are some areas of consensus.
Predicted suitable climate for this subspecies was geographically extensive, with suitability shown throughout the Great Plains and much of Eastern North America, though there was a high degree of omission in the area occupied by C. c. roosevelti and complete omission of the habitat occupied by C. c. nannodes. This likely reflects the isolation from the two subspecies, lending support to the niches of the aforementioned wapiti being distinct from this subspecies.  Genetically, C. c. nelsoni is presumed to be the most diverse of the subspecies, given that it retained a strong population both within and surrounding Yellowstone National Park when other subspecies were being extirpated, and that over 13,500 wapiti were subsequently restored from 1912-1967 across North America, with most of the stock originating from the Greater Yellowstone area (Hicks et al., 2007; O’Gara & Dundas, 2002; Toweill & Thomas, 1982). Like the Manitoba subspecies, initial source populations in the Greater Yellowstone area could be split into northern and southern herds, however unlike the Manitoba subspecies, genetic diversity and structure was comparable across herds, indicating high gene flow (Hicks et al., 2007). Hicks et al. (Hicks et al., 2007) proposed that this was due to shared summer ranges given the migration tendencies of this subspecies. Overall diversity in the western US was found to be homogenous and populations sampled showed little differentiation, with gene flow prevalent though potentially limited between certain subpopulations (Hicks et al., 2007; Polziehn et al., 2000). This may be because the dispersal distance in wapiti can be great, with a radio collared male traveling from Montana to Missouri in a matter of days (over 1,500 km) (Demarais & Krausman, 2000; Hicks et al., 2007), which may contribute to overall gene flow, even if such a long distance dispersal event is rare. 
Climate predictions for this wapiti subspecies were the most in agreement across future climate scenarios and encompassed the coastal and Cascade regions of the Pacific Northwest into northern California, likely reflecting the specialized climate and niche occupied by this subspecies. Cervus canadensis roosevelti has long been isolated in the Pacific Northwest as a monophyletic lineage, (much like C. c. nannodes in California), but was eliminated in all except a few small herds in the Cascade Mountains (OR), Olympic Peninsula (WA), and Vancouver Island (British Columbia, Canada) by the early 1900s (Polziehn et al., 2000). The near extirpation of the wapiti in the region due to over-hunting on the peninsula led to Washington outlawing wapiti hunting at that time and to the creation of Mt. Olympus National Monument by President Roosevelt as a protected area to aid in wapiti recovery (Washington Department of Fish and Wildlife, 2004). It is estimated that roughly 9,000 wapiti occupied the peninsula at that time (greater than elsewhere in the state) and maintained core isolated populations in this area where other populations were continuing to decline across its range (Washington Department of Fish and Wildlife, 2004). The timber industry and logging in the region outside of the Monument led to more of a mosaic of habitat and created more foraging areas for the wapiti, which caused the population to rebound enough for an annual hunting season starting in 1936 (Washington Department of Fish and Wildlife, 2004).
Climate predictions for the hybrid model are more heavily influenced by the wide array of suitable climate and training data of C. c. nelsoni, compared to the more restricted range and likely local adaptation of C. c. manitobensis. This is suspected to reflect the distribution of genetics and potential climatic limits in the event that hybridization were to occur in a particular population and along contact zones near the front range, as well as potentially in the east (discussed below). 
Lastly, it should be noted that a concern and an assumption of this study is that lack of climatic suitability is an added stressor to the reintroduced wapiti that increases susceptibility to pathogens, particularly in the east. We also assumed that, though generalist in nature and able to tolerate a wide array of habitats and conditions, the wapiti does have a niche that is defined by biotic interactions, in addition to abiotic (climatic) preferences and dispersal abilities (Peterson & Soberón, 2012; Soberón, 2010).
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Wapiti released into Pennsylvania, West Virginia, Kentucky, and Virginia are all C. c. nelsoni, which was predicted to have suitable climate and stable climate refugia at least through the 2040s in the introduced counties and surrounding areas, which is an ideal situation. The presence of stable climate across such a large area can be beneficial in allowing for selection of new release sites and maintained management areas without the restriction of suboptimal or unsuitable climate weighing on populations. This is particularly notable given genetic pressure and founder population risks even within C. c. nelsoni if the small size of introduced herds experience a severe bottleneck. For example, the Pennsylvania herd, showed remarkably low allele diversity and heterozygosity compared to source populations and even insular populations separated from the mainland 7,000 years ago (Polziehn et al., 2000; Williams & Collazo, 2013).  Contrasting this is the wide array of sources of C. c. nelsoni and numerous animals released into Kentucky, which Youngmann et al. (2020) call the most successful of wapiti restorations in eastern North America, with populations comparable to sources in terms of genetic diversity. Though Chronic Wasting Disease has been a major concern to states and federal agencies (e.g. (Banfield & Rosenberry, 2020; Carlson et al., 2018; Kentucky Department of Fish and Wildlife Resources, 2015; Tennessee Wildlife Resource Agency, 2018; Virginia Department of Game and Inland Fisheries, 2019), in the event of renewed reintroduction efforts to supplement genetic diversity in the region, our climate maps showed the majority of the region to be suitable for populations of C. c. nelsoni. 
The reintroduction case in Tennessee and North Carolina is interesting in that the models of C. c. manitobensis predicted no suitable climate or refugia where released, though given the generalist nature of wapiti, survival is not necessarily the issue. This does raise the question of whether noted population growth is slower than expected because a less climatically suited subspecies has been released. Bryant and Maser (1982) note that C. c. manitobensis is the closest subspecies to the extinct eastern wapiti that would have inhabited the region, C. c. canadensis. However, given the results of Speller et al. (2014) it could be argued that the bottleneck and genetic drift of C. c. manitobensis likely eliminated a high percentage of the genetics remaining of C. c. canadensis (Clutton-Brock et al., 1982; Muller et al., 2018; Nussey et al., 2005). It has been documented that the wapiti from Elk Island National Park (genetic source material of the Tennessee and North Carolina populations) were reduced to 24 animals in 1906 (Muller et al., 2018; Polziehn & Strobeck, 1998). Additionally, Muller et al. (2018) found that the division of Elk Island National Park by Highway 16 and fencing of populations at different points in time (northern population in 1906 and the southern in 1947) has led to genetic isolation between the two populations within the park given that this separation has persisted for over 15 generations (over 100 years).  Muller et al. (2018) also note that post-translocation to Tennessee and North Carolina, populations continue to maintain genetic separation between those from the northern portion of Elk Island National Park and those from the south, reducing population viability given the initial small introduced population sizes. If this is indeed the case, then the animals released into Tennessee and North Carolina are less genetically diverse and likely more locally adapted to those conditions of Alberta, Canada.
Perhaps a best case scenario, would be that the wapiti released into Tennessee and North Carolina eventually hybridize with existing populations to the north, or managers release into the region individuals from the more genetically diverse and better climatically suited C. c. nelsoni in hopes that this becomes the dominant subspecies or there is renewed hybrid vigor compared to the populations currently in Tennessee and North Carolina. Unfortunately though, hybridization seems very unlikely given the rate of spread of populations and the lack of admixture between populations within the subspecies of C. c. manitobensis once translocated (Muller et al., 2018). Model predictions for both the hybrid and C. c. nelsoni show the North Cumberland WMA to be suitable in the majority of scenarios, as well as areas northwest of Asheville, North Carolina. Unfortunately, though Cataloochee (GSMNP) was predicted to have suitable climate for the hybrid and C. c. nelson, most of the Great Smoky Mountains National Park will not have suitable climate in the future. Supplementary data shows more suitable climate in Pisgah and Cherokee National Forest to the north of the National Park. 
[bookmark: _Toc164388188]CONCLUSIONS
Prior to reintroduction efforts, we should be estimating climatic niches and future potential distributions to ensure that in the face of rapidly changing global conditions we are equipping a species with the best chance of long-term persistence. This is particularly important given the cost of these programs and potential for ecological imbalance/restoration. We should also be cognizant of the implications of releasing certain populations and their genetic characteristics into an area, especially when efforts span state boundaries within a region, and ensure coordination and careful planning to avoid population crashes or potential introduction of maladaptive genes. Since the wapiti released prefer the mosaic of forested and grassland habitats species (Figure 3.4), we recommend pairing these climate results with existing habitat studies and reports in planning, particularly in Tennessee and North Carolina (e.g. (Lupardus et al., 2011; Williams & Collazo, 2013).  Given efforts to restore grasslands in the region, practitioners should also consider the effects and possible benefits of having a large herbivore in maintaining these ecosystems and whether the extinct eastern wapiti would have fulfilled a similar ecological role. If the current subspecies are valid, we should also consider the possibility of hybridization between the two subspecies, or even the implications of lack of hybridization, that of releasing a lesser adapted subspecies to the region. Based on the literature review of genetic data, ecological data, and now our climate models, a sound alternative is to release only the C. c. nelsoni subspecies into the Appalachians from diverse source populations. It is our hope that by outlining stable climate refugia surrounding current population distributions of the reintroduced wapiti, managers choose to address misalignment of climatic niches and potential for alternative release sites in the future to ensure that these animals are not additionally stressed and adversely affected by climate conditions that are suboptimal, particularly along the Tennessee-North Carolina border. Future research needs to include the spread of pathogens adversely affecting reintroduced and existing wapiti populations, particularly if there is potential for synergistic effects of spread, climate change, host reservoirs, and stress increasing susceptibility of the wapiti (Kurth, 2022). Finally, we continue to build on existing literature and encourage rigorous modeling and planning both at present and into the future for reintroduction of species, particularly those that may be culturally and ecologically significant to a region.
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[bookmark: F31]Figure 3.1. Baseline Models of the Wapiti Subspecies. Predicted baseline (1970-2000) climatic suitability at the species level for Cervus canadensis (A), individual subspecies (B-E), and hybrid C. canadensis (F). Suitable climate is shown in dark blue. 
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[bookmark: F32]Figure 3.2. Consensus in Future Predictions of Climatic Suitability for the Wapiti Subspecies. Predicted near future (2021-2040) climatic suitability at the species level for Cervus canadensis (A), individual subspecies (B-E), and hybrid C. canadensis (F). Degrees of prediction consensus across SSPs and GCMs are shown ranging from no predictions (0, darkest red) to full prediction consensus (6, darkest blue).
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[bookmark: F33]Figure 3.3. Consensus in Future Predictions of Climatic Suitability within the Appalachians. Predicted near future (2021-2040) climatic suitability overlaid with suitable land cover at the species level within the Appalachian reintroduced populations for Cervus canadensis (A & D), C. c. nelsoni (B & E), and the hybrid (C & F). Cervus canadensis manitobensis was released in both Tennessee and North Carolina, but is not shown due to the subspecies having zero predicted climatic suitability in the Appalachian ecoregion. A-C show the northern Appalachian ecoregion release locations for the wapiti, whereas D-F show the southern release locations. Degrees of prediction consensus for the near future across SSPs and GCMs are shown ranging from no predictions (0, dark red) to full prediction consensus (6, dark blue), whereas the light/dark distinction within colors represents protected areas (darker) versus unprotected (lighter). Note the full consensus of suitable climate in Pennsylvania for all models but C. c. manitobensis which was predicted to have no suitability across all predictions (shown in Appendix III: Supplementary 3.9).
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[bookmark: F34]Figure 3.4. Comparison of Two Wapiti Subspecies in Different National Parks and Habitats. A. A large herd of C. c. nelsoni cows and calves in Rocky Mountain National Park (RMNP) emerging from cover to forage along Trail Ridge Road at high elevation (near alpine tundra). B. A small herd of cows and immature bulls feeding along Trail Ridge Road near Medicine Bow Curve highlighting the diversity of occupied habitats within RMNP. C. One of a number of large bull wapiti in velvet foraging in the grassy fields around the Beaver Creek Picnic area (RMNP). D. A small herd of C. c. manitobensis cows and calves from the reintroduced population foraging in the Oconaluftee Visitor Center fields of the Great Smoky Mountains National Park (GSMNP). E. One of the dominant bull wapiti strolling through the Oconaluftee Visitor Center fields, highlighting the habitat occupied in the GSMNP. F. A non-dominant bull wapiti with a drop-tine foraging near the original release site in the Cataloochee Valley (GSMNP). All photographs shown were taken by Lauren M. Lyon.
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[bookmark: ST31]Supplementary 3.1. Presence Data for Wapiti Models. Table detailing the data cleaning process for Cervus canadensis.
	GBIF Identifier
	GBIF.org (31 December 2023) GBIF Occurrence Download https://doi.org/10.15468/dl.qzrz3x

	North American Points
	20997

	Fossils Removed
	20967

	No Year Removed
	20893

	No Latitude/Longitude Removed
	20862

	Uncertainty over 30km
	19904

	1960-2015 Points
	2817

	Final Count C. canadensis no duplicates and rarified to 5km within training region
	544





[bookmark: ST32]Supplementary 3.2. Training Regions and Occurrences for Ecological Niche Models of Wapiti Subspecies. Maps detailing EPA Ecoregions Level III (Commission for Environmental Cooperation, 1997), background sampling area utilized in each model, and subspecies training points utilized with C. c. manitobensis (red), C. c. nelsoni (yellow), C. c. roosevelti (light blue), and C. c. nannodes (green).
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[bookmark: ST33]Supplementary 3.3. Table with Variable Contributions to Ecological Niche Models by Subspecies. Variables contributing most to each initial model and used in final projections.
	Model
	Bio1
	Bio2
	Bio3
	Bio4
	Bio5
	Bio6
	Bio7
	Bio8
	Bio9
	Bio10
	Bio11
	Bio12
	Bio13
	Bio14
	Bio15
	Bio16
	Bio17
	Bio18
	Bio19

	Cervus canandensis
	x
	x
	2
	x
	x
	
	x
	x
	
	3
	x
	
	
	x
	x
	
	x
	x
	1

	C. c. manitobensis
	x
	
	
	x
	x
	
	x
	2
	3
	
	x
	x
	x
	
	x
	
	x
	1
	x

	C. c. nannodes
	
	
	x
	
	
	
	
	3
	
	
	
	
	x
	x
	1
	
	x
	2
	x

	C. c. nelsoni
	x
	2
	x
	
	
	x
	
	x
	x
	
	x
	x
	
	1
	x
	
	
	3
	

	C. c. roosevelti
	x
	3
	x
	2
	x
	
	x
	
	
	
	
	
	
	
	1
	
	x
	x
	x

	C. c. manitobensis x C. c. nelsoni
	x
	x
	1
	x
	
	
	
	
	x
	2
	x
	x
	
	x
	x
	
	x
	x
	3




[bookmark: ST34]Supplementary 3.4. Model Performance Metrics and Overlap with Other Subspecies. Degree of overlap of points utilized in the model and additional locality points. AUC= Area Under the Curve, MTP= Minimum Training Presence.
	Wapiti Group- Baseline 1960-2015
	Overlap C. c. manitobensis
	Overlap C.c. nannodes
	Overlap C. c. nelsoni
	Overlap C.c. roosevelt
	Overlap with Eastern released populations
	Training AUC /Testing AUC
	MTP Area
	MTP Test Omission

	C. c. manitobensis
	68/68
	0/27
	906/1854
	0/267
	0/72
	0.887/0.774
	0.591
	0.125

	C.c. nannodes
	0/68
	27/27
	0/1854
	0/267
	0/72
	0.969/0.940
	0.093
	0.200

	C. c.nelsoni
	67/68
	0/27
	1852/1854
	12/267
	72/72
	0.902/0.885
	0.650
	0.015

	C.c. roosevelti
	0/68
	1/27
	2/1854
	264/267
	0/72
	0.881/0.854
	0.559
	0.038

	C.c. manitobensis x nelsoni
	68/68
	9/27
	1852/1854
	24/267
	72/72
	0.897/0.881
	0.859
	0.007

	All C. canadensis
	68/68
	27/27
	1848/1854
	265/267
	72/72
	0.871/0.854
	0.933
	0.006



[bookmark: SF35]Supplementary 3.5. Similarity Scores of Eastern Predictions to Western Populations. Maps showing MESS values in the top left, limiting factors in the bottom left, and MESS values with a focus on Eastern North America for models at the species and subspecies level.
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[bookmark: SF36]Supplementary 3.6. Detailed Models by Subspecies. Individual models for species and each subspecies with the baseline (1970-2000) shown in light blue based on the training extent of EPA Ecoregion Level III (Commission for Environmental Cooperation, 1997), dark blue shows projection to the full historical extent of the wapiti, and red shows various future projections under different Shared Socioeconomic Pathways and Global Circulation Models (2021-2040).
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[bookmark: SF37]Supplementary 3.7. Varying Degrees of Consensus for Future Predictions of the Wapiti Subspecies. Overlay of baseline (1970-2000) vs future models (2021-2040) with (I) any degree of overlap (1 or more) showing areas maintained (purple), gained (blue), and lost (pink); (II) four model consensus (more than half/majority) and (III) full consensus (all six models).
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[bookmark: SF38]Supplementary 3.8. Map of Initial Appalachian Release Site Counties. Map of counties where wapiti were released in the Appalachians are shown in orange, with adjacent counties highlighted in blue.[image: A map of the united states
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[bookmark: SF39]Supplementary 3.9. Detailed Consensus Maps of Eastern North America by Subspecies. Map of Eastern North America with detailed consensus maps for stable climate for wapiti at the species and subspecies level.
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[bookmark: SF310]Supplementary 3.10. Maps Showing Key Areas without Consensus in the Appalachians by Subspecies. Detailed maps in areas with a lack of consensus in the Appalachians, with the Tennessee-North Carolina border shown in A-C, and the Tennessee-Kentucky border shown in D-F. Major cities, roadways, and protected areas are shown here, with protected areas 
represented as more vibrant versions of the colors red (1-3 models), yellow (4+ models), and blue (full consensus) for future climate (2021-2040).
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CONCLUSIONS 
	Key findings of my dissertation included the importance of the Blue Ridge and Central Appalachians as hotspots of mammalian species richness, key dispersal corridors for maintaining climate connectivity, and as refugia for mammals. I stress the importance of performing climate modeling prior to decision making, analyzing numerous taxa, and incorporating species ecology and traits, whether implementing a new road construction project, designating a new protected area, or reintroducing an extirpated taxon to the region.
In my first dissertation chapter, I found that for the majority of mammals of conservation concern within the Appalachian Ecoregion, climatic conditions would remain stable through the 2040s. This affords resource managers and practitioners at least a short amount of time to implement refugia conservation strategies and develop partnerships in the key areas outlined for mammalian diversity in the region. Unfortunately, there were a few taxa at risk due to climate change in the near future, which were predominantly Appalachian endemic mammals and relict boreal taxa. Hotspots of diversity for mammalian species of greatest conservation need (stable refugia overlap for 36 or more species) were found in the Blue Ridge and Central Appalachians, aligning with predictions for other major faunal and plant groups in the Appalachians. Secondarily, I identified a number of gaps in occurrence records and areas in need of museum specimen data to be digitalized to supplement these gaps, particularly with rare and secretive species.
	In my second chapter I found that the American Black Bear (Ursus americanus) is far too generalist in climate and habitat preferences to solely base climate connectivity corridors on its needs. Reliance on this flagship species could result in missed opportunity areas, which I identified utilizing a multispecies modeling approach focused on a secretive yet abundant and ecologically significant group of mammals, the rodents. Given the limited dispersal abilities of most rodents, I modelled the feasibility of refugial connections and determined key dispersal corridors for species likely to experience range shifts. I also highlighted the overlap of bear refugia and rodent biodiversity hotspots and priority areas with the highest degree of refugial overlap within protected areas that were interrupted by primary roadways. Based on these results I recommend 4 km of priority areas to survey in the Blue Ridge and Central Appalachians for potential modification of existing or construction of new structures to allow wildlife crossing of roadways. 
	In my final chapter, I found that most of the Appalachian Ecoregion is predicted to have suitable climate for the Rocky Mountain Wapiti (Cervus canadensis nelsoni) both at present and into the 2040s. This is likely in part to much of the population persisting in montane and remote regions relative to the other subspecies. I also found that the Manitoban Wapiti (C. c. manitobensis) did not have any climate suitability predicted at present or into the future, likely due to the strong founder effect exhibited by the bottleneck in the population that left this subspecies restricted to a narrow area within Alberta, Canada. I evaluated the reciprocity of the climatic niches of the other two subspecies of wapiti (C. c. nannodes and C. c. roosevelti) and described potential changes in range as well as their distinct climatic niches, likely a result historical distributions and isolation. Due to the near extirpation, genetic work, well studied ecology, and known historical distributions of the wapiti (C. canadensis), I determined that this species is a prime candidate for separate subspecies modeling or partially-pooled modeling, particularly with regards to conservation planning. Lastly, I recommended that conservation practitioners in Tennessee and North Carolina strongly consider future release efforts of the Rocky Mountain subspecies, noting that the added stressor of non-optimal climate in combination with poor genetics appears to be hindering population growth compared to the rest of the Appalachian reintroductions.
	This dissertation focused on specific mammalian species distributions and susceptibility to climate change, which will be useful to state agencies overlapping the Appalachian Ecoregion that must incorporate climate data for species of greatest conservation need into their State Wildlife Action Plans (SWAPs) in 2025, 2035, and 2045. It can also be utilized to identify overlap with other taxonomic groups to designate Conservation Opportunity Areas within these SWAPs. Previous research predominantly focused on meta-analysis of various taxa without individually refined maps, either focusing continentally or at a very localized scale, and/or into the distant future (2100s) which is less pertinent for planning in the immediate future. I detailed the feasibility of connecting stable climate refugia for dispersal limited species, as well as determined the degree of refugial representation by a flagship taxon, which has traditionally been utilized in conservation decision making, and proposed options within a region that is actively planning for wildlife crossings. Results also demonstrated the importance of incorporating climate models into reintroduction efforts, particularly during such a period of rapid climate change, as well as ensuring the models are consistent and justifiable for the splitting of a species into subspecies or pooling population occurrences in potential areas of genetic overlap.
[bookmark: _Toc164388194]Future Directions
Future directions include refining climate refugial models to finer resolution (<1km) and incorporating additional species from digitized museum collections in biodiverse regions, namely the Blue Ridge and Central Appalachians. I plan to work with various Southeastern Climate Adaptation Science Center partners to incorporate my data into the larger US Fish and Wildlife Service Southeast Conservation Adaptation Strategy Blueprint. I want to collaborate with National Parks Conservation Association out of Asheville, NC to assist in the planning phase and potential implementation of wildlife overpasses/underpasses on I-26 based on a combination of road mortality data, my climate models, and their research. Finally, future work needs to be conducted on the genetics of the four wapiti subspecies to interpret climatic tolerance while acknowledging the wapiti as a separate species from the European red deer (Cervus elaphus) to avoid potential bias. I would like to initiate conversation with current wapiti researchers and management agencies regarding plans for reintroduction of more wapiti into Tennessee and North Carolina and urge them to consider the Rocky Mountain subspecies for future reintroduction projects, if not because of my models then because of genetics of this subspecies.
[bookmark: _Toc164388195]
VITA
Lauren is a Tennessee native, growing up near Chattanooga and spending much of her childhood exploring nature and volunteering at the Tennessee Aquarium with her parents’ encouragement. Prior to joining the Biodiversity Matters Lab run by Dr. Mona Papeş in 2018, Lauren graduated cum laude from the University of Tennessee at Chattanooga with a B.S. in Biology, zookeeper intern experience, and two publications on fossil xenarthrans from her undergraduate research in the Gaudin Lab. Lauren later received her M.S. in Geosciences from East Tennessee State University where she immediately fell in love with GIS and red panda, spending her free time collaborating with Zoo Knoxville and researchers at the Gray Fossil Site, resulting in several publications. During her time at UTK in the Department of Ecology and Evolutionary Biology, Lauren gained experience teaching a number of courses including Human Anatomy, Comparative Vertebrate Zoology, and her favorite, Ichthyology. Though Lauren’s dissertation focused on mammals, her first love will always be fish and she can often be found snorkeling or sampling in creeks in her spare time. Lauren received numerous awards during her time at UT ranging from departmental to societal to federal funding ranging upward of $27,000: the Alexander Hollaender Graduate Fellowship, the Biology Outstanding Graduate Student Publication Award, Chancellor’s Funds, the American Society of Mammalogist Travel Award, the Graduate Student Senate Travel Award, the United States Geological Survey’s National Climate Adaptation Science Center’s (CASC) Science to Action Fellowship (2022), and the United States Fish and Wildlife Service’s Directorate Fellowship (2023). Lauren has presented her research at numerous conferences and workshops as well as featured in several press releases and as part of the Refugia Research Coalition’s website on climate change refugia in the southeast. She was heavily involved with the USGS’s Southeastern CASC and NCASC participating in early career workshops through invitation, as well as field intensive workshops on coastal resilience and climate change in the southeast and serving as a mentor on the Science to Action panel for two years. Lauren more recently worked with the Lower Mississippi Valley Joint Venture on priority wetland areas for waterfowl as part of her USFWS fellowship, which culminated in models and research that is being utilized in their JV planning. She has Direct Hire Authority upon graduation with the Department of Interior and plans on pursuing a career with the USFWS.
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