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The need for renewable energy has become increasingly evident in response to the
climate change crisis, presenting a paradoxical challenge to biodiversity conservation. The
Southwest United States is desirable for large-scale Solar Energy Development (SED) due
to its high Global Horizontal Irradiance (GHI) values and vast open landscapes. However,
this region is also rich in unique ecological and biological diversity. Several distinct species
have garnered special attention as human population growth, habitat alteration, and
climate change have accelerated in recent decades (i.e,; LeConte's Thrasher (Toxostoma
lecontei), Bendire's Thrasher (Toxostoma bendirei), Sonoran Desert Tortoise (Gopherus
morafkai), Mojave Desert Tortoise (Gopherus agassizii), and the southwestern population
of the Burrowing Owl (Athene Cunicularia). As the United States prepares to increase its
development in renewable energies, particularly solar energy, there has been a growing
concern about how this development will further impact these species. In this study, we
propose a novel combined approach to ûnd areas of high habitat suitability for endangered
species within areas of high SED potential. Speciûcally, we employed species distribution
modeling (SDM) to identify areas with suitable habitats and likely species presence, and
we conducted a site suitability analysis for potential SED locations within the southwest. As
a result, we found signiûcant overlap between potential SED locations and the high-priority
habitats of all target species, thus underlining the importance of prioritizing conservation
eûorts as more solar projects go under review in these southwestern states. Our study
aims to inform conservationists and developers in making sustainable decisions for the
region's future development.

PeerJ reviewing PDF | (2024:08:104727:0:1:NEW 15 Aug 2024)

Manuscript to be reviewed



1

2 Mapping Selected Endemic Species and Solar Energy Potential in the Arid Southwest for 

3 Future Sustainable Development 

4

5

6 Kylee Fleckenstein1, Adam Stein1, Heather Bateman1, Fábio S. Albuquerque1

7

8

9 Affiliations:

10 1 School of Applied Sciences and Arts, College of Integrative Sciences and Arts, Arizona 

11 State University, Mesa, AZ 85212, USA.

12

13 Corresponding Author:

14 Kylee Fleckenstein

15 kmflecke@asu.edu

16 ORCID ID: 0000-0001-9108-3988

PeerJ reviewing PDF | (2024:08:104727:0:1:NEW 15 Aug 2024)

Manuscript to be reviewed



17 Abstract

18

19 The need for renewable energy has become increasingly evident in response to the climate 

20 change crisis, presenting a paradoxical challenge to biodiversity conservation. The Southwest 

21 United States is desirable for large-scale Solar Energy Development (SED) due to its high Global 

22 Horizontal Irradiance (GHI) values and vast open landscapes. However, this region is also rich in 

23 unique ecological and biological diversity. Several distinct species have garnered special 

24 attention as human population growth, habitat alteration, and climate change have accelerated in 

25 recent decades (i.e,; LeConte's Thrasher (Toxostoma lecontei), Bendire's Thrasher (Toxostoma 

26 bendirei), Sonoran Desert Tortoise (Gopherus morafkai), Mojave Desert Tortoise (Gopherus 

27 agassizii), and the southwestern population of the Burrowing Owl (Athene Cunicularia). As the 

28 United States prepares to increase its development in renewable energies, particularly solar 

29 energy, there has been a growing concern about how this development will further impact these 

30 species. In this study, we propose a novel combined approach to find areas of high habitat 

31 suitability for endangered species within areas of high SED potential. Specifically, we employed 

32 species distribution modeling (SDM) to identify areas with suitable habitats and likely species 

33 presence, and we conducted a site suitability analysis for potential SED locations within the 

34 southwest. As a result, we found significant overlap between potential SED locations and the 

35 high-priority habitats of all target species, thus underlining the importance of prioritizing 

36 conservation efforts as more solar projects go under review in these southwestern states. Our 

37 study aims to inform conservationists and developers in making sustainable decisions for the 

38 region's future development.

39

40 Keywords: Renewable Energy, Species Distribution, Species Conservation, Climate 

41 Change, Spatial Analysis 
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43 1-Introduction

44 As countries adapt to the escalating climate crisis, the urgency to transition toward renewable 

45 energy sources has become more apparent. Among the various renewable energy options, solar 

46 energy is a highly promising and practical solution (Devabhaktuni et al., 2013). However, if done 

47 improperly, solar energy development (SED) can negatively impact important conservation areas 

48 and threaten biodiversity (Rehbein et al. 2019). The initial step in minimizing this impact is to 

49 identify where SEDs and areas for conservation overlap.

50 Although the variables used to determine a suitable location for large-scale SEDs can be 

51 nuanced and project-specific, it can be argued that several key variables are universally desired; 

52 1) High Global Horizontal Irradiance (GHI), a measure of irradiation received by a horizontal 

53 surface on the ground and widely used as a value to build grid-connected photovoltaic power 

54 systems (GHI, Gbémou 2021, Global Solar Atlas, 2021), 2) Little to no vegetative land cover 

55 (Doljak & Stanojevi� 2017, Mierzwiak & Calka, 2017, Bukhary et al. 2018, Nebey et al. 2020), 

56 3) limited slope (Charabi & Gastli, 2011, U.S. Department of Energy 2015, Alami Merrouni, 

57 Mezrhab, & Mezrhab 2016, Sabo et al., 2017, Rodrigues et al. 2017), 4) proximity to substations 

58 (Katkar et al., 2021, Goh et al., 2022), and 5) Land outside of protected areas.

59 The Southwestern United States (Figure 1) has been identified as a key region for solar 

60 development as it is a part of the Western Solar Plan (Bureau of Land Management Solar 

61 Program Environmental Impact Statement, 2023) because it ranks among the highest in the 

62 United States for GHI (Agha et al., 2020, Sengupta et al., 2018). In addition, the region's arid and 

63 semi-arid climates and the availability of flat and unobstructed terrains make it desirable for 

64 installing utility-scale solar power plants (Pr�v�lie et al., 2019). 

65 However, the Southwest has also been recognized as a "hotspot" for threatened and 

66 endangered species within the United States (Flather et al., 1998). It is home to several arid-

67 adapted species identified as "Species of Greatest Conservation Need", whose general habitat 

68 requirements resemble the characteristics associated with high solar development potential 

69 (Arizona Game and Fish Department 2022). Among the endangered species, the following are of 

70 critical interest: the LeConte's Thrasher (Toxostoma lecontei), Bendire's Thrasher (Toxostoma 

71 bendirei), Sonoran Desert Tortoise (Gopherus morafkai), Mojave Desert Tortoise (Gopherus 

72 agassizii), and the southwestern population of the Burrowing Owl (Athene Cunicularia). The 

73 overlap between SEDs and endangered species distribution may present a paradoxical challenge, 
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74 putting SED's once-perceived "environmentally friendly" nature in potential conflict with 

75 identified species of special concern.

76 The impacts of SED on ecosystems and biodiversity are primarily related to habitat loss 

77 and alteration, both recognized as major threats to biodiversity (Tsoutsos et al., 2005; Gasparatos 

78 et al., 2017; Hernandez et al., 2014). Landscape changes caused by SED extend beyond the solar 

79 facilities themselves, encompassing supporting infrastructure such as access roads and 

80 equipment, which can result in an altered area approximately 2.5 times larger than the footprint 

81 of the panels (Gasparatos et al., 2017). Furthermore, the construction and decommissioning of 

82 SED facilities may lead to the destruction and modification of wildlife habitat, with soil 

83 disturbances acting as pathways for invasive species, potentially out-competing native ones 

84 (Turney & Fthenakis, 2011; Gasparatos et al., 2017; Lovich & Ennen, 2011). Lastly, extensive 

85 solar energy infrastructure may serve as both a physical and visual barrier, hindering the natural 

86 movement patterns of certain species. 

87 Ignoring the potential impacts of SED on biodiversity could result in negative 

88 consequences for threatened species and ecosystems, leading to potential legal challenges, public 

89 opposition, and interventions that could jeopardize future SED operations (Damon Turney & 

90 Vasilis Fthenakis, 2011). With the rapid shift towards renewable energy, particularly in the 

91 Southwest, developers must thoroughly assess and consider the potential ecological and 

92 biological impacts on biodiversity (Sekercioglu et al., 2011). Mitigation strategies, although 

93 available, can be costly and less effective in preserving biodiversity (Phalan et al., 2017). 

94 Therefore, an avoidance approach to sensitive areas is crucial. By identifying sites where high 

95 SED potential and priority habitat overlap, developers can pinpoint priority areas for 

96 conservation that can be avoided, minimize ecological harm, and ensure sustainable development 

97 through this proactive approach. 

98 Herein, we propose a combined approach to find areas of high habitat suitability for 

99 endangered species within areas of high SED potential. The specific goals of this study were to 

100 (1) identify the locations that are highly suitable for potential SED within the Southwest region, 

101 (2) investigate the geographical distribution of each of the selected species habitat suitability, and 

102 (3) identify the degree of overlap of areas of high SED potential and the selected species habitat 

103 suitability. To accomplish this, we analyzed photovoltaic, environmental, and structural features 

104 to identify areas of high suitability for SED. We used species distribution modeling (SDM) to 
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105 identify areas of high habitat suitability (hereafter (hotspots of habitat suitability) within their 

106 known geographical range. SDMs are frequently used to elucidate species distribution and to 

107 support conservation decision-making (Addison et al., 2013). Next, we performed an overlay 

108 analysis to evaluate the overlap between potential SED locations and high-priority habitats for 

109 each target species. 

110

111 2- Methods and Materials 

112 2.1- Study area

113 The study area encompasses the arid regions of the Southwestern United States, spanning 

114 California, Nevada, Utah, Colorado, Arizona, New Mexico, and Texas (Figure 1). It is rich in 

115 habitat and biodiversity, encompassing topographic extremes and wide climate diversity. 

116 Notably, it includes the country's highest point, Mount Whitney, at 14,494 feet, and the lowest, 

117 Death Valley, at -282 feet (Science Research, 2023). Extreme topography variation can 

118 significantly influence various climatic parameters, such as temperature, precipitation, soil 

119 characteristics, and other ecological factors (Dillon et al., 2011). The Southwest is home to 

120 several ecosystems, including deserts, grasslands, woodlands, chaparral, tundra, wetlands, and 

121 various forested environments (Dahms & Geils, 1997). The region also supports extensive 

122 human activities and is home to some of the nation�s most productive agricultural land and urban 

123 areas, thus making this region an intriguing intersection of ecological complexity and human 

124 influence.

125

126 2.2- Species of Greatest Conservation Need 

127 The LeConte's Thrasher (Toxostoma Lecontei) and Bendire's Thrasher (Toxostoma Bendirei) are 

128 experiencing significant declines, making them among the fastest-declining species in the 

129 southwest (Ammon et al., 2020). These birds are native to desert flats with sparse vegetation, 

130 such as saltbush, cholla cactus, and low shrubs (Sheppard, 2020; England & Laudenslayer, 

131 1993). Both species are particularly vulnerable to habitat alteration and loss due to their 

132 preference for specific vegetation types (Sheppard, 2020; England & Laudenslayer, 1993). The 

133 risk is further exacerbated because SED projects often target landscapes with low-growing 

134 shrubs that can be easily removed during construction (Mierzwiak & Calka, 2017).
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135 The Mojave Desert Tortoise (Gopherus Agassizii) and the newly distinguished Sonoran 

136 Desert Tortoise (Gopherus Morafkai) (Murphy et al., 2011) are biologically similar. Both species 

137 are characterized by their fossorial behavior; they construct burrows, creating microhabitats that 

138 provide shelter for themselves and many other desert inhabitants (Lovich & Ennen, 2011). The 

139 conservation status of G. agassizii is listed as critically endangered as it faces many threats, 

140 including those arising from renewable energy development (Berry et al., 2021). 

141 The population of Burrowing Owl (Athene Cunicularia) within the southwest has steadily 

142 declined for many years, prompting valiant conservation efforts to preserve this species (U.S. 

143 Fish and Wildlife Service, 2023). The resident population within the southwest is valuable to the 

144 long-term persistence of the species, considering its unique genetic diversity (Hughes, Daily, & 

145 Ehrlich, 2000). 

146

147 2.3- SED and SDM preparation

148 The combined approach to find areas of high habitat suitability for endangered species within 

149 areas of high SED potential included two major steps: (1) the use of abiotic variables to identify 

150 areas with the highest potential for SED and (2) the use of environmental variables and machine 

151 learning models to find suitable habitat of Species of Greatest Conservation Need.

152

153 2.3.1- Identifying sites with the highest potential for SED 

154 We selected five variables often associated with solar energy development: global horizontal 

155 irradiance (Solargis, 2022), land cover (Doljak & Stanojevi� 2017, Mierzwiak & Calka, 2017, 

156 Bukhary et al. 2018, Nebey et al. 2020), slope (Charabi & Gastli, 2011, U.S. Department of 

157 Energy 2015, Alami Merrouni, Mezrhab, & Mezrhab 2016, Sabo et al., 2017, Rodrigues et al. 

158 2017), proximity to substations (Katkar et al., 2021, Goh et al., 2022), and the exclusion of any 

159 listed protected areas (UNEP-WCMC and IUCN, 2024). 

160 We obtained GHI from Solargis, 2022. GHI represents the sum of direct and indirect 

161 diffuse solar irradiation received and is used as a first approximation of photovoltaic power 

162 production (ESMAP 2020). We acquired the land cover data from the North American Land 

163 Change Monitoring System (Commission for Environmental Cooperation, 2020). To refine the 

164 analysis, we excluded land cover classes considered unsuitable for large-scale solar energy 

165 development: urban/built-up areas, wetlands, open water, forested areas, and snow/ice areas 
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166 (Mierzwiak & Calka, 2017; Nebey, Taye, & Workineh, 2020; Doljak & Stanojevi�, 2017; 

167 Bukhary, Ahmad, & Batista, 2018). We finally reclassified each pixel representing suitable land 

168 classes as one. We obtained slope values from EarthEnv (Amatulli et al., 2018). We excluded 

169 slope values that exceeded five degrees through reclassification to focus on slope values suitable 

170 for solar energy development. The remaining slope values were assigned one value (Alami 

171 Merrouni et al., 2016; Charabi & Gastli, 2011; Sabo et al., 2017; Rodrigues et al., 2017). We 

172 acquired the substation data from the U.S Energy Atlas (Energy Information Administration, 

173 n.d.). To estimate the distance between focal points, i.e., potential SED areas, we created a 5-

174 mile buffer around each substation (Goh et al., 2022; Katkar et al., 2021). The resulting buffer 

175 zones served as a spatial indicator for identifying potential sites with high solar energy 

176 development potential. Next, we assigned each pixel within the buffer zone as one. 

177 We obtained the protected areas from UNEP-WCMC and IUCN (Protected Planet, 2023). 

178 We excluded any areas classified as protected lands by the IUCN from our analysis. This process 

179 allowed us to ensure that our study did not include any areas where SED would conflict with 

180 protected areas. By excluding protected areas, we can focus our analysis on identifying sites with 

181 the highest potential for SED while minimizing negative impacts on the environment and 

182 sensitive species in the region. We assigned a value of one to the non-protected areas. All 

183 variables were upscaled to the same spatial resolution as the habitat suitability maps.

184 Finally, we overlaid the processed environmental and structural maps to calculate the 

185 areas with high SED suitability. Since the suitable areas for each fact were reclassified to one, we 

186 produced a summed map. We considered value four (100% overlap) to be suitable for 

187 environmental and structural areas � the SESA map. We overlaid the SESA map with the GHI 

188 map to mask SESA areas within the GHI map � sites suitable for potential SED development.

189

190 2.3.2- SDM preparation and evaluation

191 2.3.2.1- Occurrence and environmental data

192 We used occurrence data for the selected species obtained from GBIF (GBIFa-d, 2023), as well 

193 as solar and bioclimatic data from BioClim (WorldClim, 2020), and topography data from 

194 EarthEnv (Amatulli et al.,2018). To ensure high data quality and accuracy, the occurrence data 

195 underwent a thorough cleaning process, which included reducing spatial aggregation, removing 

196 duplicate occurrences and records with missing values, and incorporating pseudo-absences and 
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197 background data. To mitigate the potential impacts of sampling bias and improve the quality 

198 control of the data, we first removed duplicate records and those with incomplete or inaccurate 

199 geographic positions (e.g., in the ocean). We then created a grid with the same resolution of the 

200 environmental variables to randomly select one site per site (Hijmans 2012). 

201

202 2.3.2.2- Variable Selection 

203 To minimize potential multicollinearity in the model, we used the VarSel function from the 

204 SDMTune package (Vignali et al., 2020) to remove highly correlated variables. This step helps to 

205 ensure that only variables with the most significant influence are included in the analysis, 

206 thereby improving the accuracy and reliability of the results. We generated 10,000 background 

207 locations using the dismo package in R (Hijmans et al. 2021). The data was then split into 

208 training and testing data sets, with a 20% allocation for testing. Then, a Maxtent model (Phillips 

209 et al., 2004) was employed, containing all variables (Elith et al., 2011). Maxent is successfully 

210 used to estimate species' habitat suitability (Elith et al., 2021). The varSel function was applied 

211 to perform data-driven variable selection. Starting from the provided model, it iterates through 

212 all the variables, starting from the one with the highest contribution (permutation importance or 

213 maxent percent contribution). The method used for assessing variable correlation was 

214 Spearman's rank correlation coefficient, and the threshold used was 0.7 (Vignali et al. 2020). The 

215 varSel function selects the least correlated variables based on the specified correlation threshold 

216 (Vignali et al., 2020).  This process was performed for each target species.

217

218 2.3.2.3- Model Evaluation & Prediction

219 First, we prepared presence and background locations and split the data into 80% for training and 

220 20% for testing. Then, we used the subset of variables indicated by the variable selection 

221 process, the training dataset, and Maxent to estimate habitat suitability for each species. We 

222 restricted the produced habitat suitability to the known geographical ranges of the target species 

223 described by the IUCN (Figures 3 and 4). Once we estimated habitat suitability, we applied the 

224 specificity/sensitivity threshold to transform suitability maps into binary (presence/background) 

225 (Liu et al. 2005). Lastly, we calculated the AUC (Area Under the Curve) and TSS (True Skill 

226 Statistics) values to evaluate each model. AUC and TSS are commonly used metrics for 

227 evaluating the performance of species distribution models, such as Maxent models (Elith et al., 
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228 2011). The AUC measures the model's ability to distinguish between presences and absences. 

229 AUC scores range from 0 to 1, meaning higher AUC values indicate better model performance in 

230 determining suitable and unsuitable habitats (Elith et al., 2011). The TSS is another evaluation 

231 metric that combines specificity and sensitivity into a single statistic. TSS scores range from -1 

232 to 1, meaning higher TSS values indicate better model performance in correctly identifying 

233 suitable and unsuitable habitats (Elith et al., 2011). 

234 2.4- Identifying high-priority habitats

235 We calculated the overlap between the species presence produced by the SDM and the potential 

236 SED locations to identify overlapping areas. We considered areas where the potential SED 

237 locations and species presence had a value of 1 while assigning N.A. values to any cells with 

238 values other than 1. To express the overlap quantitatively, we calculated the percentage of 

239 overlap as the ratio of the sum of cells with overlapping values to the sum of cells with presence 

240 data (excluding N.A. values). The overlap percentage was reported as critical areas for SED 

241 development, i.e., areas where solar energy development could be pursued while considering the 

242 selected species' habitat.

243

244 3- Results 

245 3.1- SED Analysis 

246 The sites identified through the site suitability analysis are depicted in Figure 2. These selected 

247 locations exhibit consistent traits, including a slope of less than five degrees, proximity within 

248 five miles of an existing substation, classification within one of four land cover categories 

249 (barren land, shrubland, grassland, or cropland), and a prominent Global Horizontal Irradiance 

250 (GHI) value ranking within the top 30%. The geographic distribution of these sites indicates that 

251 the sites suitable for potential SED development are mainly distributed in the Southwest United 

252 States, especially in Texas (all over the state), California, and Colorado (Figure 2). A major 

253 portion of suitable sites was also observed outside of urban areas of Arizona and Colorado. 

254

255 3.2- SDM Results 

256 The Species Distribution Modeling (SDM) outcomes for each target species are presented in 

257 Figures S.1 and S.2. These figures show the habitat suitability and presence patterns for each 

258 species. These findings provide valuable insights into the specific variables that strongly 
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259 influence the distribution and suitability of habitat for each target species. The high AUC and 

260 TSS values emphasize the reliability and accuracy of the SDM results. Values ranged from 0.89-

261 0.98 for AUC and 0.63-0.91 for TSS (Athene cunicularia: AUC = 0.87, TSS = 0.6, Toxostoma 

262 lecontei: AUC = 0.98, TSS = 0.89: Toxostoma bendirei, AUC = 0.98, TSS = 0.89: Gopherus 

263 agassizii, AUC = 0.98, TSS = 0.89, Gopherus morafkai: AUC = 0.98, TSS = 0.92).

264 The spatial distribution of habitat suitability of A. cunicularia, the more widespread 

265 species, showed high values in the southwest of the United States, especially in California, 

266 Colorado, New Mexico, and Texas. These patterns were most influenced by precipitation and 

267 solar radiation. Major suitability values for G. agassizii and T. lecontei were found in California. 

268 Temperature, solar radiation (G. agassizii), precipitation, and temperature (T. lecontei) were 

269 affected by suitability patterns. For G. morafkai and T. bendirei the highest suitability values 

270 were observed in Arizona. The most influential variables were temperature and solar radiation. 

271

272 3.3- High-priority habitats

273 The geographic patterns of areas with high habitat suitability for endangered species within 

274 regions of high SED potential are illustrated in Figures 5 and 6. For the Burrowing Owl (A. 

275 cunicularia), the most critical areas are distributed along the southwestern United States, 

276 especially in Texas, California, and Arizona. For LeConte's Thrasher (T. lecontei), Bendire's 

277 Thrasher (T. bendirei), the Mojave Desert Tortoise (G. agassizii), and the Sonoran Desert 

278 Tortoise (G. morafkai), the most critical areas are observed in California and Arizona (Figures 5 

279 and 6).

280

281 Regarding the overlap between areas of high habitat suitability and SED potential for non-

282 migratory species, the highest values are observed for the Sonoran Desert Tortoise (G. morafkai, 

283 46.36%) and LeConte's Thrasher (T. lecontei, 35.81%), while the lowest is observed for the 

284 Mojave Desert Tortoise (G. agassizii, 16.69%).

285

286 For migratory species, the overlap of high-suitability areas and SED potential for Bendire's 

287 Thrasher (T. bendirei) is 31.44% for resident extant individuals, who are present year-round, and 

288 6.38% for breeding individuals, who migrate for a portion of the year. Similarly, for the 

289 Burrowing Owl (A. cunicularia), the overlap is 6.76% for resident extant individuals and 13.63% 
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290 for breeding individuals. This distinction is important as it highlights the different conservation 

291 needs and potential impacts of SED projects on species that have both migratory and resident 

292 populations.

293

294 4- Discussion 

295 This study aims to connect the knowledge gap between the long-term implications SED may 

296 have on biodiversity by employing a multifaceted approach that combines established 

297 methodologies and decision-making processes. Specifically, we integrated the outcomes of a site 

298 suitability analysis and SDM, widely recognized and utilized within the scientific research 

299 community. Doing so allows us to gain a new perspective and understanding of areas of critical 

300 importance for sensitive species' habitats and future SED projects. This approach contributes to 

301 our knowledge of renewable energy and conservation planning.  

302

303 4.1- SED Suitability Analysis 

304 The site suitability analysis identifies several promising regions for large-scale solar energy 

305 developments (SED), offering valuable insights for future initiatives including (a) California 

306 Central Valley: This region's high potential for future solar projects is primarily due to its 

307 relatively flat terrain and extensive agricultural land. The flat terrain facilitates easier installation 

308 and maintenance of solar panels, while agricultural land may offer large, open spaces suitable for 

309 SED (Doljak & Stanojevi� 2017, Mierzwiak & Calka, 2017, Bukhary et al. 2018, Nebey et al. 

310 2020); (b) Greater Phoenix Valley, Arizona: The dense cluster of potential sites in this area is 

311 highly attractive due to the combination of flat topography and exceptionally high Global 

312 Horizontal Irradiance (GHI) levels. High GHI levels indicate abundant solar radiation, which is 

313 necessary for maximizing the efficiency and energy output of solar panels (Gbémou 2021, 

314 Global Solar Atlas, 2021, Doljak & Stanojevi� 2017), (c) Texas: The analysis reveals numerous 

315 suitable locations throughout Texas. The widespread potential in Texas is attributed to high GHI 

316 levels and ideal land cover, including shrublands, croplands, and grasslands. These types of land 

317 cover are often well-suited for SED because they can provide large, relatively unobstructed areas 

318 for panel installation. (Mierzwiak & Calka, 2017, Bukhary et al. 2018, Nebey et al. 2020).

319 By identifying these regions, the analysis highlights where solar energy projects can be most 

320 effective and efficient, guiding future investments and development efforts toward areas with the 
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321 highest potential for success. This targeted approach helps optimize resource allocation, improve 

322 project feasibility, and enhance the overall impact of solar energy initiatives.

323

324 4.2- SDM Results 

325 Our findings indicate a significant correlation between habitat suitability for each of the five 

326 target species and climate and environmental variables, albeit with some variation. Notably, 

327 three key climatic and environmental variables exhibited the most substantial influence, 

328 consistently shared across all five target species. Precipitation emerged as a top influential factor 

329 for T. lecontes, T. bendirei, G. morafkai, and A. cunicularia. This correlation can be attributed to 

330 their dietary reliance on arthropods and small rodents, populations of which frequently correlate 

331 with precipitation levels and the overall health of vegetation (Desmond & Sutton; McDonald, 

332 Korfanta, & Lantz, 2004). Temperature played a crucial role for T. lecontes, G. agassizii, and G. 

333 morafkai, with temperature shifts impacting activity levels, feeding patterns, and species 

334 survivorship (Meyer, 2008; Sheppard, 1970). Topographic variables like elevation and 

335 Topographic Roughness Index (TRI) significantly impacted T. bendirei, A. cunicularia, and G. 

336 agassizii, influencing habitat preferences, distribution, and adaptation to specific landscapes 

337 (Desmond & Sutton; Meyer, 2008).

338 The influence of these variables on the species' habitat suitability emphasizes their 

339 critical importance in shaping the ecological conditions for each target species. Consequently, 

340 any significant or prolonged alterations in the environmental or climatic variables could directly 

341 affect the target species. For instance, precipitation's impact on food source availability reveals 

342 concerns about these species' ability to find sufficient sustenance, potentially hindering 

343 reproductive success and population health (Desmond & Sutton; McDonald, Korfanta, & Lantz, 

344 2004). Temperature's influence on activity levels and survivorship highlights these species' 

345 adaptations to cope with extreme heat conditions, with different responses seen in burrowing 

346 owls and desert tortoises (Meyer, 2008; Sheppard, 1970). The connection between topography 

347 and habitat preferences also showcases the importance of specific landscape characteristics for T. 

348 bendirei and A. cunicularia, influencing their presence in landscapes with features like exposed 

349 ground patches or open flat land (Desmond & Sutton; Meyer, 2008). 

350 The Southwest has been identified as a climate change "hotspot," with projected increases 

351 in air temperature, aridity, and seasonal variability (Gutzler & Robbins, 2011). Arid 
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352 environments, such as deserts in the southwest, are particularly vulnerable to the impacts of 

353 climate change, supported by abundant evidence (Archer & Predick, 2008; MacDonald, 2010; 

354 Garfin, 2013). For instance, the region is expected to experience fewer frost days, more frequent 

355 unusually high temperatures, increased water demand, and a higher frequency of extreme 

356 weather events like droughts, heatwaves, and floods (Archer & Predick, 2008; MacDonald, 

357 2010; Garfin, 2013). While changes in precipitation hold a higher degree of uncertainty, likely, 

358 both precipitation and temperature variations will directly impact vegetation and ecosystem 

359 processes throughout the southwest. (Archer & Predick, 2008). Nevertheless, it's important to 

360 acknowledge that these findings are grounded in current data, and future changes in these 

361 variables due to factors such as climate change and future urban expansion may introduce 

362 additional complexities to these species' habitat suitability and species welfare. Given the strong 

363 correlation between temperature, precipitation, and the overall fitness of target species, the 

364 suitable habitat is subject to change based on future environmental and climate changes. 

365

366 4.3- Overlap Results � Implications for conservation

367 Our analysis considered both species presence and habitat suitability to gain insights into the 

368 potential impacts of future SED locations. Species presence refers to documented occurrences of 

369 a particular species within a specific geographic area. At the same time, habitat suitability 

370 assesses the environmental conditions and resources necessary for a species to thrive and persist. 

371 It's important to note that the percentages of species presence and habitat suitability provided in 

372 our analysis were determined within the ranges specified by the IUCN, and they are 

373 approximations. Additionally, these percentages may be subject to change based on currently 

374 available data, and the data used in our analysis is subject to change over time.

375

376 4.3.1 Target Species and SED Overlap estimations - 

377 The spatial overlap between potential SED sites and selected species habitats underlines the 

378 significance of prioritizing species conservation and habitat preservation within the Southwest. 

379 Certain species, such as those studied here, overlap substantially with prospective SED locations, 

380 indicating potential risks to their habitats and populations. Considering the average percentages 

381 of overlap and variations among different species, it becomes evident that careful consideration 
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382 and mitigation measures are necessary to balance renewable energy goals with preserving 

383 biodiversity and ecosystem integrity. 

384 While the long-term impacts of large-scale SED remain a subject of ongoing research, a 

385 recent study by Bennun et al. (2021) provides crucial insights into some potential impacts. Their 

386 study highlights that habitat loss, resulting from vegetation clearance and ongoing facility 

387 maintenance and management, directly affects surrounding biodiversity. Additionally, their 

388 results highlighted additional adverse effects, including avian collisions with solar panels or 

389 transmission lines, the creation of barrier effects, and increased light and noise pollution (Bennun 

390 et al., 2021). Recognizing the interconnected challenges, it's noteworthy that both habitat loss 

391 and fragmentation pose significant threats to terrestrial biodiversity (Rogan & Lacher, 2018). 

392 By addressing areas of overlap, we inherently identify regions where SED development 

393 can potentially occur without significant conflict. However, when refraining from SED in 

394 overlapping areas is unfeasible, mitigation becomes essential. Figure S.3 exemplifies the 

395 availability of potential SED sites while still considering the priority habitat of the target species. 

396 Mitigation strategies can take various forms to overcome potential habitat loss and fragmentation 

397 problems, including proactive measures during SED project design and operational phases. 

398 Project design adjustments, such as altering SED layouts to avoid critical migratory corridors and 

399 nesting/roosting sites for specific species or rerouting and burying power lines to reduce avian 

400 collisions, play a crucial role in minimizing environmental impacts (Bennun et al., 2021). 

401 Additionally, operational mitigation efforts encompass modifying perimeter fencing to minimize 

402 barrier effects by creating passageways for smaller species (Bennun et al., 2021). 

403

404 4.4- Limitations

405 Although our study provides valuable insights into the similarities between high-priority habitats 

406 and suitable SED locations, it is crucial to acknowledge certain limitations. Firstly, the site 

407 suitability analysis relies on existing substation data, and any future substation and transmission 

408 line availability are not accounted for. This limitation may affect the long-term viability and 

409 feasibility of the identified sites suitable for potential solar energy development sites. Secondly, 

410 the focus on the species' range within the United States Southwest, while providing valuable 

411 information, may not fully capture the complete spatial distribution or habitat suitability, as the 

412 range of each target species extends beyond our study area.
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413 Furthermore, it's important to recognize that our spatial overlap analysis provides an 

414 approximation of the interaction between the potential SED sites and the target species' habitat. 

415 The actual spatial dynamics at a finer scale may differ, and the species' habitat suitability could 

416 change over time due to factors like climate change, impacting distribution and habitat 

417 availability. It is also important to note that the percentages of species presence and habitat 

418 suitability provided in our study were determined within the ranges specified by the IUCN, and 

419 they are approximations. Additionally, these percentages may be subject to change based on 

420 currently available data, and the data used in our analysis will be subject to change over time.

421 However, our study does provide a unique perspective that analyzes the potential 

422 interaction between future SED and high-priority habitats. We envision that similar analyses 

423 could prove valuable in guiding future conservation decisions. By recognizing these limitations, 

424 we aim to inspire further studies and conservation efforts that actively address potential changes 

425 and uncertainties tied to substation availability and environmental conditions.

426

427 5- Conclusion 

428 As countries transition to renewable energy sources to combat the escalating climate crisis, a 

429 growing focus is on identifying suitable areas for renewable energy development, such as SED. 

430 As identified by multiple studies, the Southwest is undoubtedly the most ideal location for SED 

431 in the United States. However, the potential long-term implications on biodiversity remain under 

432 studied in this pursuit of renewable energy. 

433 In an era characterized by the urgent need to address the climate crisis and transition to 

434 renewable energy sources, the importance of mitigating the impacts of SED on surrounding 

435 ecosystems and wildlife cannot be overstated. Our primary objectives of this study included 

436 identifying highly suitable locations for potential SEDs in the Southwest, identifying suitable 

437 habitats for the target species, understanding the intricate relationship between habitat suitability 

438 and environmental variables, and identifying suitable SED sites within each species' range. By 

439 employing diverse methodologies, such as site suitability analysis and species distribution 

440 modeling, to identify shared critical areas, we hope this information can help inform future 

441 conservation and decision-making in the transition towards sustainable and renewable energy. 

442

443
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Figure 1
Study Extent of the United States Southwest, including California, Nevada, Colorado,
Arizona, New Mexico, and Texas.
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Figure 2
Spatial Distribution of Suitable Sites for Potential Solar Energy Development (SED) in the
Southwest Region.
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Figure 3
Habitat Suitability Mapping for Each Target Species within the IUCN breeding and
resident extant.
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Figure 4
Habitat Suitability Mapping for Each Target Species within the IUCN resident extant.
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Figure 5
Overlap Analysis: Potential Solar Energy Development (SED) Sites and Target Species
Presence with IUCN breeding and resident extant.
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Figure 6
Overlap Analysis: Potential Solar Energy Development (SED) Sites and Target Species
Presence with IUCN resident extant.
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