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Introduction 
The objective of this assessment was to identify and describe ecological values and potential threats 
within the proposed 584,257-acre Otero Mesa Area of Critical Environmental Concern (ACEC) that 
relate to ACEC relevance and importance criteria. Specifically, we quantified these values and threats 
relative to other areas in the West and within Bureau of Land Management lands to evaluate the 
regional (i.e., more than local) significance of the proposed Otero Mesa ACEC. To meet formal ACEC 
relevance criteria, a given area must have at least one of the following: 1) significant historic, cultural, 
or scenic value; 2) a fish or wildlife resource or other natural system or process; or 3) a natural 
hazard. Our ecological assessment focuses on the second of those items; the first and third are 
beyond the scope of this work but may well strengthen the basis for nomination. To meet ACEC 
importance criteria, the area must have one or more qualities of more than local significance that 
have “special worth, consequence, meaning, distinctiveness, or cause for concern” or have “qualities 
or circumstances that make it fragile, sensitive, rare, irreplaceable, exemplary, unique, endangered, 
threatened, or vulnerable to adverse change,” among other criteria (Section 0.11.B.1-2, BLM Manual 
1613, BLM 1988).  

 
The proposed ACEC is situated in south-central New Mexico within Otero Mesa, which contains one of 
the largest remaining Chihuahuan desert black grama grasslands in the United States (Dunlap et al. 
2009). Otero Mesa exemplifies North America’s Chihuahuan desert, a desert known for the greatest 
diversity of cactus species in North America (McNamee 2008). The Mesa supports many rare plants such 
as Guadalupe mescalbean (Sophora gypsophila var. guadalupensis), Guadalupe needlegrass (Stipa 
curvifolia), the gray sibara (Sibara grisea), the cliff nama (Nama xylopodum) and the five-flower 
rockdaisy (Perityle quinqueflora; NatureServe 20231). Otero Mesa is also home to many species of native 
wildlife, including pronghorn antelope (Antilocapra americana), black-tailed prairie dog (Cynomys 
ludovicianus ludovicianus), and over 200 species of birds (McNamee 2008).  
 
As described below, our analysis found the proposed Otero Mesa ACEC meets multiple relevance and 
importance criteria. Moreover, the proposed ACEC almost entirely coincides with the Otero Mesa 
Important Bird Area (IBA), which provides important breeding, foraging, nesting, wintering, or migratory 
stop-over habitat for important avian grassland species such Swainson’s hawk (Buteo swainsoni), 
ferruginous hawk (Buteo regalis), Northern aplomado falcon (Falco femoralis), mountain plover 
(Charadrius montanus), burrowing owl (Athene cunicularia), loggerhead shrike (Lanius ludovicianus),  
Sprague’s pipit (Anthus spragueii), long-billed curlew (Numenius americanus) and upland sandpiper 
(Bartramia longicauda) (National Audubon Society 2013). Some of these species, such as the 
endangered aplomado falcon, reach the northern limits of their range on Otero Mesa (McNamee 2008). 
 
These ecological values of the proposed Otero Mesa ACEC have the potential to be adversely affected by 
future mineral and energy development, which are not prohibited under current management (BLM 
2013).  

  

 
1 https://explorer.natureserve.org/.  Accessed April 2023 

https://explorer.natureserve.org/


 

Conservation Science Partners   3 | Page 

 

 

Methods 
For this assessment, we mapped 
and summarized 23 unique 
indicators of ACEC relevance 
and importance criteria (Table 1, 
Appendix 1) to highlight the 
ecological values, their 
significance, and causes for 
concern within the Otero Mesa 
ACEC. These included 15 
indicators that characterize the 
relevance and importance of 
ecological values, namely 
amphibian species richness, bird 
species richness, mammal 
species richness, reptile species 
richness, imperiled species 
richness, ecological 
connectivity, ecological 
intactness, ecological system 
diversity, ecological system rarity, climate accessibility, climate stability, geophysical diversity, 
geophysical rarity, water availability, and night sky darkness (see Fig. 2 and Map 2) and eight indicators 
related to threats and vulnerabilities to adverse change, including oil and gas resource potential, 
mineral resource potential, geothermal resource potential, solar resource potential, wind resource 
potential, future water withdrawals, erosion potential, and aquifer vulnerability (see Fig. 2 and Map 3). 
Data for each of these indicators were derived at a 270-m pixel resolution and were mapped across all 
11 western states2. Because these indicators may be used independently to substantiate an ACEC 
nomination, any inherent correlation between indicators is immaterial. 
 
Table 1.  Indicators used to assess ACEC characteristics within the proposed Otero Mesa ACEC. See Appendix 1 for 
details on the source data and/or derivation of these datasets. 

Indicator Data Source ACEC Relevance/Importance Criteria 

Values   

Climate Accessibility Hamann et al. 2015 Relevance: natural process – high climate accessibility 
enables species to track suitable climatic conditions; 
Importance: condition essential for maintaining 
species diversity while enduring climate change 

Climate Stability Belote et al. 2018 Relevance: natural process – high climate stability 
indicates potential climatic refugia; Importance: 
condition essential for protecting species vulnerable to 
climate change and facilitating adaptation in-place 

 
2 With the exception of erosion potential and aquifer vulnerability, which were only assessed relative to lands in 
New Mexico. 

Map 1. Proposed Otero Mesa ACEC. 
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Ecological Connectivity Dickson et al. 2017 Relevance and importance: fish and wildlife resource 
that enables natural processes including dispersal, 
migration, gene flow, and range shifts and is 
particularly critical for imperiled species or those 
vulnerable to adverse change 

Ecological Intactness CSP 2019 Relevance: fish and wildlife resource that protects 
habitat quality; Importance: may mitigate potential 
threats and vulnerabilities to adverse change 

Ecological System 
Diversity 

Ecological System Type, 
USGS 2011 

Relevance and importance: provides diverse habitat 
underpinning plant and wildlife diversity and promotes 
natural processes including acclimation, adaptation, 
and speciation 

Ecological System 
Rarity 

Ecological System Type, 
USGS 2011 

Relevance and importance: natural system that is rare, 
unique, and/or irreplaceable and has more than local 
significance 

   
Imperiled Species 
Richness 

NatureServe 2020 Relevance and importance: natural system provides 
habitat for rare, sensitive, and/or irreplaceable species 
such as Guadalupe mescalbean, Guadalupe 
needlegrass, cliff nama, and five-flower rockdaisy.  

Vertebrate Diversity 
● Amphibian species 

richness 
● Bird species 

richness 
● Mammal species 

richness 
● Reptile species 

richness 

USGS 2019 Relevance and importance: natural system provides 
habitat for vertebrate species diversity across a range 
of taxa, including many important, rare and imperiled 
species such as Pronghorn, ferruginous hawk, 
Northern aplomado falcon, peregrine falcon, mountain 
plover, Southwestern willow flycatcher, loggerhead 
shrike, Sprague’s pipit, etc. 

Geophysical Diversity  Theobald et al. 2015 Relevance: supports natural process of speciation  
Geophysical Rarity Theobald et al. 2015 Relevance and importance: natural systems that are 

rare, unique, and/or irreplaceable and have more than 
local significance 

Water Availability USGS 2008b Relevance and importance: water availability affords 
conditions essential for maintaining fish and wildlife 
habitat and therefore species diversity, especially 
under increasing drought risk to which habitat and 
species may be vulnerable 

Night Sky Darkness NOAA 2012 Relevance: significant scenic and ecological value 
   

Threats   

Future Water 
Withdrawals 

Brown et al. 2013; USGS 
2008a 

Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

Mineral Resource 
Potential 

USGS 2005 Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

Oil & Gas Resource 
Potential 

Copeland et al. 2009; USDOI 
et al. 2008 

Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

Geothermal Resource 
Potential 

Geothermal favorability, 
USGS 2008b; Hanser 2004; 
GEA 2016 

Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

Solar Resource 
Potential 

Perez et al. 2002; Hanser 
2004; SEIA 2015 

Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 
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Wind Resource 
Potential 

Wind Power Classes, 
TrueWind Solutions 2003; 
Hanser 2004; FAA 2015 

Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

Erosion potential Linard et al. 2014 Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

Aquifer vulnerability to 
pollution 

Linard et al. 2014 Importance: may threaten or otherwise render 
vulnerable to adverse change important habitat 

 
Following McClure et al. (2017), we determined the values of each of the indicators in the proposed 
ACEC relative to the surrounding landscape3 using a simple scoring system based on percentile ranks. 
This approach enables the quantification of the degree to which characteristics of a proposed ACEC are 
exemplary, distinctive, or have regional significance. Specifically, the mean value of each indicator 
within the proposed ACEC was compared to the distribution of means of a large random sample of areas 
across four different extents: 

1. all lands in the 11 western states (n = 2000) 
2. all western lands within the BLM’s jurisdiction (n = 2000) 
3. all lands within New Mexico (n = 500), and 
4. all New Mexico lands within the BLM’s jurisdiction (n = 500). 

The area of each random sample was equivalent to the area of the proposed ACEC. Scores ranged from 
0 to 100. A score of 98 for a given indicator would indicate that the mean value of that indicator in the 
proposed ACEC was greater than or equal to 98% of equivalently-sized random samples. Although there 
is inherent variability associated with random sampling, the large sample sizes helped to constrain that 
variability, and multiple iterations confirmed that indicator rankings were robust.  
 
As a final step, we assessed the degree to which the proposed Otero Mesa ACEC intersects with areas in 
New Mexico identified as globally important bird areas (IBA) by the National Audubon Society in 
partnership with BirdLife International (National Audubon Society, 2023).  

Results and Discussion 
Our analysis indicates that multiple relevance and importance criteria are met within the proposed 
Otero Mesa ACEC, and further highlights the need for special management of these values and 
resources. 

 

 
The proposed Otero Mesa ACEC consists of large amounts of land undisturbed by human development. 
We observed ecological intactness scores in the 82nd, 66th, 82nd and 83rd percentiles compared to other 
equivalently-sized lands across the West, BLM lands within the West, New Mexico, and BLM lands within 
New Mexico, respectively (Fig. 2 and Map 2). Landscapes with high ecological intactness are those with 

 
3 Because Erosion Potential and Aquifer Vulnerability to Pollution are coverages unique to New Mexico, the values for these 

threat indicators within the proposed ACEC can only be compared to other lands within New Mexico, and not the other western 
states. 

     
The proposed Otero Mesa ACEC is exemplary in its ecological intactness and 

connectivity. 
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minimal to no influence from human activities, which means they are able to support natural 
evolutionary and ecological processes (Parrish et al. 2003; McClure et al. 2017). These processes in turn 
can sustain diverse and healthy communities of organisms and afford a better chance for acclimation 
and adaptation in the face of ongoing climatic changes and other interacting stressors (Lawler et al. 
2015). The lands within the proposed boundary of the Otero Mesa ACEC also support the largest 
remaining black grama grassland within the Chihuahuan desert as well as a number of rare plant species 
including the Guadalupe mescalbean, Guadalupe needlegrass, the gray sibara, the cliff nama and the 
five-flower rockdaisy. The relative lack of significant human development in the proposed ACEC also 
promotes a high degree of ecological connectivity. Landscapes with high degrees of ecological 
connectivity support dispersal, migration, gene flow, and range shifts under changing climatic conditions 
(Dickson et al. 2017; Littlefield et al. 2019). The proposed Otero Mesa ACEC is exemplary in its 
contribution to ecological connectivity. We observed ecological connectivity scores in the 97th, 98th, 85th, 
and 84th percentiles compared to other equivalently-sized lands across the West, BLM lands within the 
West, New Mexico, and BLM lands within New Mexico, respectively (Fig. 2 and Map 2). 
 

 
The largely intact and well-connected landscapes within the proposed Otero Mesa ACEC are also 
exemplary in their vertebrate biodiversity. Relative to other lands across the West, BLM lands within the 
West, New Mexico, and BLM Lands within New Mexico, the proposed ACEC scores in the 99th, 98th, 90th, 
and 74th percentiles, respectively, of reptile species richness (Fig. 2 and Map 2), in the 98th, 98th, 88th, 
and 72nd percentile for amphibian species richness, and in the 97th, 98th, 85th, and 77th percentiles for 
mammalian species richness (Fig. 2 and Maps 3 and 4). Reptile species including the Western 
Massasauga (Sistrurus tergeminus)4 and the Mojave rattlesnake (Crotalus scutulatus scutulatus)5, which 
are both listed as ‘vulnerable in New Mexico’ by Natural Heritage New Mexico, are known to occur 
within the proposed ACEC’s boundary. The proposed ACEC also contains important habitat that supports 
healthy herds of important game species including pronghorn antelope (Antilocapra americana)6 and 
mule deer (Odocoileus hemionus)7, as well as species sensitive to disturbance pressures including the 
black-tailed prairie dog (Cynomys ludovicianus ludovicianus)8, the spotted bat (Euderma maculatum)9 
and the plains leopard frog (Lithobates blairi)10. 
  
The proposed ACEC also covers 82% of the globally important Otero Mesa IBA (National Audubon 
Society 2023). The IBA is designated due to its role in providing important habitat and breeding areas for 
burrowing owls, suitable habitat for the endangered aplomado falcon, and its use by migrating grassland 
birds including the long-billed curlew and the upland sandpiper. The Otero Mesa IBA also provides 
wintering and migration habitat to a range of species including Baird’s sparrow (Ammodramus bairdii), 

 
4 https://bison-m.org/booklet.aspx?SpeciesID=030130 
5 https://bison-m.org/booklet.aspx?SpeciesID=030165 
6 https://bison-m.org/booklet.aspx?SpeciesID=050585 
7 https://bison-m.org/booklet.aspx?SpeciesID=050190 
8 https://bison-m.org/booklet0.aspx?SpeciesID=050200 
9 https://bison-m.org/booklet.aspx?SpeciesID=050095 
10 https://bison-m.org/booklet.aspx?SpeciesID=02004 

     
The proposed Otero Mesa ACEC is exemplary in its diversity of reptile, amphibian, and 

mammalian species. 



 

Conservation Science Partners   7 | Page 

 

 

grasshopper sparrow (Ammodramus savannarum), Sprague’s pipit, and ferruginous hawk (National 
Audubon Society 2013). In sum, the total acreage of IBA contained within the proposed Otero Mesa 
ACEC amounts to approximately 10% of the total IBA area within New Mexico.  
 

 
Climatically stable areas will have future climates projected to be similar to present conditions. These 
stable areas can continue to support existing ecological communities adapted to a particular suite of 
climate conditions while also serving as potential refugia for species tracking suitable climates through 
time (Williams et al. 2007; Mahony et al. 2017; Carroll  2018). The proposed Otero Mesa ACEC scores 
within the 78th, 82nd, 79th percentiles for climatic stability compared to the other all lands in the West, all 
BLM lands in the West, and all lands in New Mexico, respectively (Fig. 2 and Map 5; not shown in Fig. 2a 
and 2d, as climate stability is not a top indicator relative to all lands in the West and all BLM lands in 
New Mexico, respectively). While climate stability describes how similar future conditions will be to 
those in the present, climate velocity is a metric that represents the speed and direction a species must 
migrate to track the same climatic conditions over time as the climate changes (Loarie et al. 2009; Brito-
Morales et al. 2018). Low regional velocities, therefore, correspond to accessible climatic conditions, 
which may afford climatic refugia or stepping-stones for species in a warming world (Morelli et al. 2020). 
The proposed Otero Mesa ACEC scores within the 49th, 51st, 25th, and 30th percentiles for climate 
accessibility relative to other equivalently-sized areas in the West, western BLM lands, New Mexico, and 
New Mexico BLM lands, respectively. This suggests that while the climate in the area will be relatively 
stable in the near future, species elsewhere that are reliant on such conditions will be challenged to 
access them swiftly enough. Well-accepted, evidence-based climate adaptation strategies that can 
maintain or enhance the existing connectivity of local and regional landscapes including the proposed 
ACEC (e.g., Stein et al. 2014) can reduce non-climate stresses (e.g., disturbances associated with energy 
development, invasive species), facilitate natural processes by protecting diverse ecological and 
geophysical attributes, and protect key ecosystem features (e.g., seasonal wetlands, irreplaceable 
species), which could simultaneously be implemented through ACEC designation of this area.  

 
The proposed Otero Mesa ACEC is vulnerable to adverse changes associated with both mineral and 
energy resource development, more so than other regions. Relative to equivalently-sized areas across 
the West, western BLM lands, New Mexico, and New Mexico BLM lands, the area scores within the 83rd, 
81st, 92nd, and 92nd percentiles, respectively, for mineral resource development (Fig. 2). The proposed 
Otero Mesa ACEC also exhibits comparatively high potential for renewable energy development. 
Specifically, the area scores within the 80th, 85th, 71st, and 72nd percentiles for wind resource potential 
and the 91st, 96th, 70th, and 69th percentiles for solar resource potential relative to the West, western 
BLM lands, New Mexico, and New Mexico BLM lands, respectively (Fig. 2, Map 6). Oil and gas resource 
occurrence potential in the area has also been assessed to be moderate to high (BLM 2017), suggesting 
future development pressures. The potential impacts of mineral and energy developments on wildlife 
species—whether conventional or renewable—are well documented (Jones, ed. 2012; Northrup and 
Wittemyer 2013). Special management attention will be needed to avoid negative effects on sensitive 

     
The proposed Otero Mesa ACEC may support species that rely on stable climatic 

conditions, but species elsewhere may be challenged to access those conditions. 

    
 

The proposed Otero Mesa ACEC is vulnerable to adverse change associated with 

mineral and energy resource development. 

  

https://www.zotero.org/google-docs/?drCcuj
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wildlife species and habitats, which may include habitat loss or fragmentation, direct mortality from 
vehicle or infrastructure collisions, and reduced individual fitness due to persistent stressors such as 
noise and light.  

Conclusions 

In conclusion, our results suggest that the proposed Otero Mesa ACEC meets multiple relevance and 
importance criteria. The proposed ACEC constitutes a significant wildlife resource and supports natural 
systems and processes through its largely intact landscapes that support high degrees of ecological 
connectivity and high numbers of amphibian, reptile, and mammal species. In addition, the proposed 
ACEC almost entirely encompasses the globally important Otero Mesa IBA. The proposed ACEC also 
features high degrees of climatic stability. Combined, landscape connectivity and climatic stability afford 
important climate adaptation potential by enabling species to both move and adapt in place as 
temperatures rise and precipitation patterns shift. This climate stability potential alone is of special 
worth and warrants special management considerations. Our analyses demonstrate the regional (i.e., 
more than local) significance and exemplary nature of these values as compared to other places in the 
West, and thus underscores that the proposed ACEC warrants special management to protect these 
values. Finally, our analysis highlights the proposed ACECs’ vulnerability to adverse change related to 
the threat of future development of mineral and energy resources. Designation of this unit as an ACEC 
and implementing proactive mitigation measures would safeguard the significant ecological value of 
these lands—particularly under changing climatic conditions—and prevent their degradation through 
extractive uses while protecting the intactness of the important desert and grassland ecosystems 
supported by this landscape. 
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Figure 2a. West-wide comparison: The top eight 
scoring indicators of 23 that convey ACEC relevance, 
importance and threats. Values for the proposed 
Otero Mesa ACEC were compared to a random sample 
(n = 2000) of equivalently sized areas across the 11 
western states. Potential scores range from 0-100 
(100 being the greatest).   

 

Figure 2b. Comparison to western BLM lands: The top 
eight scoring indicators of 23 that convey ACEC 
relevance, importance and threats. Values for the 
proposed Otero Mesa ACEC were compared to a 
random sample (n = 2000) of equivalently sized areas 
across BLM lands in the 11 western states. Potential 
scores range from 0-100 (100 being the greatest).   

  

  
Figure 2c. Comparison to New Mexico: The top eight 
scoring indicators of 23 that convey ACEC relevance, 
importance and threats. Values for the proposed 
Otero Mesa ACEC were compared to a random sample 
(n = 500) of equivalently sized areas in New Mexico. 
Potential scores range from 0-100 (100 being the 
greatest).   

Figure 2d. Comparison to New Mexico BLM lands: The 
top eight scoring indicators of 23 that convey ACEC 
relevance, importance and threats. Values for the 
proposed Otero Mesa ACEC were compared to a 
random sample (n = 500) of equivalently sized areas 
across BLM lands in New Mexico. Potential scores 
range from 0-100 (100 being the greatest).   
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Map 2. ACEC Relevance and Importance Criteria Indicators – ecological connectivity (upper) and ecological 
intactness (lower). 
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Map 3. ACEC Relevance and Importance Criteria Indicators – amphibian species richness (upper) and reptile 
species richness (lower). 
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Map 4. ACEC Relevance and Importance Criteria Indicator – mammal species richness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Conservation Science Partners   13 | Page 

 

 

 
Map 5. ACEC Relevance and Importance Criteria Indicators – climate stability (upper) and geophysical diversity 
(lower). 
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Map 6. ACEC Relevance and Importance Criteria Indicators – wind energy potential (upper) and solar energy 
potential (lower).  



 

Conservation Science Partners   15 | Page 

 

 

Literature Cited 

Ackerly, D. D., S. R. Loarie, W. K. Cornwell, S. B. Weiss, H. Hamilton, R. Branciforte, and N. J. B. Kraft. 2010. The 

geography of climate change: implications for conservation biogeography. Diversity and Distributions 

16:476–487. https://doi.org/10.1111/j.1472-4642.2010.00654.x 

Aller, L., T. Bennett,  J. H. Lehr,  R.J. Petty, and G. Hackett. 1987. DRASTIC: A Standardized System for Evaluating 

Groundwater Pollution Potential Using Hydrogeologic Settings; EPA/600/2-85/018; U.S. Environmental 

Protection Agency: Ada, OK USA, 1987. http://cfpub.epa.gov/si/ntislink.cfm?dirEntryID=35474 

Beier, P., and B. Brost. 2010. Use of land facets to plan for climate change: conserving the arenas, not the actors. 

Conservation Biology 24:701–710. https://doi.org/10.1111/j.1523-1739.2009.01422.x 

Belote, R. T., C. Carroll, S. Martinuzzi, J. Michalak, J. W. Williams, M. A. Williamson, and G. H. Aplet. 2018. Assessing 

agreement among alternative climate change projections to inform conservation recommendations in the 

contiguous United States. Scientific Reports 8:9441. https://doi.org/10.1038/s41598-018-27721-6 

Brito-Morales, I., J. G. Molinos, D. S.Schoeman, M. T. Burrows, E. S. Poloczanska,C. J. Brown, ... and A. J. 

Richardson. 2018. Climate velocity can inform conservation in a warming world. Trends in Ecology & 

Evolution, 33(6): 441-457. https://doi.org/10.1016/j.tree.2018.03.009 

Brown, T. C., R. Foti, and J. A. Ramirez. 2013. Projected freshwater withdrawals in the United States under a 

changing climate. Water Resources Research 49:1259–1276. https://doi.org/10.1002/wrcr.20076 

Bureau of Land Management  

Bureau of Land Management (BLM). 1988. Manual 1613 – Areas of Critical Environmental Concern.                             

.                https://www.ntc.blm.gov/krc/uploads/360/5_1613_ACEC_Manual%201988.pdf  

Bureau of Land Management (BLM). 2013. TriCounty Draft Resource Management Plan/Environmental Impact 

Statement.  BLM/NM/PL-13-03-1610. https://archive.org/details/tricountydraftre00unit 

Bureau of Land Management (BLM). 2017. Reasonable Foreseeable Development Scenario for Oil and Gas 

Activities in the TriCounty Planning Area, south-central New Mexico.  

https://eplanning.blm.gov/public_projects/lup/83982/155692/190513/TriCounty_Oil_and_Gas_Develop

ment_Scenarios.pdf 

Carroll, C. 2018. Climatic dissimilarity data for North America at 1 km resolution. (1.0) [Data set]. Zenodo. 

https://doi.org/10.5281/zenodo.1473825 

Carroll, C., J. J. Lawler, D. R. Roberts, and A. Hamann. 2015. Biotic and climatic velocity identify contrasting areas of 

vulnerability to climate change. PLoS ONE 10:e0140486. https://doi.org/10.1371/journal.pone.0140486 

Comer, P., D. Faber-Langendoen, R. Evans, S. Gawler, C. Josse, G. Kittel, S. Menard, M. Pyne, M. Reid, K. Schulz, K. 

Snow, and J. Teague. 2003. Ecological systems of the United States: A working classification of U.S. 

terrestrial systems. NatureServe, Arlington, Virginia. 

https://www.natureserve.org/sites/default/files/pcom_2003_ecol_systems_us.pdf 

Conservation Science Partners (CSP). 2019. Methods and approach used to estimate the loss and fragmentation of 

natural lands in the conterminous U.S. from 2001 to 2017. Technical Report, Truckee, CA. 

https://www.csp-inc.org/public/CSP_Disappearing_US_Tech_Report_v101719.pdf 

Copeland, H. E., K. E. Doherty, D. E. Naugle, A. Pocewicz, and J. M. Kiesecker. 2009. Mapping oil and gas 

development potential in the US intermountain west and estimating impacts to species. PLoS ONE 4:1–7. 

https://doi.org/10.1371/journal.pone.0007400 

Davis, E. B., M. S. Koo, C. Conroy, J. L. Patton, and C. Moritz. 2008. The California Hotspots Project: identifying 

regions of rapid diversification of mammals. Molecular Ecology 17:120–138. 

https://doi.org/10.1111/j.1365-294X.2007.03469.x 

Dickson BG, Albano CM, Anantharaman R, Beier P, Fargione J, Gray ME, Graves TA, Hall KR, Lawler JJ, Leonard PB, 

https://doi.org/10.1111/j.1472-4642.2010.00654.x
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.ntc.blm.gov/krc/uploads/360/5_1613_ACEC_Manual%201988.pdf
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI


 

Conservation Science Partners   16 | Page 

 

 

Littlefield CE, McClure ML, Novembre J, Schloss C, Schumaker N, Shah VB, and Theobald DM. 2019. 

Circuit‐theory applications to connectivity science and conservation. Conservation Biology. 

www.doi.org/10.1111/cobi.13230.  

Dickson, B. G., C. M. Albano, B. H. McRae, J. J. Anderson, D. M. Theobald, L. J. Zachmann, T. D. Sisk, and M. P. 

Dombeck. 2017. Informing strategic efforts to expand and connect protected areas using a model of 

ecological flow, with application to the western United States. Conservation Letters 10:564–571. 

https://doi.org/10.1111/conl.12322 

Duniway, M. C., A. A. Pfennigwerth, S. E. Fick, T. W. Nauman, J. Belnap, and N. N.  Barger. 2019. Wind erosion and 

dust from US drylands: a review of causes, consequences, and solutions in a changing world. Ecosphere, 

10(3), e02650.  https://doi.org/10.1002/ecs2.2650 

Dunlap, A.L, P. Swan, and J. M. Fowler. 2009.  Economic Implications and Surface Disturbance Mitigation of Oil and 

Gas 

 Development on Otero Mesa. Range Improvement Task Force Report 79. New Mexico State University, Las  

Cruces. https://pubs.nmsu.edu/_ritf/RITF79.pdf 

Federal Aviation Administration (FAA). 2015. Wind turbine location data.  

https://www.fws.gov/southwest/es/Energy_Wind_FAA.html 

Geothermal Energy Association (GEA). 2016. Operating Geothermal Power Plants and Developing Geothermal 

Projects. https://maps.nrel.gov/?da=geothermal-prospector 

Gergely, K. J., K. G. Boykin, A. J.  McKerrow, M. J. , Rubino, N. M.  Tarr, and S. G. Williams. 2019. Gap Analysis 

Project (GAP) terrestrial vertebrate species richness maps for the conterminous U.S.: U.S. Geological 

Survey Scientific Investigations Report 2019–5034. https://doi.org/10.3133/sir20195034 

Hamann, A., D. R. Roberts, Q. E. Barber, C. Carroll, and S. E. Nielsen. 2015. Velocity of climate change algorithms 

for guiding conservation and management. Global Change Biology 21:997–1004. 

https://doi.org/10.1111/gcb.12736. Data available at https://adaptwest.databasin.org/pages/adaptwest-

velocitywna/ 

Hanser, S. E. 2004. Powerlines in the Western United States. 

https://www.sciencebase.gov/catalog/item/54383d29e4b08a816ca63766 

Heller, N. E., and E. S. Zavaleta. 2009. Biodiversity management in the face of climate change: A review of 22 years 

of recommendations. Biological Conservation 142:14–32. https://doi.org/10.1016/j.biocon.2008.10.006 

Intergovernmental Panel on Climate Change (IPCC). 2014. Climate Change 2014: Synthesis Report. Contribution of 

Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change. Core Writing Team: R.K. Pachauri and L.A. Meyer (eds.). IPCC, Geneva, Switzerland, 151 pp. 

https://www.ipcc.ch/report/ar5/syr/ 

Jones, A (Ed). 2012. Best Management Practices for siting, developing, operating and monitoring renewable energy 

in the Intermountain West: a conservationist's guide. 

https://www.researchgate.net/publication/369830545_Best_Management_Practices_for_siting_developing_o

perating_and_Monitoring_renewable_energy_in_the_intermountain_west_A_Conservationist's_Guide 

Jung, M., P. R. Dahal, S. H. M. Butchart, P. F. Donald, X. De Lamo, M. Lesiv, V. Kapos, C. Rondinini, and P. Visconti. 

2020. A global map of terrestrial habitat types. Scientific Data 7:256. https://doi.org/10.1038/s41597-020-

00599-8 

Landau, V. A., V. B. Shah, R. Anantharaman, and K. R.  Hall. 2021. Omniscape.jl: Software to compute 

omnidirectional landscape connectivity. Journal of Open Source Software 6(57):2829. DOI: 

10.21105/joss.02829 

Lawler, J. J., D. D. Ackerly, C. M. Albano, M. G. Anderson, S. Z. Dobrowski, J. L. Gill, N. E. Heller, R. L. Pressey, E. W. 

Sanderson, and S. B. Weiss. 2015. The theory behind, and the challenges of, conserving nature’s stage in a 

https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI


 

Conservation Science Partners   17 | Page 

 

 

time of rapid change. Conservation Biology 29:618–629. https://doi.org/10.1111/cobi.12505 

Linard, J.I., A. M. Matherne, K. J.  Leib, N. B.  Carr, J. E.  Diffendorfer,S. J.  Hawkins, N.  Latysh, D. A.  Ignizio,and N. C. 

Babel. 2014. Two decision-support tools for assessing the potential effects of energy development on 

hydrologic resources as part of the Energy and Environment in the Rocky Mountain Area interactive 

energy atlas: U.S. Geological Survey Open-File Report 2014–1158, 16 p. 

https://dx.doi.org/10.3133/ofr20141158 

Littlefield, C. E., M. Krosby, J. L. Michalak, and J. J. Lawler. 2019. Connectivity for species on the move: supporting 

climate‐driven range shifts. Frontiers in Ecology and the Environment 17(5):270-278. 

https://cig.uw.edu/publications/connectivity-for-species-on-the-move-supporting-climate-driven-range-

shifts/ 

Loarie, S. R., P. B. Duffy, H. Hamilton, G. P.  Asner, C. B.  Field, and D. D.  Ackerly. 2009. The velocity of climate 

change. Nature 462(7276):1052-1055. https://doi.org/10.1038/nature08649 

Mahony, C. R., A. J. Cannon, T. Wang, and S. N. Aitken. 2017. A closer look at novel climates: new methods and 

insights at continental to landscape scales. Global Change Biology 23:3934–3955. 

https://doi.org/10.1111/gcb.13645 

McClure, M.L., C. Henneman, and C. M. Albano. 2017. A landscape-level assessment of Area of Critical 

Environmental Concern (ACEC) criteria in the proposed Willis Ridge ACEC. A report submitted to the 

California Wilderness Coalition and The Pew Charitable Trusts. Conservation Science Partners. Truckee, 

CA. 

McNamee, G. 2008. Otero Mesa: preserving America’s wildest grassland. Las Cruces: University of New Mexico 

Press. 

McRae, B. H., B. G. Dickson, T. H. Keitt, and V. B. Shah. 2008. Using circuit theory to model connectivity in ecology, 

evolution, and conservation. Ecology 89:2712–2724. https://doi.org/10.1890/07-1861.1 

McRae, B., K. Popper, A. Jones, M. Schindel, S. Buttrick, K. Hall, B. Unnasch, and J. Platt. 2016. Conserving nature’s 

stage: Mapping omnidirectional connectivity for resilient terrestrial landscapes in the Pacific Northwest. 

The Nature Conservancy, Portland, OR. 

https://www.conservationgateway.org/ConservationByGeography/NorthAmerica/UnitedStates/oregon/s

cience/Documents/McRae_et_al_2016_PNW_CNS_Connectivity.pdf 

Morelli, T. L., C. W. Barrows, A. R.  Ramirez, J. M.  Cartwright,D. D. Ackerly, T. D. Eaves,., ... and Thorne, J. H. 2020. 

Climate‐change refugia: Biodiversity in the slow lane. Frontiers in Ecology and the Environment 18(5): 

228-234. https://doi.org/10.1002/fee.2189 

NatureServe. 2020. The Map of Biodiversity Importance. Arlington, VA. https://www.natureserve.org/map-

biodiversity-importance 

National Audubon Society. 2013. Important Bird Areas in the U.S. Otero Mesa. 

https://gis.audubon.org/portal/apps/dashboards/ab402cba1acc461d924783cf0f5e181c#site=683 

National Audubon Society. 2023. Important Bird Areas Database, Boundary Digital Data Set. 

https://gis.audubon.org/portal/apps/sites/?_gl=1*8g3lu5*_ga*MTA2NTIzNTA5My4xNjc5MzM3NTg5*_ga

_X2XNL2MWTT*MTY4MTQxNjk1Mi42LjAuMTY4MTQxNjk1Mi42MC4wLjA.#/nas-hub-site/pages/reports-

public  

National Oceanic and Atmospheric Administration (NOAA). 2012.Nighttime VIIRS Day/Night Band Composite 

Version 1. NOAA/NGDC Earth Observation Group. https://developers.google.com/earth-

engine/datasets/catalog/NOAA_VIIRS_DNB_MONTHLY_V1_VCMCFG 

Northrup, J. M., and G. Wittemyer. 2013. Characterizing the impacts of emerging energy development on wildlife, 

with an eye towards mitigation. Ecology Letters 16:112–125. https://doi.org/10.1111/ele.12009 

Noss, R. F. 1990. Indicators for monitoring biodiversity: a hierarchical approach. Conservation Biology 4:355–364. 

https://doi.org/10.1111/j.1523-1739.1990.tb00309.x 

https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.natureserve.org/map-biodiversity-importance
https://www.natureserve.org/map-biodiversity-importance
https://gis.audubon.org/portal/apps/dashboards/ab402cba1acc461d924783cf0f5e181c#site=683
https://gis.audubon.org/portal/apps/sites/?_gl=1*8g3lu5*_ga*MTA2NTIzNTA5My4xNjc5MzM3NTg5*_ga_X2XNL2MWTT*MTY4MTQxNjk1Mi42LjAuMTY4MTQxNjk1Mi42MC4wLjA.#/nas-hub-site/pages/reports-public
https://gis.audubon.org/portal/apps/sites/?_gl=1*8g3lu5*_ga*MTA2NTIzNTA5My4xNjc5MzM3NTg5*_ga_X2XNL2MWTT*MTY4MTQxNjk1Mi42LjAuMTY4MTQxNjk1Mi42MC4wLjA.#/nas-hub-site/pages/reports-public
https://gis.audubon.org/portal/apps/sites/?_gl=1*8g3lu5*_ga*MTA2NTIzNTA5My4xNjc5MzM3NTg5*_ga_X2XNL2MWTT*MTY4MTQxNjk1Mi42LjAuMTY4MTQxNjk1Mi42MC4wLjA.#/nas-hub-site/pages/reports-public


 

Conservation Science Partners   18 | Page 

 

 

Parrish, J. D., D. P. Braun, and R. S. Unnasch. 2003. Are we conserving what we say we are? Measuring ecological 

integrity within protected areas. BioScience 53:851–860. https://doi.org/10.1641/0006-

3568(2003)053[0851:AWCWWS]2.0.CO;2 

Perez, R., P. Ineichen, K. Moore, M.Kmiecik, C. Chain, R. George, and F. Vignola. 2002. A new operational satellite-

to-irradiance model. Solar Energy 73:307–317. https://doi.org/10.1016/S0038-092X(02)00122-6 

Ratcliffe, D. A. 1974. Ecological effects of mineral exploitation in the United Kingdom and their significance to  
nature conservation. Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences  
339(1618): 355-372. https://royalsocietypublishing.org/doi/10.1098/rspa.1974.0126 

Renard, K. G., G.R. Foster, G.A. Weesies, D.K. McCool, D.C. Yoder 1997. Predicting soil erosion by water: a guide to  
conservation planning with the Revised Universal Soil Loss Equation (RUSLE). United States Government  
Printing. https://www.ars.usda.gov/ARSUserFiles/64080530/RUSLE/AH_703.pdf  

Solar Energy Industries Association (SEIA). 2015. Major solar projects List, July 2015. 

https://www.seia.org/research-resources/major-solar-projects-list 

Stein, B. A., P. Glick,N. Edelson, and A.  Staudt. 2014. Climate-smart conservation: putting adaptation principles 

into practice. National Wildlife Federation. https://www.nwf.org/~/media/PDFs/Global-

Warming/2014/Climate-Smart-Conservation-Final_06-06-2014.pdf 

Theobald, D.M., 2013. A general model to quantify ecological integrity for landscape assessments and US 

application. Landscape ecology, 28(10), pp.1859-1874. 

Theobald, D. M., D. Harrison-Atlas, W. B. Monahan, and C. M. Albano. 2015. Ecologically-relevant maps of 

landforms and physiographic diversity for climate adaptation planning. PLoS ONE 10:e0143619. 

https://doi.org/10.1371/journal.pone.0143619 

TrueWind Solutions. 2003. Wind resource potential at a 50 meter height datasets for 11 western states. 

https://www.nrel.gov/gis/wind-resource-maps.html 

U.S. Department of the Interior (USDOI), U.S. Department of Agriculture (USDA), and U.S. Department of Energy 

(USDOE). 2008. Inventory of Onshore Federal Oil and Natural Gas Resources and Restrictions to Their 

Development: Phase III inventory: Onshore United States. Bureau of Land Management, U.S. Department 

of the Interior, Washington D.C. 

https://upload.wikimedia.org/wikipedia/commons/a/a7/Inventory_of_onshore_federal_oil_and_natural_

gas_resources_and_restrictions_to_their_development_-_phase_III_inventory-

onshore_United_States%2C_%28executive_summary%29_%28IA_inventoryofonsho00unse%29.pdf 

U.S. Geological Survey (USGS). 2005. Mineral Resources Data System. http://mrdata.usgs.gov/mrds/ 

U.S. Geological Survey (USGS). 2008a. National Hydrography Dataset (NHD). https://www.usgs.gov/national-

hydrography/access-national-hydrography-products 

U.S. Geological Survey (USGS). 2008b. Geothermal Favorability and System Locations of the Western US.  

 https://www.usgs.gov/node/278416 

U.S. Geological Survey (USGS). 2011.  Gap Analysis Project (GAP). Land Cover, Version 2. 

http://gapanalysis.usgs.gov/gaplandcover/ 

U.S. Geological Survey (USGS). 2012. Protected Areas Database of the United States (PADUS) version 1.3. 

https://www.usgs.gov/programs/gap-analysis-project 

U.S. Geological Survey (USGS). 2019. Gap Analysis Project (GAP) terrestrial vertebrate species richness maps for 

the conterminous U.S. https://doi.org/10.3133/sir20195034  

Williams, J. W., S. T. Jackson, and J. E. Kutzbach. 2007. Projected distributions of novel and disappearing climates 

by 2100 AD. Proceedings of the National Academy of Sciences 104:5738–5742. 

https://doi.org/10.1073/pnas.0606292104 

 

 

https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI
https://www.zotero.org/google-docs/?EFQVFI


 

Conservation Science Partners   19 | Page 

 

 

 

Appendix 1. Derivation of Indicators 
Descriptions of source data and derivation methods for ecological indicators to characterize the 
values and threats within the proposed ACEC.  

Values 

Climate accessibility. Estimates the degree to which the current climate conditions in a given location 
will be accessible in the future. Areas of high climate accessibility are those that contribute to the ability 
of organisms to adapt to climate change through both local and long-distance movements (Carroll et al. 
2015). Climate accessibility was derived as the multiplicative inverse of climate velocity (i.e., -1*climate 
velocity), a measure of the instantaneous velocity of climate change at a given location. The climate 
velocity metric used here was developed at 1-km resolution by Hamann et al. (2015) by integrating 11 
climate variables via principal component analysis (PCA; see Hamann et al. 2015 for details on climate 
variables—9 are described in the paper though 11 are provided on Databasin, from which the data were 
retrieved) and calculating velocity based on the distance between sites with matching present climate 
conditions (averaged from 1981 to 2010) and future climate conditions (2055) under Representative 
Concentration Pathway (RCP) 8.5 (IPCC 2014). The Hamann et al. (2015) algorithm can be implemented 
in either forward (finding future climate locations that match the focal location’s current climate) or 
backward (finding current climate locations that match the focal location’s future climate) directions. 
We derived our estimate of climate accessibility based on backward velocity, which asks: given the 
projected future climate conditions of a focal location, what is the minimum distance an organism has to 
migrate in order to colonize the focal location from another location with similar present day climate? 

Climate stability describes the similarity between present climate (averaged between 1981 and 2010) 
and future climate (2055) at a given location. Climatically stable areas will have future climates that are 
similar to present conditions. Our estimate of climate stability was derived as the multiplicative inverse 
of climatic dissimilarity (Williams et al. 2007; Carroll 2018), with dissimilarity being a frequently used 
metric to estimate how different the future climate at a given location will be from its present climate 
conditions (Mahony et al. 2017). This dissimilarity metric is based on 11 climate variables integrated via 
PCA (Belote et al. 2018). Multivariate local climate dissimilarity (LCD) is calculated as 

LCD =  √(𝑃𝐶1𝑓𝑢𝑡𝑢𝑟𝑒 − 𝑃𝐶1𝑐𝑢𝑟𝑟𝑒𝑛𝑡)
2

+ (𝑃𝐶2𝑓𝑢𝑡𝑢𝑟𝑒 − 𝑃𝐶2𝑐𝑢𝑟𝑟𝑒𝑛𝑡)
2

 

where PC1 is strongly associated with temperature and PC2 is strongly associated with precipitation and 
moisture variables (Belote et al. 2018). 

Ecological connectivity estimates the ability of a given location to support the natural movement of 
organisms through processes such as dispersal, migration, and gene flow, and to provide linkages 
between areas of high-quality habitat (Dickson et al. 2017). Maintaining areas of high ecological 
connectivity is also considered a key strategy for supporting species migrations and range shifts under 
climate change (Heller & Zavaleta 2009; Littlefield et al. 2019). We used the procedure described by 
Dickson et al. (2017) to derive resistance surfaces for connectivity models by rescaling our 
anthropogenic impact layers for conterminous United States (CONUS)  and incorporating a modest 
penalty for steep slopes (Dickson et al. 2017), which may present barriers to movement for many 
terrestrial organisms. We used mammal species richness layers to estimate source strength (the 
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likelihood that a given location will act as starting/end point for animal movement), and treated source 
strength as proportional to the number of mammal species estimated to occur in a given location. We 
estimated mammal richness by overlaying International Union for Conservation of Nature (IUCN) range 
maps for mammals (408 species) and restricted these ranges based on recently published maps of IUCN 
habitat (Jung et al. 2020). Richness maps for CONUS were produced at 2-km resolution, as 
recommended for IUCN range data. We used a circuit theory-based approach (McRae et al. 2008; 
Dickson et al. 2019) to model the flow of organisms across CONUS and Alaska, using Omniscape 
software (Landau et al. 2021) to implement omni-directional connectivity models for each extent at 1-
km resolution (after McRae et al. 2016). 

Ecological intactness estimates the degree to which a given location remains in a natural state (i.e., 
unmodified by human land use). Ecologically intact landscapes are those with minimal or no influence 
from human activities and which are therefore able to support natural evolutionary and ecological 
processes (Parrish et al. 2003) as well as communities of organisms similar in species composition, 
diversity, and functional organization to those of undisturbed habitats (Parrish et al. 2003). We 
calculated ecological intactness as 1 - AI, where AI is the degree of anthropogenic impact on a 
landscape. Drawing on our previous work (CSP 2019, see also Theobald 2013), we derived estimates of 
anthropogenic impact at 90-m resolution for CONUS (circa 2017), quantifying the intensity and extent of 
multiple human activities, including residential and commercial development, agriculture, energy 
production and mining, transportation, and forestry (CSP 2019).  

Ecological System Diversity. Diverse ecological systems, defined as a “group of plant community types 
that tend to co-occur within landscapes with similar ecological processes, substrates and/or 
environmental gradients” (Comer et al. 2003), provide a variety of habitats essential for maintaining 
species diversity (Noss 1990). Ecological system diversity may stem from the presence of diverse 
vegetation types, strong elevation gradients, ecotonal transitions among biome types, and/or 
interspersion of unique water-associated communities, such as wetlands, marshlands, meadows, and 
riparian zones. We followed methods in Theobald et al. (2015) to derive an estimate of ecological 
systems diversity at multiple spatial scales, equivalent to average sizes (1.2 – 115.8 km radii) of HUC 4-16 
watersheds and using the Shannon-Weiner Equitability Index. We used the 30-m resolution USGS Gap 
Ecological Systems Units (USGS 2011) as the basis for calculating ecosystem diversity and assigned null 
values to all developed and invasive species land cover types prior to running the analysis, so that these 
lands would not contribute toward the diversity calculation.  

Ecological System Rarity. Areas with high ecological system rarity are those that support rare, unique, or 
irreplaceable natural systems. These systems are likely to consist of species that are rare, unique, or 
irreplaceable. Ecological systems are defined as a “group of plant community types that tend to co-occur 
within landscapes with similar ecological processes, substrates and/or environmental gradients” (Comer 
et al. 2003), thus they incorporate physical components such as landform position, substrates, 
hydrology, and climate in addition to vegetation. To characterize ecological system type rarity, we 
calculated the areal extent of USGS GAP ecological system types at 30-m resolution (USGS 2011), then 
normalized the values based on the maximum value so that they ranged from 0 (least rare) to 1 (most 
rare).  

Imperiled Species Richness estimates the total number of imperiled species likely to occur in a given 
area. For CONUS, we used a model of imperiled species richness (NatureServe 2020). This layer 
integrates habitat suitability maps for 2,216 of the nation’s most imperiled species, including 
vertebrates (birds, mammals, amphibians, reptiles, freshwater fishes; 309 species), freshwater 
invertebrates (228 species), pollinators (43 species), and vascular plants (1,636 species). The 990-m 
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resolution layer includes species designated by NatureServe as imperiled or critically imperiled, and 
species listed as threatened and endangered under the Endangered Species Act. 

Vertebrate Diversity. We used published data on amphibian, bird, mammal, and reptile species richness 
from the USGS Gap Analysis Project (USGS 2019). These data are based on habitat distribution models 
for 1,590 species present  in CONUS. Species models were overlaid to generate richness maps (30m 
resolution). (Gergely et al. 2019).  

Geophysical Diversity. Unique geophysical units can be defined based on combinations of lithology and 
landform, i.e., the composition of rock and soil materials combined with their relative position in the 
landscape (e.g., ridge, slope, valley). High geophysical diversity is associated with high levels of genetic 
and species diversity (Lawler et al. 2015) as well as species endemism (Davis et al. 2008). Furthermore, 
diverse geophysical settings offer local heterogeneity and refugia that are expected to be critical to 
species persistence and maintenance of biodiversity under climate change (Ackerly et al. 2010; Beier & 
Brost 2010). To characterize geophysical diversity, we used a published model of physiographic diversity 
(Theobald et al. 2015) that characterizes unique geophysical units based on an overlay of landforms and 
surficial lithology. In this model, diversity is calculated using Shannon-Wiener Equitability Index and at 
multiple spatial scales, equivalent to average sizes (1.2 – 115.8 km radii) of HUC 4-16 watersheds. 
Indices derived at multiple scales were then combined to produce a single multi-scale index at 30-m 
resolution.  

Geophysical Rarity. Ensuring the protection of a regionally diverse array of geophysical settings, 
including the rarest features, is an important strategy both for conserving a variety of species, as well as 
ecological and evolutionary processes such as species diversification, particularly in the face of climate 
change (Lawler et al. 2015). As described above (see Geophysical Diversity), unique geophysical types 
that are likely to offer unique habitat conditions can be defined by combining landform (e.g., ridge, 
slope, valley) and lithology (i.e., soil parent material). To characterize geophysical type rarity, we 
calculated the areal extent of each of 188 unique geophysical unit types at 30-m resolution based on an 
overlay of landforms and surficial lithology (Theobald et al. 2015) across the western US, then 
normalized the values based on the maximum value so that they ranged from 0 (least rare) to 1 (most 
rare). 

Surface Water Availability. Surface water is a critical resource for fish and wildlife and is considered an 
essential habitat element for maintaining species diversity. Availability of surface water is likely to be a 
limiting factor for species diversity in arid environments. Water sources in water-limited areas are likely 
to support unique biodiversity elements such as riparian-obligate species. We characterized the areal 
extent of surface water into a surface water availability metric by first extracting water features (springs, 
seeps, perennial rivers, perennial lakes and ponds from the National Hydrography Dataset (1:24,000) 
(USGS 2008a), then merging and converting water features to 30-meter resolution raster data.  

Night Sky Darkness. Places with high night sky darkness have low levels of light pollution, which confers 
high scenic value. The absence of night light pollution is also likely to indicate low levels of human 
activity and disturbance in these areas. We used an existing dataset representing the presence of 
artificial nighttime lights at 740-m resolution observed via satellite (NOAA 2012).  

Threats  

Future Water Withdrawals. Increasing water demands and resulting predicted future water withdrawals 
threaten species and systems dependent on these water sources, particularly in water-limited areas. We 
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used published model predictions of future water withdrawals (Brown et al. 2013) to characterize 
threats to perennial streams and rivers from future water withdrawals at a sub-regional scale (n = 98 
regions across the US). The model characterizes projected changes in water withdrawals associated with 
trends in climate change (A1B scenario), projected water demands, and projected water use efficiencies. 
We attributed values from this model to all perennial streamlines (1:24,000) (USGS 2008a) and applied 
an inverse distance squared decay function to account for impacts to waters and surrounding riparian 
areas.  

Mineral Resource Potential. Extraction of mineral resources has both direct and indirect impacts on 
organisms and their environments, including physical alteration of landform, drainage, and soil 
conditions, as well as alteration of chemical conditions through waste runoff (Ratcliffe 1974). We used 
mineral and mine occurrence data from the USGS Mineral Resources Data System (USGS 2005) to 
characterize mineral resource potential. We generated a binary raster surface based on the 
presence/absence of mineral occurrences within each 270 m cell and smoothed the data by calculating a 
focal mean based on a 2-cell (540 m) circular radius around each occurrence. We assigned a value of 0 to 
open waters, developed (urban) land cover types (USGS 2011), and those classified as protected areas  
(IUCN I-IV, USGS 2012), because development is unlikely to occur in these areas. 

Potential for Oil & Gas Development. The potential impacts of oil and gas developments on wildlife 
species are well documented (Northrup & Wittemyer 2013). In light of these potential impacts, special 
management attention will be needed to avoid negative effects on sensitive wildlife species and 
habitats, which may include habitat loss or fragmentation, direct mortality from vehicle or infrastructure 
collisions, changes in the fitness of individuals due to anthropogenic disturbances such as noise or light, 
or increases in predation mortality (Northrup & Wittemyer 2013). We combined two existing datasets to 
develop a west-wide representation of relative oil and gas resource potential at 1-km resolution because 
no comprehensive dataset existed for the entire study extent. These included 1) a published predictive 
model of relative oil and gas resource potential that was conditioned on a suite of geophysical variables 
and oil and gas well production data (Copeland et al. 2009), and 2) spatial data from the Energy Policy 
and Conservation Act (EPCA) Phase I-III inventories of oil and gas resources (USDOI et al. 2008), which 
provides coarse- scale estimates of total oil and gas densities within specific focal basins and 
extrapolates estimates to unstudied basins. Because the former dataset provided continuous and finer-
scaled data, and because this model included a validation, we used this dataset preferentially; however, 
it excluded California and Washington, as well as parts of New Mexico, Idaho, Montana, and Oregon. We 
supplemented these gaps, which, with the exception of some areas in California and New Mexico, had 
low oil and gas resource potential, using the EPCA data. Because the EPCA data characterizes oil and gas 
potential separately, we generated raster surfaces for each of these resources individually, and as with 
the solar datasets, took the maximum value of the two at each pixel to represent the resource value (oil 
vs gas) that was greatest, then max-normalized the result. We visually compared the Copeland et al. 
(2009) and composite EPCA datasets and verified that areas of maximum resource potential were 
consistent between them. We then replaced null values in the Copeland et al. (2009) dataset with the 
composite EPCA data (both max-normalized on a scale of 0 to 1) to generate a wall-to-wall estimate for 
the entire study extent. Finally, we assigned a value of 0 to open waters, developed (urban) land cover 
types (USGS 2011), and those classified as protected areas (IUCN I-IV, USGS 2012), because 
development is unlikely to occur in these areas. 

Potential for Solar, Wind, and Geothermal Development. The potential impacts of renewable energy 
developments such as wind, solar, and geothermal on wildlife species are well documented (Jones, ed. 
2012, Northrup & Wittemyer 2013). In light of these potential impacts, special management attention 
will be needed to avoid negative effects on sensitive wildlife species and habitats, which may include 
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habitat loss or fragmentation, direct mortality from vehicle or infrastructure collisions, changes in the 
fitness of individuals due to anthropogenic disturbances such as noise or light, or increases in predation 
mortality (Northrup & Wittemyer 2013). We derived datasets characterizing renewable development 
potential using data on resource availability, slope, powerline locations, locations of existing facilities, 
protected areas, and land cover. We used two solar radiation datasets available from the National 
Renewable Energy Lab (NREL, Perez et al. 2002): Global Horizontal Irradiance (GHI) and Direct Normal 
Irradiance (DNI). The former is most relevant to siting photovoltaic solar installations, while the latter is 
more useful for siting concentrating solar installations.  We max-normalized each dataset so that values 
ranged between 0 and 1 and then took the maximum value of these two datasets at each 10-km pixel to 
represent the value (DNI vs GHI) for which the pixel was most suitable. For wind, we mosaicked the 
state-by-state wind power resource at 50 m hub height datasets available from NREL (TrueWind 
Solutions 2003) at 200-m resolution. For geothermal, we used a geothermal resource favorability model 
derived at 1-km resolution for the western US (USGS 2008b). We calculated the Euclidian distance of 
each pixel from existing major powerlines (Hanser 2004), and used locations of existing large (> 50 MW) 
solar installations (n= 53; SEIA 2015), wind turbines (n > 35,000, FAA 2015), and geothermal projects (n = 
319, GEA 2016) to fit a distance decay model to characterize resource potential for each renewable type 
based on distance of existing facilities from powerlines. We multiplied the distance decay model for 
each renewable type by its resource availability dataset and assigned a value of 0 to all pixels that were 
beyond a slope threshold (solar = 5%, geothermal =10%, wind = 30%), classified as open water or 
developed (urban) land cover types (USGS 2011), or classified as protected areas (IUCN I-IV, USGS 2012) 
since development is unlikely to occur in any of these places. 

Erosion potential. Soil erosion is a natural process that is affected by topography, soil structure, 
hydrologic regimes. However, human disturbance can alter or exacerbate natural erosion processes. The 
loss of fertile topsoil is a significant threat to a range of ecosystems globally and is particularly 
problematic for dryland ecosystems that dominate the Western United States (Duniway et al. 2019). 
Landscapes with naturally high erosion potential are also susceptible to increased rates of soil loss if 
disturbed through the construction of energy and transportation infrastructure. We used a dataset 
describing the erosion potential of all land in New Mexico from an assessment performed by USGS 
scientists (Linard et al. 2014). Linard et al. (2014) implemented the Renard Universal Soil Loss Equation 
(RUSLE; Renard 1997) using parameters including rainfall energy, soil erodibility, contributing area, 
vegetation, and erosion control practices to estimate the mean loss of soil in tons/acre/year across the 
extent of New Mexico and Colorado at 30m resolution. The original layer was sourced from 
https://water.usgs.gov/GIS/metadata/usgswrd/XML/ofr2014-1158_co_nm_rusle.xml#stdorder. We 
resampled the erosion potential layer to 270m resolution using bilinear interpolation.   

Aquifer vulnerability. Mineral extraction and energy development can lead to the contamination of 
local aquifers by industrial chemicals. The degree to which aquifers may be susceptible to this 
contamination is a product of a number of hydrogeologic factors including topography, soil structure 
and composition, and hydrologic regimes. We used a dataset describing aquifer vulnerability developed 
for New Mexico as part of an assessment performed by USGS scientists (Linard et al. 2014) that included 
an implementation of the DRASTIC modeling framework (Aller et al. 1987). The DRASTIC model 
implemented by Linard et al. (2014) incorporated parameters including the depth to water, water 
recharge, aquifer media, soil media, topography, the impact of the vadose zone, and the hydraulic 
conductivity of the aquifer. These variables were integrated into the DRASTIC index as a weighted sum 
such that higher values of the index indicate higher values of aquifer vulnerability to contamination from 
surface sources. The original model, derived at 30-m resolution, was sourced from 

https://water.usgs.gov/GIS/metadata/usgswrd/XML/ofr2014-1158_co_nm_rusle.xml#stdorder
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https://water.usgs.gov/GIS/metadata/usgswrd/XML/ofr2014-1158_co_nm_rusle.xml#stdorder and 
resampled to 270m resolution using bilinear interpolation.  

 

https://water.usgs.gov/GIS/metadata/usgswrd/XML/ofr2014-1158_co_nm_rusle.xml#stdorder
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