
ENDANGERED SPECIES RESEARCH
Endang Species Res

Vol. 42: 167–184, 2020
https://doi.org/10.3354/esr01045

Published August 6

1.  INTRODUCTION

Traditional and renewable energy development is a
prominent fixture in deserts of the American south-
west, with significant negative impacts on the conser-

vation value of these lands (Allred et al. 2015, Parker
et al. 2018). Utility-scale solar and wind energy pro-
jects in particular have increased substantially in re-
cent years as part of efforts to meet renewable energy
production targets (Lovich & Ennen 2011, Parker et
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ABSTRACT: Two tortoise species native to the American southwest have experienced significant
habitat loss from development and are vulnerable to ongoing threats associated with continued
development. Mojave desert tortoises Gopherus agassizii are listed as threatened under the US
Endangered Species Act, and Sonoran desert tortoises G. morafkai are protected in Arizona (USA)
and Mexico. Substantial habitat for both species occurs on multiple-use public lands, where
development associated with traditional and renewable energy production, recreation, and other
activities is likely to continue. Our goal was to quantify development to inform and evaluate
actions implemented to protect and manage desert tortoise habitat. We quantified a landscape-
level index of development across the Mojave and Sonoran desert tortoise ranges using models of
potential habitat for each species (152 485 total observations). We used 13 years of Mojave desert
tortoise monitoring data (4732 observations) to inform the levels and spatial scales at which
 tortoises may be affected by development. Most (66−70%) desert tortoise habitat has some devel-
opment within 1 km. Development levels on desert tortoise habitat are lower inside versus outside
areas  protected by actions at national, state, and local levels, suggesting that protection efforts
may be having the desired effects and providing a needed baseline for future effectiveness eval-
uations. Of the relatively undeveloped desert tortoise habitat, 43% (74 030 km2) occurs outside of
existing protections. These lands are managed by multiple federal, state, and local entities and
private landowners, and may provide opportunities for future land acquisition or protection,
including as mitigation for energy development on public lands.
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al. 2018). Most of these lands are public, and there is
currently strong pressure to increase energy develop-
ment on federally managed public lands in the USA
(US Department of the Interior 2017, US Department
of the Interior Secretarial Order 3366).

Development in the Mojave and Sonoran Deserts of
the American southwest poses a significant threat to 2
desert tortoise species. Mojave desert tortoises Go-
pherus agassizii were listed as threatened under the
US Endangered Species Act in 1990, and Sonoran
desert tortoises G. morafkai are protected in both Ari-
zona (USA) and Mexico (BLM 2008, Arizona Game
and Fish Department 2012, US Fish and Wildlife Serv-
ice 2015b). Both species have experienced significant
habitat loss due to development, and continue to ex-
perience ongoing threats associated with develop-
ment. Major threats to Mojave desert tortoises in clude
many types of development (urbanization, roads and
railroads, agriculture, energy and mineral develop-
ment [particularly renewable energy], landfills, and
utility corridors) along with off-highway vehicles,
non-native invasive plants, fire, grazing, and military
operations (Tracy et al. 2004, U.S. Fish and Wildlife
Service 2011, Berry & Murphy 2019). Major threats to
Sonoran desert tortoises include wildfire, urban de-
velopment, highways, utility corridors, and habitat
fragmentation (Howland & Rora baugh 2002, Esque et
al. 2003, Dutcher et al. 2020). Decreasing population
trends of the Mojave desert tortoise in most locations
(Esque et al. 2010, Allison & McLuckie 2018) highlight
the need for a more  comprehensive evaluation of
threats, including the in creasing footprint of devel -
opment, across the species’ ranges to inform listing,
recovery, and management decisions.

Development results in the direct loss of habitat for
desert tortoises and other wildlife species as well as
multiple indirect effects (Dale et al. 2005, Hansen et
al. 2005, Leu et al. 2008). Housing development and
associated infrastructure remove and alter soil and
vegetation, increase noise and light (Barber et al.
2011, Kight & Swaddle 2011), subsidize predators
(McKinney 2002), alter nutrient and disturbance re -
gimes, and expand diffuse human activities into sur-
rounding natural areas (Leinwand et al. 2010). Roads
fragment habitat (Ibisch et al. 2016), lead to direct
wildlife mortality (von Seckendorff Hoff & Marlow
2002, Boarman & Sazaki 2006, Colino-Rabanal &
Lizana 2007), are a vector for the spread of non-
native invasive plants (Davies & Sheley 2007, Gavier-
Pizarro et al. 2010), increase the presence of subsi-
dized predators (Boarman et al. 2006, Esque et al.
2010), and provide access to previously remote areas.
Energy development (e.g. oil and gas fields, geo -

thermal facilities, solar arrays, wind turbines) in creases
noise, traffic, utility corridors, and roads, which fur-
ther fragment or degrade remaining habitat (Kuvlesky
et al. 2007, Jones et al. 2015).

Much habitat for both species of desert tortoise oc -
curs on federally managed public lands, and most of
these public lands are managed for diverse resource
uses and values, which may include development.
For example, the Bureau of Land Management
(BLM) is required to manage its lands explicitly for
multiple uses (Federal Land Policy and Management
Act of 1976, 43 USC §1701) that often include live-
stock grazing, fish and wildlife habitat, outdoor re -
creation, timber harvest, mining, and oil, gas, wind,
and solar energy production. The BLM is also res -
ponsible for maintaining or restoring habitats for fed-
erally listed species and special status species (Fun-
damentals of Rangeland Health, 43 CFR §4180.2).
The Department of Defense also manages a suite of
highly diverse federal lands that provide important
habitat for many rare species, including desert tor-
toises, for multiple uses, including maintaining mili-
tary readiness (Stein et al. 2008, Aycrigg et al. 2015).

Providing up to date data on the location, amount,
and condition of habitat for priority species, such as
desert tortoises, and on potential activities that may af-
fect those resources, such as development, is key to re-
solving conflicts between diverse resource objectives
on multiple-use public lands. Our goal was to quantify
development across desert tortoise habitat to inform
future conservation and management ac tions on
public lands, particularly those managed by the BLM.

Our first objective was to evaluate threats from
existing development to habitat for both species of
desert tortoise using a consistent index of terrestrial
development. Differences in methods used to quan-
tify threats across the range of both desert tortoise
species have until now precluded such an assess-
ment. Comprehensive quantitative information on
threats across a species’ range is needed to inform
listing, recovery, and management decisions (Averill-
Murray et al. 2012). Federal agencies also must ana-
lyze the cumulative effects of proposed development
projects on public lands (National Environmental
Policy Act, 40 CFR §§1500−1508), which requires
consideration of other development actions that have
occurred in the surrounding area over time. Quanti-
fying existing development consistently across large
areas can facilitate such landscape-level analyses at
scales relevant to the species that may be impacted
by the proposed action.

Our second objective was to evaluate threat levels
in areas of desert tortoise habitat subject to protec-
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tions provided at 3 levels — nationally (congress or
the president acting at a landscape level), by a fed-
eral management agency acting at the state level
(the BLM Arizona State Office), and by a federal
agency acting at a local level (the BLM Lake Havasu
Field Office, through an individual BLM land use
plan in Arizona). Examining differences in develop-
ment levels inside and outside of these 3 protective
designations provides insight into the types of fed-
eral actions that may be most effective in protecting
desert tortoise habitat as well as a needed baseline
for future effectiveness evaluations.

Our third objective was to identify areas of desert
tortoise habitat that are still largely undeveloped
and may warrant future conservation or mitigation
action. Energy development, including construction
of  utility-scale solar energy facilities, is occurring on
both federal and private lands in the region, and mit-
igation actions can be an important tool for accom-
modating development on multiple-use public lands
without jeopardizing wildlife populations.

2.  MATERIALS AND METHODS

2.1.  Study area

Our study area includes the majority of the Mojave
and Sonoran Deserts within the southwestern USA. The
Mojave Desert covers 127 689 km2, while the Sonoran
Desert spans 89 848 km2 in the USA (MacMahon &
Wagner 1985, US Environmental Protection Agency
1996). Where it occurs in southern California, the Sono-
ran Desert is more recently referred to as the Colorado
Desert (US Environmental Protection Agency 1996,
Keeler-Wolf et al. 2007). The region is characterized by
many north−south running mountain ranges sur-
rounded by low desert basins that are either closed or
drained by tributaries of the Colorado River. These
deserts have extremely hot summer temperatures fre-
quently exceeding 40°C. The Mojave Desert has
slightly cooler winter temperatures than the Sonoran
Desert, occasionally dropping below 0°C. The entire re-
gion generally receives less than 250 mm of precipitation
per year. Both deserts are sparsely vegetated with large
components of desert shrubs and grasses and annual
plant species. The Sonoran Desert supports columnar
cacti and many smaller succulent plants due to its
warmer winters, while the Mojave Desert has fewer
succulent species but adds the Joshua tree (Turner
1994, Turner & Brown 1994, Barbour et al. 2007).

In general, Mojave desert tortoises are those that
occur west and north of the Colorado River in the

Mojave Desert, while Sonoran desert tortoises occur
east and south of the Colorado River and south into
Mexico (Murphy et al. 2011, Nussear & Tuberville
2014). A population of tortoises of Mojave Desert
genetic origin have also been identified east and
south of the Colorado River, in the ecotone between
both deserts near Kingman, Arizona (McLuckie et al.
1999, Edwards et al. 2015, Dolby et al. 2019). How-
ever, at the time federal protections were conferred,
they were applied to the ‘Mojave population’ of the
desert tortoise, which was defined geographically.
Mojave desert tortoises east of the Colorado River do
not have federal protection under the Endangered
Species Act (US Fish and Wildlife Service 1990).

2.2.  Mapping potential habitat for desert tortoises

We leveraged a previously developed index of po-
tential habitat for desert tortoises (Inman et al. 2014,
Edwards et al. 2015) that was derived from species
distribution modeling, a quantitative modeling ap-
proach that relates locations of species observations to
environmental covariates hypothesized to influence
the suitability of habitat for a species (Franklin 2010).
Observations of desert tortoises were compiled from
multiple state and federal wildlife agency monitoring
programs including the Nevada Department of
Wildlife, California Department of Fish and Game,
Arizona Department of Game and Fish, Utah Division
of Wildlife Resources, and the US Fish and Wildlife
Service. Additional observation records were com-
piled from published literature and internal US Geo-
logical Survey research collection databases for ongo-
ing research projects in California and Nevada (Esque
et al. 2010, Drake et al. 2015) for a total of 132 877 and
19 608 observations for Mojave and Sonoran desert
tortoises, respectively, which were reduced to 7209
and 1513 occupied 1 km cells used to develop each
model. We considered environmental covariates pre-
viously found to be important to desert tortoise habitat
(e.g. winter precipitation, surface rough ness, Nussear
et al. 2009), as well as new co variates that spanned
physiographic, climatic, and surface characteristics of
extant desert tortoise habitat (e.g. surface texture; In-
man et al. 2014, Edwards et al. 2015, Nowicki et al.
2019). We defined potential habitat (hereafter, habitat)
for each species as the modeled area above a suitabil-
ity threshold of 0.54 and 0.33 for Mojave and Sonoran
desert tortoises, respectively, using the 95th percentile
of inclusion for modeling points (Liu et al. 2005). The
final habitat map was a compilation of separate mod-
els created for each species.
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2.3.  Constructing a landscape-level development
index relevant to desert tortoises

We used a terrestrial development index (hereafter,
development index) to evaluate landscape-level ef -
fects of development (Carr et al. 2017). This index is
derived from the surface disturbance footprint of ter-
restrial development (hereafter, development) for the
western USA. We mapped the development footprint
by combining spatial data for urban development,
cultivated agriculture, energy development (e.g. oil
and gas well pads, solar energy facilities), surface
mines and quarries, pipelines and transmission lines,
and transportation (e.g. roads and railroads). We
briefly summarize methods here; see Carr et al.
(2016, 2017) for detailed methods and datasets. Lin-
ear features and points were buffered and combined
with polygonal data, rasterized at 15 m, aggregated
to 30 m, and then combined with the 30 m inputs for
urban development and cultivated croplands. This
footprint area was represented as a proportion of the
pixel and summed using a raster calculator. To re -
duce processing time, the 30 m footprint was then
aggregated to 90 m. Finally, we applied a moving
window analysis to the footprint, which calculates
the percent of the land surface occupied by the dis-
turbance footprint within a specified radius of each
90 m pixel.

The development index is flexible, allowing for
consideration of different analysis scales (Carr et al.
2017). We considered desert tortoise biology and
tested the relationship between the development in -
dex and Mojave desert tortoise observations to deter-
mine the most appropriate radius for the moving win-
dow analysis. Desert tortoises are affected by roads to
a distance of at least 1 km (von Seckendorff Hoff &
Marlow 2002, Boarman & Sazaki 2006), and are
known to occasionally move long distances (Duda et
al. 1999, Freilich et al. 2000, Berish & Medica 2014),
potentially exposing them to risks from development
occurring much farther away. Thus we considered
and tested analysis extents of 1 km and greater for
the development index.

We also analyzed long-term monitoring data for
the Mojave desert tortoise (described in US Fish and
Wildlife Service 2016) and radii of 1, 2.5, 5, 10, and
15 km to identify the moving window radius for the
development index that would explain the most vari-
ability in the number of desert tortoises observed.
Long-term monitoring data were not available for the
Sonoran desert tortoise. Because both species have
lower densities within 1 km of roads, have similar
daily movement patterns, and are capable of long-

distance movement on occasion, we applied results
from the Mojave desert tortoise rangewide for both
species as an initial approximation of sensitivity to
levels and spatial scales of development for both tor-
toise species.

The Mojave desert tortoise monitoring data were
(1) spatially aggregated with different areas sam-
pled among years, and (2) 12 km in length (tran-
sects walked in a square with sides 3 km in length).
To reduce these biases, we segmented and re-
 sampled transects. Collectively, we examined 13
years of tortoise observations from 2001 to 2014 (no
sampling was conducted in 2006) across 31 strata
(n = 4732 observations total) that were repeatedly
sampled within 4 of the 5 recovery units for Mojave
desert tortoises (Colorado Desert, Western Mojave,
Northeastern Mojave, and Eastern Mojave; US
Fish and Wild life Service 2011, 2015a, Allison &
McLuckie 2018). We sampled the monitoring data
to reduce spatial and temporal bias by first seg-
menting transects using a 250 m grid. We then cre-
ated 100 monitoring data sets by randomly sampling
all segments from up to 5 transects (uniquely iden-
tified among years) that were surveyed within a 10
by 10 km grid over the entire study area. This
resulted in 100 datasets comprised of 67 320 to
71 490 segments each, with each segment averag-
ing 169 m in length. We modeled the relationship
between the development index for all radii speci-
fied above and numbers of live and dead tortoises
while controlling for segment length (see Table 2)
using zero-inflated negative binomial re gressions
(package ‘pscl’ v 1.4.9, in R 3.3.2, R Core Team
2016). We included segment length and habitat
suitability for each segment as covariates in the
analyses.

2.4.  Determining levels of development relevant
to desert tortoises

The same long-term monitoring data for Mojave
desert tortoises (US Fish and Wildlife Service 2016)
and analyses described in Section 2.3 also allowed
us to model the relationship between numbers of
observations of live and dead tortoises and the asso-
ciated level of the development index for each
observation site. As explained above, we applied
these relationships to Sonoran Desert tortoise habi-
tat as well, as an initial approximation for that spe-
cies. We refer to areas with no development within
1 km as undeveloped areas or areas least impacted
by development.
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2.5.  Applying the development index to inform
management of desert tortoise habitat

2.5.1.  Evaluating threats from existing development
to habitat for desert tortoises

We mapped and quantified the frequency distribu-
tion of the development index across habitat for both
tortoise species and for areas of habitat managed by
different entities. We used the Protected Areas Data-
base of the US (US Geological Survey 2016) to identify
jurisdiction for all lands. We combined some entities
that manage relatively small areas of habitat into
larger categories (Table 1): ‘Department of Defense’
includes lands managed by the Department of De -
fense and the US Army Corps of Engineers; ‘Other
federal agencies’ includes lands managed by the US
Department of Agriculture — Agricultural Research
Stations, US Bureau of Reclamation, and US Depart-
ment of Energy; ‘Native American tribes’ includes
lands managed by multiple sovereign tribes; ‘State
and local lands’ include multiple categories of state,
county, local, and regional jurisdiction; ‘Private lands,’
include lands listed as privately owned, as well as a
few areas of lands managed by non-governmental or-
ganizations and of undetermined ownership.

2.5.2.  Evaluating threat levels on desert 
tortoise habitat protected by actions at 

national, state, and local levels

We evaluated threat levels on desert tortoise habitat
occurring on lands protected directly by national ac-
tion (designation by congress or the president), by a
federal agency acting at the state level (the BLM Ari-
zona State Office), and by a federal agency acting at a

local level (the BLM Lake Havasu Field Office in Ari-
zona). The strongest and most durable level of protec-
tion for public lands is generally provided by national
direct action through executive and congressional
designations (e.g. wilderness areas, natio nal parks,
national monuments, national conservation areas).
These lands are designated as Gap Analysis Project
(GAP; Gergely et al. 2019) status 1 and 2 protected ar-
eas (US Geological Survey 2016). Thus, we first com-
pared development levels in Mo jave and Sonoran
desert tortoise habitat occurring on federal lands in-
side and outside of GAP status 1 and 2 protected areas
(combined, US Geological Survey 2016).

Desert tortoise habitat occurring on federal lands
can also be protected by federal agencies acting at
state levels based on their agency authorities, and we
evaluated such actions in Arizona. The BLM Arizona
State Office has designated the Sonoran Desert tor-
toise as a BLM Sensitive Species in Arizona and made
it a priority for management on all BLM lands in the
state. Desert tortoise habitat in Arizona (largely Sono-
ran desert tortoise, but including the small area in
which tortoises are of Mojave Desert origin; McLuckie
et al. 1999, Edwards et al. 2015) is managed based on
3 habitat categories with the following goals; Category
1: maintain stable, viable pop ulations, protect existing
tortoise habitat values, and increase populations
where possible; Category 2: maintain stable, viable
populations and halt further declines in tortoise habi-
tat values; and Category 3: limit tortoise habitat and
population declines to the extent possible by mitigat-
ing impacts (Spang et al. 1988). BLM implements dif-
ferent conservation ac tions to meet the category
goals. For example, development may be restricted to
meet Category 1 habitat objectives. Protections for
desert tortoise habitat in each category are imple-
mented through the BLM resource management

planning process. The plans guide
all permitting and authorized use
decisions on lands managed by the
agency. We compared development
levels for desert tortoise habitat oc-
curring on public lands managed by
BLM Arizona within each category
versus outside of all 3 categories.
Spatial data for Category 1, 2, and 3
desert tortoise habitats were acquired
from the BLM Arizona State Office.

Specific land use designations
adopted through individual BLM
resource management plans (which
are generally developed at spatial
extents of tens to hundreds of thou-
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Landowner/jurisdiction Mojave Sonoran All desert 
desert tortoise desert tortoise tortoise habitat

habitat (%) habitat (%) combined (%)

Bureau of Land Management 54.0 30.6 43.1
Department of Defense 13.1 4.3 9.0
National Park Service 12.9 3.9 8.7
US Forest Service 0.0 10.1 4.7
US Fish and Wildlife Service 1.9 4.6 3.2
Other federal agencies 1.5 0.5 1.1
Native American tribes 0.8 12.2 6.1
State and local lands 1.0 16.1 8.0
Private lands 14.7 17.7 16.1

Table 1. Major landowners and jurisdictions within potential habitat for the Mojave
and Sonoran desert tortoises. See Section 2.5.1 for an explanation of the landowner/ 

jurisdiction categories
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sands of square kilometers) can also provide protec-
tion for desert tortoise habitat. Thus, our most local
comparison evaluated development levels inside and
outside of areas protected by planning within a sin-
gle field office. Specifically, we compared develop-
ment levels for desert tortoise habitat on BLM lands
in Arizona within and outside of 2 groups of land use
designations in the Lake Havasu Resource Manage-
ment Plan (BLM 2007): areas protected for wildlife
and areas with minerals management restrictions.
Areas protected for wildlife include wildlife habitat
areas and wildlife corridors, which both restrict facil-
ities and communication towers, if practical, and
require that mitigation be possible that maintains
wildlife as the primary use for the lands (BLM 2007).
Areas with minerals management res trictions in -
clude: (1) no surface occupancy for leasable minerals
(i.e. facilities are not permitted), (2) areas withdrawn
from locatable minerals (i.e. no new mining opera-
tions are permitted), and (3) areas ex cluded from
saleable minerals (i.e. no new sand and gravel oper-
ations are permitted, BLM 2007). GIS data for lands
under these protective designations were provided
by the BLM Arizona State Office.

2.5.3.  Identifying desert tortoise habitat that may
warrant future protection

We mapped, quantified, and identified the agen-
cies and organizations that manage areas of desert
tortoise habitat that may warrant future protection.
We defined these areas as being currently undevel-
oped (0% development within 1 km) or having low
development (1−4% development within 1 km), and
being vulnerable to future development because
they are (1) not currently permanently protected (i.e.
GAP status 1 or 2 protected areas) and (2) not cur-
rently designated as Category 1, 2, or 3 desert tor-
toise habitat by the BLM Arizona State Office.

3.  RESULTS

3.1.  Mapping habitat for desert tortoises

We identified 90 269 and 78 228 km2 of habitat for
Mojave and Sonoran desert tortoises, respectively, by
leveraging previously compiled maps of habitat for
each species (Edwards et al. 2015, Inman et al. 2019)
and expanding the boundaries of the most widely
used distribution model for desert tortoises (Nussear
et al. 2009) to include all known habitat in Arizona.

3.2.  Constructing a landscape-level development
index relevant to desert tortoises

We found that a radius of 1 km most frequently ex -
plained the greatest variability in the number of
Mojave desert tortoise observations out of the suite of
candidate models containing the development index
summarized at radii of 1, 2.5, 5, 10, and 15 km for 100
geographically stratified random draws of the seg-
ment data (69 of 100 datasets, Table 2). We therefore
used a 1 km radius for quantifying the development
index for all subsequent analyses.

3.3.  Determining levels of development relevant
to desert tortoises

We found that encounter rates for both live and
dead Mojave desert tortoises combined decreased
significantly with development levels (an average of
4% decrease for every 1% increase in the develop-
ment index), while controlling for variation due to
habitat suitability and the transect segment length
surveyed (Table 2). There were few detections of
either live or dead animals above a development
index value of 10% (meaning that 10% of the area
within 1 km of that location has been altered by
development, Fig. 1). While there was a mix of low
encounter rates across all levels of the development
index (Fig. 1), the maximum encounter rates were
negatively associated with development level, be -
coming essentially zero for live animals above an
index value of 10% (Fig. 2).

3.4.  Applying the development index to inform
management of desert tortoise habitat

3.4.1.  Evaluating threats from existing development
to habitat for desert tortoises

Most habitat for both tortoise species (66 and 70%
for Mojave and Sonoran desert tortoises, respec-
tively) had some development within 1 km (Fig. 3).
Five percent and 12% of habitat for Mojave and Son -
oran tortoises, respectively, had a development index
of greater than 10%. As expected, levels of develop-
ment in habitat for both species were highest near
cities (Tucson and Phoenix, Arizona; Las Vegas,
Nevada; several smaller municipalities and outlying
areas along the Colorado River; and smaller munici-
palities near Los Angeles, California) because of
their large urban footprint (Fig. 3). The total footprint
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of development within habitat for Mojave desert tor-
toises (185 km2) was substantially less than that for
Sonoran Desert tortoises (496 km2).

Desert tortoise habitat is managed by multiple
partners (Fig. 4). The BLM manages the largest area
of habitat for both Mojave and Sonoran desert tor-

toises (54.0 and 30.6%, respectively, Table 1), with
36% of those lands currently having no development
within 1 km. The US Fish and Wildlife Service,
National Park Service, US Forest Service, and the
Department of Defense collectively manage another
26% of desert tortoise habitat; 41−60% of the lands
managed by these agencies have no development
within 1 km. Together, state and local lands and pri-
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Model Transect Desert TDI TDI TDI TDI TDI TDI % of 
segment tortoise habitat 1 km 2.5 km 5 km 10 km 15 km 20 km 100 datasets
length suitability

1 X 0
2 X X 0
3 X X 0
4 X X 0
5 X X 0
6 X X 0
7 X X 0
8 X X X 69
9 X X X 1
10 X X X 3
11 X X X 4
12 X X X 4
13 X X X 19

Table 2. Model covariates and percentage of times each was the best model in 100 randomly drawn datasets. Model 8, which
included terms for transect segment length, desert tortoise habitat suitability, and the terrestrial development index (TDI) 

using a 1 km radius was the best model in the majority (69%) of the runs

Fig. 1. Numbers of live desert tortoises and carcasses en -
countered on transect segments versus the terrestrial devel-
opment index calculated at 1 km. A development in dex
value of 5 indicates that 5% of the area within 1 km of that 

location has been altered by development

Fig. 2. Maximum encounter rates (tortoises m−1) for live
desert tortoises versus the terrestrial development index
 calculated at a radius of 1 km and binned at 1% intervals.
Maximum encounter rates were significantly correlated with
the terrestrial development index (p < 0.001, r2 = 0.65). A
development index value of 5 indicates that 5% of the area
within 1 km of that location has been altered by development
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vate lands also encompass a substantial portion of
desert tortoise habitat (24%), and have higher devel-
opment levels (19% of state and local lands, and 7%
of private lands have no de velopment within 1 km,
Fig. 5).

3.4.2.  Evaluating threat levels 
on desert tortoise habitat protected

by actions at national, state, 
and local levels

Overall, 48% (35 979 km2) and 28%
(11 797 km2) of habitat for Mojave and
Sonoran desert tortoises, respectively,
on federal lands is permanent ly pro-
tected (GAP status 1 or 2 protected
area) by executive or congressional
de signations (Fig. 6). Development
levels on federally managed desert tor-
toise habitat were substantially lower
inside versus outside of these perma-
nently protected areas (Fig. 6B,C). For
the Mojave desert tortoise, 47% of
habitat on federal lands inside versus
32% outside of GAP status 1 and 2 pro-
tectedareashadnodevelopmentwithin
1 km. For the Sonoran desert tortoise,
59% of habitat on federal lands inside
versus 34% outside of GAP status 1
and 2 protected areas had no develop-
ment within 1 km.

In Arizona, 8, 33, and 31% of desert
tortoise habitat managed by BLM has
been designated as Category 1, 2,
and 3 habitat, respectively. In many
cases, this protection enacted at the
state level is in addition to congres-
sionally designated protection (Fig. 7).
On BLM-administered lands in Ari-
zona, 35−45% of Category 1, 2, and 3
designated habitat had no develop-
ment within 1 km, compared to 28%
of uncategorized habitat (Fig. 7).

In the area managed by the Lake
Havasu Field Office, 70% of Sonoran
Desert tortoise habitat on BLM lands
occurs in areas protected for wildlife,
and 22% occurs in areas with miner-
als management restrictions imple-
mented at the local level through the
Lake Havasu Field Office Re source
Management Plan (Fig. 8). In many
cases, these local designations repre-
sent an additional protection mecha-

nism on top of that provided at the state or national
level. Of desert tortoise habitat on BLM lands with
minerals management or wildlife restrictions, 39%
had no development within 1 km, compared to 22%
on lands without these restrictions (Fig. 8).
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Fig. 3. (A) Terrestrial development levels (shown in shades of brown) for
Mojave and Sonoran desert  tortoise habitat. A value of 1% indicates that 1%
of the surface area within 1 km of that 90 m pixel is altered by development
from urban areas, energy development, transportation infrastructure, or culti-
vated agriculture. (B)  Frequency distribution of development levels for 

Mojave and Sonoran desert tortoise habitat
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3.4.3.  Identifying desert tortoise habitat that may
warrant future protection

Increasing levels of development corresponded
with decreasing desert tortoise observations. How-
ever, there was no clear breakpoint below 10% that
separated areas of high versus low numbers of tor-
toise observations. As a result, we present informa-
tion on desert tortoise habitat outside of existing
strongly protected areas (GAP status 1 and 2 pro-
tected areas and BLM Arizona designated desert tor-
toise habitat) that had development levels from 0 to
4%, a level that encompasses about 85% of all desert
tortoise habitat. Of Mojave and Sonoran desert tor-
toise habitat, 42 036 km2 (46%) and 31 994 km2 (41%),
respectively, had 4% or less development within
1 km and may be vulnerable to future development
because they occur outside of both GAP status 1 and
2 protected areas and BLM designated desert tortoise
habitat in Arizona (Fig. 9). Of these lands, 39% are

managed by BLM, 16% by the De -
partment of De fense, 8% by the US
Forest Service, 2% by the National
Park Service, and 2% by other federal
agencies; 12% are tribal lands, 12%
are ‘Private lands’, and 9% are ‘State
and local lands’.

4.  DISCUSSION

Key principles of a landscape-level
approach to managing public lands
include explicitly acknowledging and
evaluating the resource tradeoffs re -
quired to meet diverse objectives in
multifunctional landscapes (Sayer et
al. 2013, Freeman et al. 2015). Under-
standing where and to what extent
development on public lands may
impact priority habitat for rare spe-
cies allows managers to fully consider
these tradeoffs when making plan-
ning and management decisions
about conflicting resource objectives.
We found that 66−70% of desert tor-
toise habitat has some development
within 1 km, and that relatively high
development levels occur in some
areas protected for Mojave desert tor-
toises, which are listed under the US
Endangered Species Act. Areas of
habitat inside protective designations

enacted at national, state, and local levels did, how-
ever, consistently have lower development than
habitat outside of these areas. Further, 74 030 km2 of
desert tortoise habitat occurring outside of areas pro-
tected by national and state-level designations have
no or low development, providing significant oppor-
tunities for future conservation action on lands of
 various jurisdictions, including private lands.

4.1.  Evaluating threats from existing development
to desert tortoise habitat

A quantitative assessment of development threats
to desert tortoise habitat was not previously possible
because of differences in methodologies used to
assess threats from development in different areas of
the species’ ranges (e.g. Strittholt et al. 2012, Comer
et al. 2013). Our results, quantified consistently for all
land ownerships across the range of both species, can

175

Fig. 4. Jurisdictions, landowners, and land managers for Mojave and Sonoran 
desert tortoise habitat
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help target conservation actions toward locations
where they may be most effective and inform partner
roles in achieving an ‘all lands’ approach to desert
tortoise habitat management.

Nearly half of the desert tortoise habitat managed
by the National Park Service and by the Department
of Defense, federal entities with quite different mis-
sions, has no development within 1 km. The National
Park Service is dedicated to conserving natural and
cultural resources unimpaired for future generations.
Although the primary mission of installations man-
aged by the Department of Defense is to deter war

and protect the security of the country, the depart-
ment also manages military lands to support other
national priorities. Under the Sikes Act (16 USC
§670), military in stal la tions establish conservation
plans and activities through Integrated Natural Re -
source Management Plans, and these have been the
primary ba sis for planning and coordinating with
state and federal wildlife agencies. The re cently
implemented Recovery and Sustainment Partnership
Initiative be tween the Departments of Defense and
the Interior seeks to develop and promote effective
species conservation and recovery and to provide in -
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Fig. 5. Frequency distribution of development levels for major landowners/jurisdictions of desert tortoise habitat (both species 
combined)
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creased flexibility for military mission
activities. The de velopment patterns un -
covered in the present study can help
inform these efforts to conserve desert
tortoise habitat on non-military lands
while facilitating military operations.

The US Fish and Wildlife Service is
implementing recovery actions for the
Mojave desert tortoise range wide using
a decision management system to pri-
oritize conservation actions in specific
areas (Averill-Murray et al. 2012, 2013,
Darst et al. 2013). Those actions cur-
rently target Areas of Critical Environ-
mental Concern (ACECs) that the BLM
has designated for Mojave desert tor-
toises. However, there is also interest in
implementing conservation actions on
lands surrounding these ACECs to in-
crease their connectivity and resilience
(Averill-Murray et al. 2013). Our results
can help such ef forts focus on-the-
ground habitat management and resto-
ration actions in areas where develop-
ment is lowest, potentially providing the
greatest overall benefits for tortoises.

Our findings can also be used to
identify different roles and actions for
partners. For example, land managers
responsible for large areas of habitat
near roads may provide tortoise-fenc-
ing or culverts to reduce the threat from
that development to otherwise high-
quality habitat areas. Agencies, such as
the BLM, that manage many unpaved
roads may consider closing some roads
seasonally or permanently to reduce
the effects of that development on tor-
toises. Federal partners with large
areas of un developed tortoise habitat
may consider additional protections for
that habitat through land use planning
processes, potentially including time-
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Fig. 6. (A) Development levels on habitat for
both species of desert tortoise (shown in
shades of brown) inside (green overlay) and
outside of Gap Analysis Project (GAP) status
1 and 2 protected areas. (B,C) Frequency dis-
tribution of development levels for (B) Mojave
and (C) Sonoran desert tortoise habitat that is
on federal lands inside versus outside of GAP 

status 1 and 2 protected areas
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of-year restrictions for off-trail recre-
ational events that can minimize con-
flicts between tortoises and recreators
during the tortoise active season.

4.2.  Evaluating threat levels on
desert tortoise habitat protected

by actions at national, state,
and local levels

Evaluating the effectiveness of man -
agement ac tions is critical for ensuring
that public funds are spent wisely and
for complying with required actions to
protect rare species (Chape et al. 2005,
Geldmann et al. 2013). Our results are
a snapshot in time and do not allow for-
mal evaluation of whether the protec-
tive action is res ponsible for the lower
development levels inside versus out-
side of protected areas. However, they
do de monstrate that development
 levels are currently lower inside com-
pared to outside of protective designa-
tions at national levels across the range
of both species, and at state and lo -
cal levels in Arizona, and provide a
needed baseline for evaluating the ef-
fectiveness of protective land use des-
ignations rangewide in limiting future
development. The BLM is required to
periodically evaluate the effectiveness
of its land use plans in reaching plan
goals (BLM 2005). Regular effective-
ness evaluations at this local level
across the range of both species could
provide valuable in sight into the extent
to which agency actions at local levels
that are intended to maintain and re-
store habitat for special status species
(Fundamentals of Rangeland Health,
43 CFR §4180.1) are succeeding.

Land protection has been found to be
effective globally in reducing conver-
sion of natural land cover (Joppa &
Pfaff 2011), and different levels of pro-
tection correspond with different levels
of change in human pressure within
protected areas (Geldmann et al. 2013,
Eichenwald et al. 2020). Our results
were consistent with this finding: GAP
status 1 and 2 protected areas, which
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Fig. 7. (A) Development levels on desert tortoise habitat (shown in shades of
brown) inside and outside of areas managed by the Bureau of Land Manage-
ment in Arizona as Category 1, 2, and 3 desert tortoise habitat (purple, pink,
and orange overlays, respectively) and Gap Analysis Project (GAP) status 1
and 2 protected areas (green overlays). (B) Frequency distribution of develop-
ment levels for Sonoran Desert tortoise habitat managed by the Bureau of
Land Management in Arizona that is designated Category 1, 2, or 3 desert
 tortoise habitat versus uncategorized habitat. The management goals for
habitat in Categories 1–3 are described in Section 2.5.2 (Spang et al. 1988)
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are permanently protected by direct
action at the national level, had a
larger proportion of de sert tortoise
habitat with no development com-
pared to areas of habitat protected by
actions at state or local levels.

We also found that multiple layers of
protection were often provided to
desert tortoise habitat through direct
national efforts (e.g. congressional de -
signations) as well as state- and local-
level efforts. For example, 35% of
Sonoran desert tortoise habitat in GAP
status 1 or 2 protected areas is also des-
ignated as Category 1, 2, or 3 desert
tortoise habitat. Further, 94% of desert
tortoise habitat protected by wildlife or
minerals management re strictions in
the Lake Hava su Field Office is also
protected as a GAP status 1 or 2 pro-
tected area, as Category 1, 2, or 3
desert tortoise habitat, or both. Such
findings confirm that coordination at
national, state, and local levels is
strong and can provide multiple pro-
tective mechanisms for de sert tortoise
in high-priority locations. Protected
area designations that were originally
intended as permanent are being lost
globally (Mascia & Pailler 2011, Mascia
et al. 2014) and in the USA (Golden
Kroner et al. 2016), and some protec-
tive designations are ex plicitly tempo-
rary (e.g. Stamper et al. 2013). BLM re -
source management plans are re vised
ap proximately ev ery 10 to 20 yr, at
which point their protections are sub-
ject to change. However, local plans
can be important drivers for achieving
on-the-ground conservation gains
(Carter et al. 2014). As a result, provid-
ing multiple layers of protection for key
habitats may be an important insur-
ance policy for long-term habitat pro-
tection for desert tortoises.

4.3.  Identifying desert tortoise
habitat with low development levels
that is outside of existing protections

Using a landscape-level index of de -
velopment, we were able to identify
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Fig. 8. (A) Protective designations (hatched areas and colored overlays) and
development levels on desert tortoise habitat (shown in shades of brown) in
and around the Bureau of Land Management Lake Havasu Field Office and
Resource Management Plan (RMP) boundary (thick black line). GAP: Gap
Analysis Project. (B) Frequency distribution of development levels for desert
tortoise habitat managed by the BLM Lake Havasu Field Office that has
wildlife and/or minerals restrictions in place versus habitat that is outside of 

both of these protection categories
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areas of desert tortoise habitat both within and out-
side of BLM lands that have little or no development
and in many cases are part of large contiguous
patches of habitat. Development will continue to
occur on many BLM lands as part of its multiple-use
mission. Identifying areas on BLM lands that may
warrant new protection (e.g. through land use plan
restrictions) can help maintain adequate habitat for
long-term persistence of healthy desert  tortoise pop-
ulations. Identifying relatively un developed habitat
areas outside of BLM lands can also address habitat
loss by providing opportunities for land acquisition or
protection as part of mitigation for ongoing energy
development on BLM lands.

4.4.  Limitations and further 
considerations

Landscape-level analysis of devel-
opment to inform species habitat
management requires understanding
levels of development that are biolog-
ically meaningful to the species. This
information may be available from
the literature, but often is not. Spe-
cies-level monitoring often focuses on
relatively pristine areas, with the re -
sult that areas with greater levels of
development are less likely to be sur-
veyed. We evaluated biologically
meaningful levels of a development
in dex using observations of live and
dead Mojave desert tortoises across a
range of development densities. Un -
derstanding how levels of develop-
ment relate to Sonoran desert tor-
toises and to other response variables
(e.g. disease rates, reproductive rates,
genetic variability) would provide ad -
ditional information on levels of
development that may be compatible
with persistence of desert tortoise
populations in the American south-
west.

We also considered a single spatial
scale of analysis — a 1 km radius mov-
ing window — which was supported
both by our analyses of Mojave desert
tortoise observations and by desert
tortoise ecology. However, it would
be preferable to separately test the
analysis scale for Sonoran desert tor-
toises when long-term monitoring
data become available, and it may be

appropriate to consider larger and/or multiple spatial
scales of analysis given that different res ponse vari-
ables (e.g. density, reproductive rates, gen etic diver-
sity) may relate to environmental changes at multiple
spatial scales (Jackson & Fahrig 2012). Population-
and species-level response variables may respond at
the largest spatial scales (Jackson & Fahrig 2014),
suggesting that broader analysis scales may inform
actions focused at the population or species level.

The development index relies on national datasets
for consistency across the western US and considers
all types of development. However, different types of
development tend to occur in different spatial pat-
terns, and their effects on desert tortoises may be
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Fig. 9. Areas of desert tortoise habitat that have low development levels
(shades of blue) and are outside of both Gap Analysis Project (GAP) status 1
and 2 protected areas (green) and designated desert tortoise habitat on lands
managed by the Bureau of Land Management (BLM) in Arizona (purple,
pink, and orange). Desert tortoise habitat that currently has low development
and occurs outside both Gap Analysis Project (GAP) status 1 and 2 protected
areas and designated desert tortoise habitat on lands managed by the Bureau 

of Land Management (BLM) in Arizona
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addressed by different management actions. For
example, agriculture tends to be aggregated in
blocks, while roads and transmission lines have long
narrow linear footprints that are often more evenly
and widely distributed across landscapes. As a result,
the influence of roads and transmission lines is likely
to far exceed their surface footprint (Kuvlesky et al.
2007), and these as well as railroads have the poten-
tial to impact long-term connectivity and genetics
(Rautsaw et al. 2018, Dutcher et al. 2020). These lin-
ear features are clearly visible in our analyses
(Fig. 3A). Accordingly, it may be valuable in future
efforts to calculate separate indices for individual
types of development (e.g. agriculture, transporta-
tion, energy) to inform specific management actions.

Roads, in particular, are ubiquitous on many multi-
ple-use federal lands in the USA. Many roads pro-
vide critical national and international infrastructure
for commerce and access to energy infrastructure,
timber harvest areas, military maneuvers, and recre-
ational visitors. In the Mojave Desert, however, the
majority of ‘roads’ are little more than unpaved social
trails established illegally and haphazardly (e.g. off-
highway vehicular social trails) but with substantial
negative influence on the landscape (Ouren et al.
2007) that is extremely difficult to ameliorate (Webb
et al. 2013). Actions to increase driver awareness on
roads in desert tortoise habitat do not appear to
reduce road mortality (Hughson & Darby 2013). Lim-
iting access to roads may be more effective at reduc-
ing tortoise road mortality, and can be achieved
through existing agency processes, such as BLM
travel management planning, which periodically
evaluate and propose changes to road presence and
activity levels within individual BLM field offices.
Indeed, these efforts appear to positively influence
road use in some areas (Custer et al. 2017). Because
many smaller unpaved roads on public lands are not
mapped in national datasets (O’Donnell et al. 2014),
recalculating a ‘transportation’ development index
based on nationally available roads data augmented
with locally available data for smaller roads and off-
road vehicle trails may be helpful for local applica-
tions such as BLM travel management planning.
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