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Abstract. As habitat destruction leads to species extinctions globally, conservation planning that
accounts for population-level connectivity and gene flow is an urgent priority. Models that only approxi-
mate habitat potential are incomplete because areas of high habitat potential may be isolated, whereas
intermixed areas of lower habitat potential may still be critical for maintaining connectivity between and
among populations. We developed a range-wide, omnidirectional (coreless) connectivity model and map
for the threatened Mojave desert tortoise at a high spatial resolution (30 m), based on empirical movement
data and a circuit-theoretic approach to estimating connectivity. Specifically, we first estimated habitat
potential (i.e., quality) for tortoise movement (as distinct from habitat potential more generally) across its
range using hypotheses based on the published literature, linear mixed models, multiple environmental
factors derived from remotely sensed data, and recent solar and wind development footprints. The resul-
tant raster output was used to represent landscape conductance in a circuit-theoretic model of connectivity,
which relates the flow of electrical current through a circuit to the movement of tortoises through the land-
scape. We then modeled potential connectivity across the range of the tortoise using Circuitscape software
and the Julia numerical programming language. Intermediate distances from minor roads, intermediate
values of annual average maximum temperature, and increasing density of desert washes were among the
strongest predictors of movement habitat quality. There was also strong evidence for increased habitat
quality for movement with increasing amounts of vegetation cover. The resulting connectivity model and
map was determined to accurately reflect important areas for tortoise movement, but we encourage others
to do their own evaluation of the model within local areas of interest and as more data become available.
Accordingly, the map can provide an important component to improve management decisions that have
the potential to influence the conservation of connected desert tortoise populations throughout the range.
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INTRODUCTION
Habitat destruction is the leading cause of spe-

cies extinctions globally, driven at more local
levels by patterns of habitat fragmentation that
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reduce species persistence and movement (Pimm
and Raven 2000, Haddad et al. 2015). Character-
izing the potential connectedness of a landscape
based on the relevant biology and movement of
species can identify areas that facilitate
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movement within a fragmented landscape
(Rayfield et al. 2011, Kupfer 2012). Restoring or
maintaining functional connectivity, in turn,
leads to increases in species occurrence or abun-
dance, gene flow, and diversity (Fletcher et al.
2016). It is therefore important to consider the
separate contributions of the two major processes
of land-use change—habitat loss and fragmenta-
tion—on species persistence, in order to identify
opportunities where optimizing connectivity
could mitigate the negative consequences of
habitat alteration (Hadley and Betts 2016).

The Mojave desert tortoise (Gopherus agassizii)
was listed as threatened under the Endangered
Species Act by the U.S. Fish and Wildlife Service
(1990) and continues to be negatively impacted
by land-use and land cover changes across its
range. The vast majority of threats to the species’
persistence are associated with both widespread
habitat loss or degradation and fragmentation
due to human land uses (U.S. Fish and Wildlife
Service 2011, Tuma et al. 2016). Moreover, con-
servation activities are difficult to achieve at a
range-wide scale because development continues
to occur at local scales and across multiple juris-
dictional boundaries (Averill-Murray et al. 2012).

For the Mojave desert tortoise, which occupies
a large, heterogeneous range, and yet displays
little above-ground movement, it can be chal-
lenging to infer landscape-level connectivity
from direct observations of movement or disper-
sal. Rather, indirect methods that infer connectiv-
ity from genetic data have been used previously
(Hagerty et al. 2011, Sanchez-Ramirez et al.
2018). However, genetic studies might not detect
the effects of landscape fragmentation for many
generations, which can amount to over a century
for this long-lived species (U.S. Fish and Wildlife
Service 1994, Landguth et al. 2010). Therefore,
although genetic studies can be useful for detect-
ing historical patterns and barriers to landscape
connectivity for the tortoise, inferences drawn
from these studies cannot account for the recent
pace and scale of fragmentation across the spe-
cies’ range.

The Mojave desert tortoise occupies a region
impacted by rapid solar energy development
and land-use conversion (Lovich and Ennen
2011). Much of this development has occurred in
high-quality tortoise habitat, but attention is also
on the amount of degraded lands in the Mojave
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Desert that are still suitable for development
(Cameron et al. 2012, Gibson et al. 2017). Yet,
even if new development is proposed in areas
with lower regional habitat potential, it is still
critical to consider those areas that may have low
overall habitat potential but are important for
facilitating connectivity.

One approach to manage for connectivity
amidst increasing anthropogenic pressures
focuses on preserving linkages between habitat
cores. For example, focused inter-agency man-
agement of Mojave desert tortoise habitat cur-
rently occurs within a number of designated
tortoise conservation areas (TCAs). Using a
resistance surface based on a model of habitat
potential, Averill-Murray et al. (2013) delineated
least-cost corridors between these TCAs. While
this approach provides practical information to
help guide the management of discrete habitat
areas between TCAs, inferences regarding spatial
patterns and degree of connectivity are con-
strained by the location and extent of these
TCAs. A seamless, omnidirectional connectivity
map would allow inferences to be made in a
range-wide context and would support Mojave
desert tortoise management beyond designated
TCAs or the least-cost corridors between them.

Given the pace and scale of ongoing develop-
ment and fragmentation in the Mojave ecoregion,
the objectives of our study were to (1) leverage
existing, high-resolution telemetry data to
develop an empirically based, range-wide model
and map of movement habitat potential (ie., a
map of landscape conductance) for the Mojave
desert tortoise, and at a resolution relevant to the
scale of movement; and (2) use this model to
derive a range-wide estimate and map of poten-
tial omnidirectional connectivity, and that did
not rely on the delineation of discrete habitat or
population cores. The principal goal of our work
was to provide practical, contemporary informa-
tion to guide planning and Mojave desert tor-
toise conservation efforts at local to regional
scales.

STuDY AREA
The range of the Mojave desert tortoise encom-
passes roughly 13 million ha, with most of this

area falling within southern California and
Nevada, and some areas in northwestern
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Arizona and southwestern Utah (Fig. 1). Vegeta-
tion is dominated by a creosote/bursage shrub
alliance, with Mojave desert mixed scrub in
upland areas and yucca-blackbrush community
at higher elevations (Nussear and Tuberville
2014). The northern portion of the range overlaps
the Basin and Range geomorphic province, char-
acterized by steep, elongated mountain ranges
interspersed by long, flat, dry desert valleys
(Randall et al. 2010). The southern portion of the
range is characterized by isolated sky-island
mountain ranges separated by vast expanses of
desert flats and overlaps the Colorado Desert
subdivision of the Sonoran Desert in the south-
ern-most extent. Approximately 4.5 million ha of
the range has been identified to have some
potential habitat value for the desert tortoise,
with 94% of this area having above-average habi-
tat potential (Nussear et al. 2009).

MoveMENT DATA AND MODELING

To develop an empirical model of movement
habitat potential (i.e., quality), we obtained relo-
cation data for individual tortoises and used
Brownian bridge movement models (BBMMs) to
estimate the probability of an individual moving
through a given area between consecutive reloca-
tions (Horne et al. 2007, McClure et al. 2017). A
central assumption of Brownian bridges is ran-
dom movement between consecutive locations,
which becomes progressively unrealistic as time
between locations increases. Therefore, if the
time between consecutive locations exceeded
24 h, then a Brownian bridge was not fitted for
that location pair. This central assumption lim-
ited our dataset to 31 tortoises that were fitted
with either very high-frequency (VHF) radio
transmitters or global positioning system (GPS)
data loggers from 2007 to 2010, and located in
the Hidden Valley and the Mormon Mountain
foothills, Nevada (Drake et al. 2015, Sah et al.
2016; K. Nussear and T. Esque, unpublished data;
Fig. 1). Consecutive, daily locations were also
screened to be >25 m apart to capture move-
ments that were more likely made beyond (vs.
within) clustered burrow networks (Sadoti et al.
2017). By doing so, we assume what’s driving
these longer distance movements is different
than what would drive a movement decision
within a more concentrated activity center.
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Brownian bridge movement models were esti-
mated for each individual per year with at least
25 re-locations in that year (resulting in 1554 total
relocations and n =47 BBMMs), using the
BBMM package (Nielson et al. 2015) for R (ver-
sion 3.5.1; R Development Core Team 2011).

ENVIRONMENTAL COVARIATES

After estimating BBMMs for individual tor-
toises, we identified environmental covariates
that are known to influence movement by desert
tortoises, in order to relate these covariates to
BBMM estimates and fit models of movement
habitat quality. Because our movement models
were estimated in a very small portion of the tor-
toise’s range (Fig. 1), we only identified covari-
ates that showed sufficient variability within the
Hidden Valley and the Mormon Mountain foot-
hills, where our relocation data were obtained.
Specifically, we focused on covariates describing
presence of desert washes, distance to minor
roads, amount of available vegetation, and 30-yr
average temperatures. Range-wide, spatially
explicit data layers representing these covariates
were obtained or derived from public data
sources, and at 30-m resolution, using bilinear
interpolation when appropriate. All values were
standardized and rescaled prior to relating them
to BBMM estimates (Schielzeth 2010).

Intermittent or ephemeral stream channels,
also known as desert washes, are preferred habi-
tat features and foraging corridors used by the
Mojave desert tortoise (Jennings and Berry 2015,
Nafus et al. 2017). To produce an accurate,
range-wide model of washes, we first drew on
an existing model of washes derived for the Ivan-
pah Valley of southern California, in the eastern
Mojave Desert (1-m resolution; Farnsworth et al.
2015). This map was derived from USDA
National Agricultural Imagery Program (NAIP;
U.S. Department of Agriculture Farm Service
Agency 2016) imagery using a random forest
classification model (Breiman 2001) and had an
initial overall accuracy of 88.4% (Farnsworth
et al. 2015). We treated this map as training data
in a convolutional neural network (CNN) model.
Convolutional neural networks are computa-
tional models inspired by the way neural net-
works in the human brain process information.
The specific CNN architecture we implemented,
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Fig. 1. Range of the Mojave desert tortoise (Gopherus agassizii) within the Mojave Desert ecoregion, USA. Tor-
toise relocation data from 2007 to 2010, collected within the red rectangles, were used to build Brownian bridge
movement models (BBMMs) and model movement habitat quality across the range.

ECOSPHERE ** www.esajournals.org 4 September 2019 %* Volume 10(9) ** Article 02847



called an encoder—decoder, has been successfully
applied in a wide variety of image classification
studies (Badrinarayanan et al. 2015). In our case,
the model was trained to classify each 1-m pixel
as the likelihood of it being a wash, based on
four-band color-infrared reflectance values of
2016-2017 NAIP imagery across the tortoise’s
range. We implemented this model with Keras
(https://keras.io/), which is a neural network pro-
gramming interface written in the Python pro-
gramming language (see also Appendix S1). We
then used the 50th percentile of predicted wash
values as a cutoff to create a binary map of
washes across the tortoise’s range. To capture
wash availability for tortoise movement, we cal-
culated mean wash density within a 90-m mov-
ing window before resampling to 30 m,
assuming tortoises assess conditions within a
local use area before making longer distance
movements (Sadoti et al. 2017).

We used the same 2016-2017 NAIP imagery
described above to derive the Normalized Differ-
ence Vegetation Index (NDVI) across the tor-
toise’s range. NAIP imagery was collected in the
early summer of both of these years, when
annual plants have typically dried up in the
Mojave Desert and there is minimal inter-annual
variation in the NDVI profile (Wallace and Tho-
mas 2008). Therefore, the NDVI values can be
assumed to primarily capture the variability in
perennial vegetation across space, which tor-
toises rely on for shade and shelter (e.g., shrubs
and succulents; Andersen et al. 2000). Similar to
washes, we calculated mean NDVI within a 90-m
moving window, before resampling to 30 m.

In the Ivanpah Valley, California, tortoises
were less likely to move longer distances when
they were near minor dirt roads (Sadoti et al.
2017). Therefore, we selected minor road features
from the 2016 TIGER/Line products, with the fea-
ture class code S1400 or S1500 (U.S. Census
Bureau 2016). We calculated distance to the near-
est minor road feature at a 30-m resolution.

Longer distance movements by tortoises in the
Ivanpah Valley were also limited by the hottest
temperatures of their active season (Sadoti et al.
2017). We therefore included a covariate of the
average maximum temperature of the warmest
month, derived from monthly climate normals
across the range. Climate normals for the 30-yr
period from 1981 to 2010 were downloaded from
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5330 stations in the U.S. Desert Southwest
(National Oceanic and Atmospheric Administra-
tion National Climatic Data Center; http://www.
ncdc.noaa.gov) and interpolated at a 30-m reso-
lution using a thin-plate spline regression
between the climate value, station locations, and
elevation (NatureServe, unpublished data).

SpaTIAL PREDICTION OF MOVEMENT HABITAT
QuaALTy

Following methods of McClure et al. (2017),
we used linear mixed models (LMMs) and multi-
model inference (Burnham and Anderson 2002)
to estimate movement habitat quality, based on
the relationship between each BBMM (i.e., the
probability of movement) and the environmental
covariates described above. The spatial extent of
each BBMM was defined to include all areas with
>0.00001 probability of movement and was buf-
fered by a distance equal to the greatest step
length between daily, consecutive locations
observed for each individual (McClure et al.
2017). We then selected a random set of 100
points within each BBMM and extracted the val-
ues of covariates at the location of these points
(Willems et al. 2009). We assessed covariates for
pairwise correlations based on Pearson’s correla-
tion coefficients and for multicollinearity based
on variance inflation factors (VIFs). All Pearson’s
coefficients were <0.5, and all VIFs were <2 and
so we retained all covariates.

We then fit LMMs to log-transformed BBMM
values, using individual as a subject-level ran-
dom effect, and an exponential spatial covariance
structure to account for residual spatial autocor-
relation (Dorman et al. 2007). We considered all
subsets of a global model that contained linear
terms (the fixed effects) for the covariates
described above, as well as a quadratic term for
all covariates except NDVI, for which we only
hypothesized a positive, linear relationship to
tortoise movement within the local area where
our relocation data were obtained. Maximum
likelihood and values of Akaike’s information cri-
terion (AIC; Burnham and Anderson 2002) were
used to determine how well the global model
approximated the data, compared to a null
model that included only a subject-level random
effect. A global model with an AIC value >10.0
units lower than the null model was considered
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to provide a good approximation of the data
(Burnham and Anderson 2002). Subsets of our
global model were not used for direct inference.
For each environmental covariate (i.e., fixed
effect), we derived the model-averaged regres-
sion coefficients (B), unconditional standard
errors, and a measure of the weight of evidence
in favor of a given covariate (w,; Burnham and
Anderson 2002). All analyses were conducted in
SAS (v9.3; SAS Institute, Cary, North Carolina,
USA) and the R statistical environment (v3.0.3; R
Development Core Team 2011).

Range-wide movement habitat quality was
mapped continuously at a 30-m resolution using
the model-averaged regression coefficients. This
map was used to represent landscape conduc-
tance (C; the reciprocal of landscape resistance,
such that higher conductance values denote
greater ease of movement) for use in modeling
connectivity, after taking two additional steps to
account for the effects of terrain (slope) and land
cover type (i.e., barren ground, open water, and
human disturbance) on landscape conductance.
First, since tortoises will typically avoid move-
ment across steeper terrain (Luckenbach 1982),
we applied the following penalty to areas with
steep slopes:

cl+ (slope? x40)

This follows a similar approach taken by Dick-
son et al. (2017), but also assumes that conduc-
tance declines more rapidly with increasing
slope, and that tortoises will tend to (but not
always) avoid very steep slopes. For average
movement habitat quality values, the penalty
becomes most severe at approximately 30%
slope. Second, to assign lower values of move-
ment habitat quality to human development,
water, and barren ground, we used a combina-
tion of three public datasets (i.e., the Global
Human Settlement Built-Up Grid [GHSL; 38-m
resolution; Pesaresi et al. 2015]; the National
Land Cover Database 2011 [NLCD; 30-m resolu-
tion; Homer etal. 2015]; and TIGER/Line
products [U.S. Census Bureau 2016]), and hand-
digitized polygons reflecting solar, wind, and
golf course developments. Built-up presence rep-
resented in the GHSL layer (through 2014), pri-
mary and secondary roads in the TIGER dataset
(feature class code S1100 or 51200), open water
identified in the NLCD, and heads-up digitized
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developments were assigned the minimum, non-
zero habitat quality value. Barren lands, as well
as planted or cultivated cover identified in the
NLCD, were assigned the value of the 10th per-
centile of movement habitat quality. These values
were then superimposed on the map of move-
ment habitat quality, and the final map of land-
scape conductance was compiled in Google
Earth Engine (Gorelick et al. 2016) and scaled
from 1 to 100 before being exported at 30-m
resolution.

CoNNECTIVITY MODEL

We used the map of landscape conductance to
model omnidirectional connectivity, which pre-
dicts potential connectivity across a landscape
without regard to the location of core habitat or
population areas (Pelletier et al. 2014). Specifi-
cally, we applied a circuit-theoretic model of con-
nectivity, which relates the flow of current
through an electrical circuit to the movement of
individuals through a landscape and reflects the
likelihoods of dispersal and gene flow (McRae
and Beier 2007, McRae et al. 2008, Dickson et al.
2018). We first created two pairs of parallel nodes
(one-pixel wide) that extended across the
approximately eastwest and northsouth edges of
the tortoise range, respectively. Using Circuitscape
software (Bezanson et al. 2017), we calculated
current flow at each pixel by injecting 1-amp of
current into the node on one side and grounding
the node on the other (McRae et al. 2008). Once
completed for each pair of nodes, the two models
were summed to produce a wall-to-wall map of
potential current flow across the desert tortoise
range. Resulting values represent the cumulative
current flow (or current density) at each pixel
and can be interpreted as relative values of
potential connectivity.

To demonstrate one application of the connec-
tivity model to Mojave desert tortoise conserva-
tion and management, we estimated the current
flow centrality (Dickson et al. 2017) of 35 large
(>50,000 acres) Areas of Critical Environmental
Concern (ACEC). Within the range of the tor-
toise, a network of ACECs is managed by the
Bureau of Land Management to protect assets of
cultural, historical, or ecological importance,
including habitats for wildlife. Some of these
ACECs were established for the preservation of
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critical tortoise habitat (U.S. Fish and Wildlife
Service 2011). We estimated centrality by calcu-
lating the total current flow within each ACEC in
this network and dividing by its area. We consid-
ered ACECs with relatively high current flow
centrality (80th percentile of values) to be those
areas more likely to be important for maintaining
and facilitating range-wide connectivity across
this particular network of ACECs.

Lastly, with limited, high-resolution movement
data available to our analyses, we relied foremost
on our expert knowledge and personal observa-
tions of tortoise habitat use and movement to
evaluate the final connectivity model. We
inspected specific areas on the landscape that are
known to be important areas for tortoise move-
ment or avoidance, including but not limited to:
the Ivanpah Valley, California, and the Hidden,
Dry Lake, and Eldorado valleys and Mormon
Mesa in Nevada. To demonstrate a quantitative,
but localized evaluation of the final connectivity
model, we used an independent set of tortoise
relocations that did not fit the requirements to
estimate BBMMSs (i.e., independent from those
used to build the movement model). These data
came from tracking studies in and around the
Ivanpah Valley from 2015 to 2018 (K. Nussear
and T. Esque, unpublished data), where groups of
tortoises occurring on 10, 1-km* plot-centered
study areas were tracked monthly with VHF
telemetry, and hourly when equipped with GPS
data loggers. The dataset consisted of 102 indi-
vidual tortoises, and each individual had an
average of 18 relocations between 2015 and 2018.
We then rescaled the connectivity map to per-
centiles and determined the percentile value of
each cell containing a tortoise relocation
(McClure et al. 2016). Across all individuals, we
calculated the mean and standard deviation (SD)
of percentile values.

REsuLTs

The global model of movement habitat quality
(including the linear terms of all covariates, and
quadratic terms of all covariates except NDVI)
had an AIC value 42 units lower (i.e., better) than
a null (intercept-only) model, suggesting that it
approximated the data well compared to a null
model that included only a subject-level ran-
dom effect. Considering the global model,
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intermediate distances from minor roads, inter-
mediate values of annual average maximum
temperature, and increasing density of desert
washes were among the strongest predictors of
movement habitat quality (Table 1). There was
also strong evidence for increased habitat quality
for movement with increasing amounts of vege-
tation (i.e., values for NDVI).

Omnidirectional patterns of connectivity
across the range showed broad areas of high con-
nectivity associated with less rugged valleys and
flats stretching predominantly northwest—south-
east across the range (Fig. 2). Low connectivity
was associated with prominent mountain ranges
(e.g., the Panamint Range in Death Valley
National Park), high levels of human modifica-
tion (e.g., the Las Vegas metropolitan area), and
vast expanses of un-vegetated, dry lake beds
(e.g., the Cadiz Valley).

At finer scales, tortoise avoidance of very steep
slopes was evident in the rugged McCullough
mountain range to the east of the Ivanpah Valley,
and the Sheep and Las Vegas ranges to the west
of Hidden Valley (Fig. 3b, d). These valleys, as
well as Mormon Mesa and the Eldorado Valley,
accurately depicted distributed current flow in
known areas of dispersed movement, sur-
rounded by more constricted movement areas
(Fig. 3). These constricted areas of high current

Table 1. Model-averaged regression coefficients B),
unconditional standard errors (SE), and weights of
evidence (w,) for environmental covariates used in
the global model of habitat quality for Mojave desert
tortoise movement.

Environmental covariate § SE w,

Intercept 2.95 0.16

Max temp warmest month>f —0.46 0.12 1.00
Wash density 0.19 0.06 0.99
Distance to minor roads 0.33 0.19 0.98
NDVI 0.08 0.03 0.96
Wash density? —0.06 0.05 0.81
Distance to minor roads —-0.06 0.06 0.76
Max temp warmest month 0.23 0.26 0.67

Notes: NDVI, Normalized Difference Vegetation Index.
The global model contained linear terms (the fixed effects) for
habitat covariates, as well as a quadratic term for all covari-
ates except NDVI, for which we only hypothesized a positive,
linear relationship to tortoise movement within the analysis
extent.

130-yr normal of the average annual maximum tempera-
ture of the warmest month.
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Fig. 2. Map of cumulative current flow used to estimate connectivity for the Mojave desert tortoise across its

range. Circuit theory was used to model and map contemporary, omnidirectional connectivity at a 30-m resolu-

tion. Map is displayed using a histogram equalize stretch.

density are considered pinch points, where many
potential paths converge to pass through a nar-
row area because few alternative paths are avail-
able. Pinch points are the most vulnerable areas
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because they would disproportionately impact
connectivity if movement through them were
impeded (McRae et al. 2008). After reclassifying
the connectivity values to percentiles, the
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Fig. 3. Circuit theory was used to model and map contemporary, omnidirectional connectivity for the Mojave
desert tortoise, and maps of cumulative current flow (i.e., connectivity) are shown here in four areas within its
range: (a) the Eldorado Valley, Nevada, (b) Hidden and Dry Lake Valleys, Nevada, (c) Mormon Mesa, Nevada,
and (d) the Ivanpah Valley, California. Warmer colors indicate relatively high current flow, and cooler colors indi-
cate relatively low current flow. Highest current flows (yellow) are found at pinch points, where many potential
paths condense to pass through a narrow area because few alternative paths are available.
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quantitative evaluation of the connectivity model
revealed that tortoises on average were relocated
in cells with a mean value of 80.01 (SD = +12.94;
see Fig. 4).

Among the network of ACECs we examined,
our centrality analysis identified seven ACECs
that appear to be relatively important for main-
taining range-wide connectivity: the Beaver Dam
ACEC in the northeast, the Shadow Valley and
Amargosa North ACECs in the central portion of
the range, the Piute-Fenner and Piute-Eldorado
ACEC s in the east, and the Old Woman Springs
and Pipes Canyon ACECs in the south (Fig. 5).

DiscussioN

The Mojave desert tortoise Recovery Plan iden-
tifies land use and development, and specifically
renewable energy development, as the most
immediate threats to the species, due to the
impacts of habitat fragmentation, isolation of
TCAs, and restricted gene flow between these
areas (U.S. Fish and Wildlife Service 2011). A
number of genetic connectivity studies have shed
light on restricted gene flow due to the long-term
limiting factors on dispersal (i.e., over multiple
generations; Hagerty etal. 2011, Sanchez-
Ramirez et al. 2018). Although the model we pre-
sent here represents a first approximation of
potential habitat connectivity for the Mojave
desert tortoise, it does account for many of the
underlying, contemporary drivers of movement
and dispersal that are not reflected in existing
models or maps. Therefore, the model has imme-
diate implications for understanding and miti-
gating the effects of rapid and ongoing habitat
fragmentation in the region.

Thanks to the recent proliferation of datasets
that track individual tortoise relocations, that is,
through VHF or GPS transmitters, and at a high
spatial and temporal frequency, it has been possi-
ble to draw direct inferences about tortoise
movement at multiple sites throughout their
range (Drake et al. 2015). In addition to inform-
ing how tortoises respond to environmental vari-
ability, spatially explicit estimates of movement
probability are a direct representation of land-
scape conductance to movement and provide a
more robust way of analyzing potential connec-
tivity than estimates of habitat suitability (Zeller
et al. 2012). Basing a resistance surface on habitat
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potential alone relies on the assumption that tor-
toises make movement decisions based on the
same preferences they have for selecting core
habitat, which may not always be true. For
example, tortoises likely make decisions differ-
ently when moving within clustered burrow net-
works, vs. longer distance forays beyond these
core activity centers (Sadoti et al. 2017). There-
fore, we leveraged available relocation datasets
to model the movement of tortoises.

Our results of movement habitat quality are
generally consistent with what has been
observed in other tracking studies that relate tor-
toise movements to environmental covariates.
For example, in the Ivanpah Valley, tortoises
showed lower probability of movement near
minor roads (Sadoti et al. 2017). Similarly, we
found that tortoises had a higher probability of
movement at intermediate distances from minor
roads. The berms of these dirt roads may actually
provide suitable habitat for burrow site selection
(Lovich and Daniels 2000, Nafus et al. 2013).
Therefore, tortoises may choose not to stray too
far from these habitat features, but to some
extent also avoid motor vehicles during longer
distance movements.

Similar to our results, Sadoti et al. (2017)
reported higher probability of movement with
increasing NDVI and lower probability of tor-
toise movement during the highest monthly
maximum temperatures. Maximum tempera-
tures of the warmest months in the Mojave
Desert are projected to increase approximately 2—
3°C in the 21st century (Bachelet et al. 2016).
Although hotter temperatures during these
months will likely restrict desert tortoise move-
ments in the future, projected but variable
increases in summer precipitation could mitigate
the influence of hotter temperatures on such
movements, and associated uncertainty in vege-
tation productivity will also make it difficult to
predict how changes in NDVI will restrict or pro-
mote movement (Bachelet et al. 2016). Thus,
future research should aim to model Mojave
desert tortoise connectivity under a range of pro-
jected climate and vegetation scenarios.

Although tortoise site fidelity and selective for-
aging within desert washes has been shown in
previous studies (Nafus et al. 2017), our analysis
also showed that tortoises were more likely to
make longer distance movements in areas where
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Fig. 4. Tortoise relocation data (green dots) within the Ivanpah Valley, California, were used for a local evalua-
tion of our tortoise connectivity model. Warmer colors indicate relatively high current flow (i.e., connectivity),
and cooler colors indicate relatively low current flow. After reclassifying the connectivity values to percentiles,
tortoises on average were relocated in cells with a mean connectivity percentile value of 80.01 (£12.94).
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Fig. 5. Circuit theory was used to model and map contemporary, omnidirectional connectivity for the Mojave
desert tortoise across its range. Resulting maps of cumulative current flow (i.e., connectivity) were used to esti-
mate area-weighted centrality for 35 large (=50,000 acres) Areas of Critical Environmental Concern (ACEC).
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Area-weighted centrality was estimated by calculating the total current flow within each ACEC and dividing by
its area. Centrality is symbolized with five percentile classes, with warmer colors indicating relatively high cen-
trality and cooler colors indicating relatively low centrality. Areas of Critical Environmental Concerns with rela-
tively high centrality (80th percentile of values) were considered to be more likely to be important for
maintaining range-wide connectivity among this network of ACECs.

washes were present. The probability of move-
ment declined with the highest values of wash
density, which may underlie their preference for
smaller stream channels that are 1-2 m wide
(Jennings and Berry 2015). Importantly, our high-
resolution (1 m) desert wash model provides a
novel method and variable for future habitat
modeling in arid systems. Desert washes are
important landscape features that enhance plant
dispersal and provide key habitat for many wild-
life species in these systems (Heaton et al. 2006,
Gaddis et al. 2016, Kotschwar Logan 2016).

Although we lacked data with which to evalu-
ate our range-wide connectivity model in a com-
prehensive manner, we demonstrated a localized
evaluation using existing relocation data, within
and proximate to the Ivanpah Valley. This region
represents some of the highest predicted habitat
potential for the Mojave desert tortoise (Nussear
et al. 2009) and is also the site of one the largest
solar thermal power facilities in the world.
Therefore, it was an ideal location in which to
evaluate the movement and dispersal of tortoises
in response to contemporary development. We
used a metric that objectively determined how
well the model agreed with the data and found
that relocations, on average, were found within
the 80th percentile of connectivity values. In
addition to providing an interpretable measure
of model performance, this metric might also
inform conservation applications of the model.
For example, areas defined by the 80th percentile
of connectivity values may provide a target to
delineate future movement corridors and focus
habitat mitigation efforts. We encourage others
to do their own evaluation of the model within
local areas of interest and as more data become
available.

Another promising application of this model
will be integration into decision-support systems
that consider multi-criteria impacts to both core
habitat (i.e., increased habitat loss) and impacts
to  habitat connectivity (i.e., increased
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fragmentation). Considering the potential for
new development in the Mojave ecoregion, as
well as the potential for land acquisitions that
may benefit tortoise conservation, it is critical to
conserve both intact tortoise habitats and to
maintain connections between them (U.S. Fish
and Wildlife Service 2011). Inclusion of contem-
porary connectivity estimates into a structured
and cohesive approach to decision support will
allow for better-informed, prioritized decisions
across jurisdictions and across the tortoise’s
range (Averill-Murray et al. 2012). We demon-
strated one application of how designated
ACECs may be further prioritized and managed
based on their importance for maintaining and
facilitating regional connectivity. The top seven
ACECs that emerged from our analysis are each
important for the local protection of tortoises and
their habitat, but also appear to contribute dis-
proportionately to range-wide connectivity. As
new land protections, including ACECs, are con-
sidered within the range of the tortoise, our con-
nectivity model could be used to help optimize
their location and extent, potentially enhancing
the regional effectiveness of such areas.
Numerous empirical studies, across climates
and taxa, have found that habitat fragmentation
and habitat loss contribute independent effects
on species persistence (Hadley and Betts 2016).
Similarly, the conservation of habitat area, qual-
ity, and connectivity all contribute independently
to species persistence and should be considered
independently in planning and conservation
decision-making (Hodgson et al. 2011). This
holistic view of conservation is critical to mitigate
the undisputed contributions of habitat alteration
more broadly. Specifically, optimizing functional
landscape connectivity encourages dispersal
between core habitat and leads to increases in
occurrence, gene flow, and diversity (Gilbert-
Norton et al. 2010, Fletcher et al. 2016). In the
midst of ongoing, rapid habitat loss and species
extinctions globally, spatially explicit estimates of
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contemporary connectivity are a critical tool to
be considered alongside estimates of habitat
potential.
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