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Abstract: Translocation is used by managers to mitigate the negative impacts of development on species.
Moving individuals to a new location is challenging, and many translocation attempts have failed. Robust, post-
translocation monitoring is therefore important for evaluating effects of translocation on target species. We
evaluated the efficacy of a translocation designed to mitigate the effects of a utility-scale solar energy project
on the U.S. federally listed Mojave desert tortoise (Gopherus agassizii). The species is a long-lived reptile
threatened by a variety of factors, including habitat loss due to renewable energy development in the Mojave
Desert and portions of the Colorado Desert in southern California (southwestern United States). We translocated
58 individual tortoises away from the project’s construction site and intensively monitored them over 5 years
(2012–2017). We monitored these individuals and tortoises located in the translocation release area (resident
tortoises; n = 112) and control tortoises (n = 149) in a nearby location. We used our tortoise encounter data
and known-fate survival models to estimate annual and cumulative survival. Translocated tortoises in each of 2
size classes (120–160 mm, >160 mm) did not survive at lower rates than resident and control tortoises over the
study period. For models with different sets of biotic and abiotic covariates, annual and cumulative estimates
of survival were always >0.87 and >0.56, respectively. Larger tortoises tended to have higher survival, but
translocated tortoises were not differentially affected by the covariates used to model variation in survival. Based
on these findings, our translocation design and study protocols could inform other translocation projects for desert
species. Our case study highlights the benefits of combining rigorous scientific monitoring with well-designed,
mitigation-driven management actions to reduce the negative effects of development on species of conservation
concern.
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Monitoreo Multianual de la Supervivencia de un Reptil Longevo en Peligro después de una Reubicación por
Mitigación

Resumen: Los administradores utilizan la reubicación para mitigar los impactos negativos que el desarrollo tiene
sobre las especies. El traslado de individuos hacia una nueva ubicación es todo un reto y muchos intentos de
reubicación han fallado. Por esto el monitoreo robusto post-reubicación es importante para la evaluación de los
efectos de la reubicación sobre las especies. Evaluamos la eficiencia de una reubicación diseñada para mitigar los
efectos de un proyecto de enerǵıa solar fotovoltaica sobre la tortuga terrestre del desierto de Mojave (Gopherus
agassizii), una especie en la lista federal estadunidense de especies en peligro. Los reptiles de esta especie
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son longevos y se encuentran en peligro por una variedad de factores, incluyendo la pérdida del hábitat por el
desarrollo de enerǵıas renovables en el desierto de Mojave y en porciones del desierto del Colorado en el sur de
California (suroeste de los Estados Unidos). Reubicamos a 58 individuos de esta especie para alejarlos del sitio de
construcción del proyecto y los monitoreamos intensivamente durante cinco años (2012 – 2017). Monitoreamos
a estos individuos y a las tortugas que ya se encontraban en el sitio de liberación (tortugas residentes; n = 112), aśı
como a un grupo control de tortugas (n = 149) en una ubicación cercana. Usamos nuestros datos de encuentro
con tortugas y modelos de supervivencia con destino conocido para estimar la supervivencia anual y acumulativa.
Las tortugas reubicadas en cada una de las dos clases de tamaño (120–160 mm, >160 mm) no sobrevivieron a tasas
más bajas que las residentes y las del grupo control durante el periodo de estudio. Para los modelos con conjuntos
diferentes de co-variados bióticos y abióticos los estimados anuales y acumulativos de supervivencia fueron siempre
>0.87 y >0.56, respectivamente. Las tortugas más grandes tendieron a tener una mayor supervivencia, aunque
las tortugas reubicadas no se vieron afectadas diferencialmente por los co-variados que se usaron para modelar la
variación de la supervivencia. Con base en estos hallazgos, nuestro diseño de reubicación y nuestros protocolos
de estudio podŕıan informar a otros proyectos de reubicación para especies de desierto. Nuestro estudio de caso
resalta los beneficios de la combinación del monitoreo cient́ıfico riguroso con acciones de manejo bien diseñadas
y llevadas por la mitigación para reducir los efectos negativos del desarrollo sobre las especies de importancia
para la conservación.

Palabras Clave: clima, conservación, desarrollo de enerǵıa renovable, ecosistemas desérticos, hábitat
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Introduction

Habitat loss and degradation are primary causes of species
endangerment and extinction (Pimm et al. 2014), so
strategies that help mitigate the negative effects of hu-
man activities that alter natural areas are important for
long-term conservation of populations. In cases where
habitat loss is unavoidable (e.g., due to expanding human
needs for natural resources), translocation—the assisted
movement of individual organisms from one location to
another—can be a useful management tool for estab-
lishing new populations, augmenting existing popula-
tions, and maintaining connectivity across the landscape
(Seddon et al. 2007; Germano et al. 2015). When used
to move individuals away from areas slated for habitat
alterations, mitigation-driven translocation of herpeto-
fauna can reduce or otherwise minimize the negative
impacts of anthropogenic activities on those individu-
als (Sullivan et al. 2015). Despite their increasing use as
conservation tools, mitigation-driven translocations often

are inadequately executed; for example, monitoring and
documentation are insufficient and implemented without
broader conservation goals in mind (Griffith et al. 1989;
Germano et al. 2015). The variable outcomes of previ-
ous translocation attempts underscore the importance of
testing designs and thoroughly documenting conditions
that lead to successful translocations (Seddon et al. 2007;
Batson et al. 2015).

We examined the efficacy of a mitigation-driven
translocation involving the Mojave desert tortoise (Go-
pherus agassizii). This species is listed as threatened
under the U.S. Endangered Species Act due to several
threats, including loss and degradation of habitat from
human activities, increased predation by animals sub-
sidized by the presence of human infrastructure (e.g.,
waste receptacles), and disease (USFWS 2011a). In recent
years, translocation of tortoises has been implemented
in several locations in the Mojave Desert to mitigate
for military training and renewable energy development
(Drake et al. 2012; Farnsworth et al. 2015). Desert tortoise
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translocations have had mixed results, and published
studies of translocation events only include up to 3 years
of monitoring (e.g., Field et al. 2007; Esque et al. 2010;
Drake et al. 2012; Nussear et al. 2012). Mojave desert
tortoises live to �50 years in the wild (Medica et al.
2012), and long-term studies of Gopherus spp. in the
southwestern United States have detected substantial an-
nual variation in survival (Zylstra et al. 2013; Lovich et al.
2014), mostly driven by drought severity. Thus, long-term
monitoring is essential for understanding the efficacy of
translocation, particularly for long-lived species such as
desert tortoises (Tuberville et al. 2008; Germano et al.
2015).

Previous studies documented short-term effects on
space-use patterns and thermal conditions of tortoises
translocated as part of our study in the Ivanpah Val-
ley, southern California (U.S.A.) (Farnsworth et al. 2015;
Brand et al. 2016). Similar to other studies (Nussear
et al. 2012; Hinderle et al. 2015), translocated tortoises
in the Ivanpah Valley had larger home ranges and were
subjected to higher ambient temperatures in the initial
2 months of the first active (i.e., nonhibernation) season
after translocation than did resident and control tortoises.
However, space-use patterns and thermal conditions of
translocated tortoises were indistinguishable from con-
trol and resident tortoises thereafter (Farnsworth et al.
2015; Brand et al. 2016). Based on these findings, we hy-
pothesized that long-term space-use patterns and thermal
conditions could still influence survival of translocated
tortoises.

We used a monitoring and modeling approach de-
signed to estimate posttranslocation survival and iden-
tify potential drivers of variation in tortoise survival over
5 years (2012–2017). Five broad sets of biological and
physical factors were hypothesized to influence survival
(USFWS 2011b): weather (e.g., precipitation, tempera-
ture), disease, vegetation, physical features (e.g., soil,
topography), and anthropogenic factors (e.g., barriers to
movement). Our principal objectives were to evaluate,
first, whether translocated tortoises had lower survival
than control and resident study groups and, second,
whether sets of biotic and abiotic covariates hypothe-
sized to influence tortoise survival had a differential effect
on tortoises in the 3 study groups.

Methods

Study Area

We conducted our study in an area adjacent to the Ivan-
pah Solar Electric Generating System (ISEGS), a �400-
megawatt solar energy facility in the Ivanpah Valley of
California, approximately 75 km southwest of Las Vegas,
Nevada (U.S.A.) (Fig. 1). This area contains high-quality
tortoise habitat and important for maintaining linkages
between Mojave desert tortoise conservation areas in Cal-

ifornia and Nevada (USFWS 2011a, 2011b). The principal
vegetation community is Mojave Desert scrub, a commu-
nity dominated by creosote bush (Larrea tridentata) and
white bursage (Ambrosia dumosa), though areas with
alkali sink scrub vegetation (family Chenopodiaceae) also
are present. Annual rainfall is low (�20 cm), and most
precipitation occurs in winter (December through Febru-
ary) and in the summer monsoon season (peak in July and
August) (Global Historical Climatology Network station
USC00267369, Searchlight, Nevada). Six on-site weather
stations recorded annual rainfall of 17 cm in 2013, 18 cm
in 2014, 9 cm in 2015, and 10 cm in 2016. Construction
of the ISEGS facility was initiated in 2010 and completed
in May 2014; infrastructure consisted of a solar thermal
power plant and fences that surround the project.

Tortoise Translocation and Monitoring

Starting in October 2010, tortoises were collected in the
area affected by ISEGS. Captured animals were placed
in quarantine to test for signs of disease and bacterial
infection (Mycoplasma spp.) (Fig. 1). Tortoises captured
within the project boundary were held in quarantine un-
til April 2012, at which point tortoises with a midline
carapace length (MCL) of at least 120 mm were released
into the area just outside (<500 m) the ISEGS project
boundary (n = 73). Tortoises slated for translocation
were soaked in water for 1 hour the day prior to release
and were given access to drinking water immediately
prior to release. All tortoise handling and translocation
followed U.S. Fish and Wildlife Service protocols and
handling guidelines (USFWS 2011b) and are detailed in
Farnsworth et al. (2015).

In 2011 surveys were conducted in the area surround-
ing the ISEGS project boundary to locate, measure, and
track tortoises, with the goal of monitoring individuals
that had not been subject to translocation. A portion
(n = 112) of those individuals were located in the vicin-
ity of the ISEGS boundary in the area where translocated
tortoises were moved. These tortoises were referred to as
the resident group. An additional study group (n = 149)
occupied 2 areas on the east side of Interstate Highway
15, opposite the ISEGS site, and were separated by a dry
lake bed and a railroad line (Fig. 1). Tortoises in these 2
areas, which together encompassed the range of habitat
conditions found in each of the other areas, were pooled
for the survival analyses and are referred to as the control
group.

Tortoises in all 3 study groups were equipped with
radio transmitters (Holohil Systems, Ontario, Canada)
with the method described in Boarman et al. (1998). A
subset of radio-tagged tortoises (n = 236; 87 control,
75 resident, and 58 translocated) was also fitted with
temperature data loggers (Thermochron DS1922L, iBut-
tonLink, Whitewater, WI, U.S.A.) on their carapaces to
record ambient temperatures (Brand et al. 2016) and
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Figure 1. Ivanpah Valley, California, study area, including area affected by Ivanpah Solar Electric Generating
System (ISEGS) facility, tortoise translocation release area, quarantine area, and control areas.

derive survival model covariates (Table 1). From April
2012 to May 2017, tortoises were located on an ap-
proximately weekly basis during the active period (i.e.,
typically mid-February through mid-October) to confirm
survival and to quantify space-use patterns and movement
behavior (Farnsworth et al. 2015; Sadoti et al. 2017).

Tortoises were also located and recaptured on a bian-
nual basis (May and September) to conduct health as-
sessments, which included the collection of data on sex
(when possible, based on physical characteristics), size
(MCL, measured to 1.0 mm with metal calipers), and body
condition scores (Lamberski 2013). As stipulated by US-
FWS guidelines (USFWS 2011c), health assessments also
facilitated enzyme-linked immunosorbent assay (ELISA)
testing for presence of Mycoplasma spp. infections, as
well as analyses of heavy metal concentrations in tortoise
blood (USFWS 2011b). However, disease prevalence was
extremely low (32 of 4,158 samples; <1%) and metal
concentrations (e.g., mercury) rarely exceeded detection
thresholds, or were extremely low when they did (e.g.,
lead) (Dickson et al. 2017). Thus, neither disease nor
toxicology data were included in our survival analyses.

Upon finding a dead tortoise, we recorded the
suspected circumstances of its death (Supporting
Information). This included notes of trauma on the
tortoise (e.g., tooth or chew marks, missing limbs, etc.),

other evidence of predators or scavengers (e.g., scat,
hair, tracks), and other indicators that may have provided
insight into the suspected cause of death. Because of
substantial uncertainty associated with the specific cause
and timing of death, as well as small sample sizes, these
records were not included in our survival analyses.

Environmental Variables

To quantify environmental variables hypothesized to in-
fluence tortoise survival, we derived multiple data layers
(Table 1), including shrub density, wash density, and the
normalized difference vegetation index (a proxy for veg-
etation cover or forage availability [Pettorelli et al. 2011])
developed from remotely sensed data (high-resolution
aerial photography and satellite imagery). Daily gridded
4-km weather data (gridMET) (Abatzoglou 2011) were
used to derive temperature and precipitation variables.
We cross-checked these data with ground data on veg-
etation attributes (namely, shrub species, cover, and
height), temperature, and precipitation collected at our
study area and found that our field data were strongly
correlated with the corresponding remote-sensing and
gridded weather data (Dickson et al. 2017; Support-
ing Information). We also obtained or derived data
layers describing elevation, slope, aspect, topographic
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Table 1. Covariates used in 4 analyses of tortoise survival in the Ivanpah Valley, California. individual (analysis 1), body condition (analysis 2),
ambient temperature (analysis 3), and environmental covariates (analysis 4).

Analysis Covariates Description

Individual group translocated, resident, and control
size midline carapace length (MCL) during spring health assessment

preceding survival interval
sex adult male, adult female, and immature (i.e., unknown sex)

Body conditiona body condition score numeric score (1–7) indicating the relative degree of emaciation
(lowest body condition = 1)

Ambient temperaturea maximum temperature
(maximum)

average daily maximum temperature a tortoise experienced
during an active season, based on iButton data loggers

duration � 35 °C
(duration)

average daily duration a tortoise experienced temperatures
� 35 °C during an active season, based on iButton data loggers

Environmental
covariatesa

area area (ha) of the active season home range (i.e., under the
utilization distribution)

burrow density
(burrow)

estimate of burrow density within each individual’s home range
based on a map derived from tortoise encounters within
burrows

shrub density (shrub) estimate of shrub cover within each individual’s home range
based on 1-m aerial photography and estimates of normalized
difference vegetation index (NDVI)

wash density (wash) estimate of wash density within each individual’s home range
based on 1-m aerial photography and estimates of NDVI

topographic roughness standard deviation of elevation within a home range
soil bulk density (soil) weight of soil in a given volume
mean NDVI

(NDVI.Mean)
Landsat-derived proxy for forage availability and vegetation cover

across a home range
coefficient of variation

of NDVI (NDVI.CV)
Landsat-derived proxy for of the variability in forage availability

and vegetation cover across a home range
road density (road) estimate of the density of roads within a home range
fence density (fence) estimate of the density of fences within a home range
precipitation total precipitation at a home range over each active season,

derived using gridded weather data
maximum temperature

(Tmax)
mean daily maximum temperature within a home range over

each active season, derived using gridded weather data
aEffects of MCL and group included in all analyses, as defined under individual analysis.

roughness, soil properties, road and fence density, and
burrow density. Data and methods used to derive our
environmental variables also followed Farnsworth et al.
(2015) and Sadoti et al. (2017).

All environmental variables were summarized within
the areas of individual tortoise home ranges and used as
covariates in the models described below. For each indi-
vidual tortoise in each group and in each active season,
home range area was derived using a 95% fixed-kernel
density estimation approach and a resultant utilization
distribution (UD) (Farnsworth et al. 2015). A UD was cal-
culated for all individuals with �25 encounters during an
active season, which was meant to balance the selection
of an appropriate minimum number of encounters with
removal of individuals from the data set.

Survival Analyses

We used the tortoise tracking data and a known-fate
model (White & Garrott 1990) implemented in program
R (R Core Team 2017) using the package RMark (Laake
2013) to estimate annual and cumulative (duration of

the study) survival probabilities and to evaluate the in-
fluence of individual and environmental covariates from
May 2012 to May 2017 for control, resident, and translo-
cated tortoises. A known-fate model is often used to es-
timate survival probability when marked individuals can
be located with certainty. This was the case in our study
because animals were radio tagged and monitored consis-
tently. We used encounter data collected during annual
spring health assessments as the focal sampling period;
thus, estimates of survival probability are for the interval
from May in a given year to May the following year. Tor-
toises from the easternmost control area were not mon-
itored after May 2016, so tortoises from this group were
removed for the final interval (May 2016 to May 2017).

Based on the covariates described above, we devel-
oped a set of candidate models that represented compet-
ing hypotheses regarding causes of variation in survival
probability. We used an information-theoretic approach
(Burnham & Anderson 2002) to evaluate relative levels of
support for competing models. We calculated Akaike’s in-
formation criterion adjusted for small sample size (AICc)
and, prior to modeling, centered and standardized values
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Table 2. Sample sizes for the large (midline carapace length [MCL] > 160 mm) and small (MCL 120–160 mm) tortoise size classes and for each of
4 analyses of tortoise survival in the Ivanpah Valley, California.

Analysis Size class Control Resident Translocated Total Encountersa

Individual covariates large 125 95 67 287 1263
small 24 8 8 40 68

Body condition covariates large 125 95 67 287 1247
small 24 8 8 40 68

Ambient temperature covariates large 84 73 53 210 925
small 11 4 7 22 31

Environmental covariates large 123 93 65 281 1232
small 23 8 8 39 67

aNumber of encounters reflects the total number of times individuals were encountered with certainty from May 2012 to May 2017. A tortoise
was removed from an analysis when it was not encountered or covariate data were not available for a particular interval.

for all continuous covariates. We tested for correlations
between covariates using a Pearson’s correlation matrix,
but no 2 covariates had a Pearson’s correlation coefficient
> |0.70|, so all combinations of covariates could be
included in the same models. We ranked candidate sur-
vival models according to differences in their AICc values
and considered models within 8.0 AICc of the lowest
relative value to be those that best approximated the data
(Anderson 2008), and we used a model with no covariates
(i.e., a null model) to help evaluate how well candidate
models with covariates approximated (and fit) the data
(Anderson 2008). For each set of candidate models, we
evaluated the relative strength of evidence in favor of a
given covariate using the sum of AICc weights (w+[ j];
Burnham & Anderson 2002). We used model averaging
of all possible subsets of covariates to produce estimates
of annual and cumulative survival probability, drawing
inference from more than 1 model when multiple models
were supported by the data (Burnham & Anderson 2002).

Data for development of covariates were not available
for all tortoises in all years. For example, only a subset of
radio-tagged tortoises were fitted with temperature data
loggers. Similarly, MCL or body condition scores were
missing at the start of an interval for <1% of tortoises.
In those cases, we removed tortoises for the interval for
which MCL or body condition data were missing. To
leverage all existing data, we developed different data sets
to evaluate the effects of covariates on survival (see below
and Tables 1 & 2 for details), and ran 4 separate analyses
based on individual (analysis 1), body condition (analysis
2), ambient temperature (analysis 3), and environmental
covariates (analysis 4).

The first analysis (individual covariates, analysis 1) had
the largest number of encounters and the least amount
of censoring caused by missing covariate data (Table 2).
Thus, this analysis was the most robust evaluation of the
effects of translocation on the survival probability of tor-
toises. For analyses 2–4, we evaluated effects of other
covariates and interactions between covariates and study
group, while controlling for MCL. To determine whether
survival probability differed between males, females, and
individuals of unknown sex (i.e., immature tortoises), we

conducted a preliminary analysis of the analysis 1 data
set. Because we found no differences, we did not include
effects of sex or life stage in subsequent analyses.

We performed separate survival analyses for large (MCL
> 160 mm) and small (MCL = 120–160 mm) tortoises
based on size classes defined in and required by the
Revised Biological Opinion (USFWS 2011b). Tortoises
were assigned to 1 of these size classes based on their
MCL measurement at the beginning of a given survival
interval. Due to small sample sizes in the small-tortoise
data set (Table 2), we did not include sex and year as
covariates in any analyses and we omitted interactions
between group and covariates in analyses 3 and 4.

Results

Individual Covariates

For the large tortoises (>160 mm), there were no statis-
tical differences among groups for the annual or cumula-
tive survival estimates (Fig. 2). Model-averaged estimates
of annual survival probability were >0.96 and cumulative
survival was �0.80 or greater for all groups (Fig. 2 &
Supporting Information). The MCL was a strong (w+[j]
= 1.0) predictor of survival probability for individual tor-
toises in the large size class and was included in each
of the 5 highest ranked models (Table 3). For reference,
estimates of annual survival probability from the highest
ranked model for the large tortoise size class ranged from
0.89 (95% CI, 0.77–0.95) for a tortoise with an MCL of
161 mm (the smallest tortoise in the large-size-class data
set) to 1.00 (95% CI, 0.98–1.00) for a tortoise with an
MCL of 319 mm (largest tortoise in our large-size-class
data set). The model that included only the effect of MCL
had considerably more support than the model with no
covariates (�AICc = 11.3). The model that included only
a group effect, in contrast, had less support than the
model with no covariates (�AICc = 0.4). For both size
classes, we did not detect a group-level effect (i.e., a
statistical difference among groups) in any of the survival
analyses that follow.
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Figure 2. Average annual (filled circles) and cumulative (2012–2017) (open circles) survival estimates for Mojave
desert tortoises with a midline carapace length >160 mm (large-tortoise data set) in 3 study groups (control,
resident, translocated) and for 4 analyses with different sets of covariates (Table 1) (dashed lines, 95% CI).

Table 3. Candidate model-selection results for the evaluation of ef-
fects of group, midline carapace length (MCL), and year for the large
(MCL > 160 mm) and small (MCL 120–160 mm) tortoise size classes
monitored in the Ivanpah Valley, California.

Model ka −2LLb AICc
c �AICc

d wi
e

Large tortoises
group + MCL 4 357.8 365.8 0.0 0.43
MCL 2 361.9 365.9 0.1 0.41
year + MCL 6 357.1 369.2 3.4 0.08
group ∗ MCL 6 357.5 369.6 3.7 0.07
year ∗ MCL 10 354.0 374.1 8.3 0.01
no covariates 1 375.2 377.2 11.4 0.00
group 3 371.6 377.6 11.8 0.00
group + year 7 367.4 381.5 15.7 0.00
group ∗ year 15 360.3 390.7 24.9 0.00

Small tortoises f

no covariates 1 45.1 47.1 0.0 0.49
MCL 2 43.5 47.7 0.6 0.37
group 3 44.2 50.6 3.5 0.09
group + MCL 4 43.0 51.6 4.5 0.05
group ∗ MCL 6 42.5 55.9 8.8 0.00

aNumber of parameters in model.
bAt its maximum, −2 times the log of the likelihood function.
cAkaike’s information criterion value adjusted for small sample size.
dDifference between AICc of a given model and AICc of highest ranked
model.
eAkaike’s information criterion weight.
fModels did not include effects of sex and year due to insufficient
data.

For the small tortoises (120–160 mm), model-averaged
estimates of annual survival probability were nearly iden-
tical for control, resident, and translocated tortoises
(�0.90), and cumulative survival was >0.56 for all groups
(Fig. 3 & Supporting Information). We did not detect
variation in survival by study group or MCL (year was
not included due to lower sample sizes [Table 3]). The
highest ranked model had no covariates.

Body Condition Covariates

For the large tortoises, estimates of model-averaged an-
nual survival probability with body condition as a covari-
ate were >0.95 for all groups, and model-averaged cumu-
lative survival probability estimates were >0.80 (Fig. 2 &
Supporting Information). Similarly, for tortoises in the
smaller size class, model-averaged annual survival prob-
ability estimates ranged from 0.92 to 0.93, and cumula-
tive survival probability ranged from 0.68 to 0.71 for all
groups (Fig. 3 & Supporting Information).

For both size classes, the body condition of tortoises
during spring health assessments was not a strong predic-
tor of survival probability over the following year (Sup-
porting Information). As with analysis 1, we did detect
strong evidence (w+[j] = 0.83) for the positive effect of
MCL on survival in the large-tortoise data set. The model
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Figure 3. Average annual (filled circles) and cumulative (2012–2017) (open circles) survival estimates for Mojave
desert tortoises with a midline carapace length of 120–160 mm (small-tortoise data set) in 3 study groups (control,
resident, translocated) and for 4 analyses with different sets of covariates (Table 1) (dashed lines, 95% CI).

that included only a group effect had slightly more sup-
port than the model with no covariates (�AICc = 1.6).

Ambient Temperature Covariates

Based on the ambient temperature covariates, estimates
of model-averaged annual survival probability for the
large tortoises ranged from 0.96 to 0.98, and model-
averaged cumulative survival estimates were �0.80 for all
groups (Fig. 2 & Supporting Information). For the small-
tortoise data set, we did not include a group covariate
due to small sample size, and the model-averaged annual
survival probability was 0.87 and cumulative survival
probability was 0.66 (Fig. 3 & Supporting Information).

There was no support for interactions between tem-
perature variables and study group for the large tortoise
size class, indicating that translocated tortoises were
not differentially affected by variation in ambient ther-
mal conditions (Supporting Information). Furthermore,
although models with covariates describing ambient tem-
peratures (or group or size) were among the highest
ranked, none of these models were substantially better
than the model with no covariates (�AICC always <7.0).

Environmental Covariates

For the large tortoises, estimates of model-averaged an-
nual survival probability using the environmental covari-

ates were 0.98 for all groups. Model-averaged cumula-
tive survival estimates were �0.90 for all groups (Fig.
2 & Supporting Information). For the small tortoises,
model-averaged annual survival probability was 0.91 for
all groups, and cumulative survival ranged from 0.68 to
0.69 (Fig. 3 & Supporting Information).

For large tortoises, we found little support for the
effects of environmental covariates on survival, though
some evidence for a positive effect of MCL (w+[j] = 0.99),
including a top model with the additive, negative effect
of area of home range (Supporting Information). For tor-
toises in the smaller size class, we found little support for
the effects of environmental covariates on survival (Sup-
porting Information). There was some evidence (w+[j]
= 0.85) for a negative relationship between topographic
roughness within the home range and survival, although
the models with this covariate were within 8.0 �AICc

units of the model with no covariates.

Discussion

Translocation has become a common mitigation tech-
nique to reduce negative effects of human activities
on protected species. However, the technique has had
mixed results and relatively few studies conduct multi-
year monitoring following translocation to detect impacts
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on survival (Germano et al. 2015). Numerous transloca-
tions have been conducted on Gopherus spp. tortoises
(e.g., Mojave desert tortoises, Sonoran desert tortoises [G.
morafkai], gopher tortoises [G. polyphemus]) follow-
ing exurban or military development; follow-up studies
found no effect on short-term indicators of stress (Drake
et al. 2012), reproductive output (Nussear et al. 2012), or
survival (Field et al. 2007; Nussear et al. 2012), but possi-
ble effects on paternal genetic integration (Mulder et al.
2017). For both long-distance (Field et al. 2007; Nussear
et al. 2012) and short-distance (Tuberville et al. 2005; Hin-
derle et al. 2015) translocations, the most consistently-
observed effect has been an increase in movement im-
mediately following translocation. Our previous work
(Farnsworth et al. 2015; Brand et al. 2016) was consis-
tent with these findings: translocated tortoises in the
Ivanpah Valley exhibited increased movement and expe-
rienced higher ambient temperatures than did resident
and control tortoises in the months immediately post-
translocation. We found that those short-term behavioral
and environmental impacts on translocated tortoises did
not result in increased mortality in the 5 years over which
individuals were monitored.

Our survival estimates for immature and adult tortoises
in the Ivanpah Valley are among the highest annual sur-
vival probabilities for Gopherus spp. (including G. agas-
sizii) of any published study in the last 3 decades (Doak
et al. 1994; Tuberville et al. 2008; Nussear et al. 2012; Zyl-
stra et al. 2013; Nafus et al. 2017). Our results suggested
that in a given year, the probability of survival ranged
from 89% to 99% for large tortoises (>160 mm MCL) in
the vicinity of the ISEGS site, regardless of whether they
had been translocated; larger (i.e., adult) tortoises were
at the higher end of the range. These high survival rates
are important for population persistence and potential re-
covery because desert tortoises have long lifespans (�50
years; sexual maturity at �20 years [Medica et al. 2012])
and survival of older age classes disproportionately af-
fects population dynamics in turtles generally (Heppell
1998) and desert tortoises in particular (Doak et al. 1994;
Reed et al. 2009). Our study did not include years with
extreme drought—which could increase mortality (Field
et al. 2007; Esque et al. 2010; Zylstra et al. 2013; Lovich
et al. 2014)—so our estimates of annual survival from
2012 to 2017 may be higher than the longer-term aver-
age for this population. Recent (2004-2014) declines in
tortoise abundance reported for critical habitats in the
eastern Mojave could reflect drought-related impacts, in
particular, that are not captured by the study area or
data we analyzed (USFWS 2015). Continued monitoring
of such long-lived individuals would provide greater in-
sights about drivers of long-term survival (Tuberville et al.
2008).

Although we found no differences in survival rates
among study groups, we did identify covariates that had
apparent effects on survival. Across candidate models

for the larger tortoises, our results indicated that sur-
vival estimates increased with body size. This result is
consistent with the well-established tenet of turtle de-
mography that larger individuals have higher survival
rates, mainly because predation risk is lower (Doak et al.
1994; Heppell 1998; Tuberville et al. 2008; Reed et al.
2009). Our study was not designed to monitor predator
populations (namely, coyotes [Canis latrans] and ravens
[Corvus corax]) or the influence of subsidized predation
on the survival of the individual tortoises (large and small)
we studied. Because proximity to anthropogenic features
and food items may increase risk of predation on desert
tortoises, including translocated individuals (Esque et al.
2010; Cypher et al. 2018), and because our study area was
proximate to ISEGS, the I-15 corridor, and a large golf
course, the impact of subsidized predators on tortoise
survival warrants further investigation.

We found some evidence for survival rates in all study
groups decreasing as time spent in ambient temperatures
�35 °C, home range sizes, and topographical rough-
ness increased, although the latter only applied to tor-
toises in the smaller size class. Although the ecological
mechanisms driving these results are unclear, our results
may reflect the importance of habitat quality. For ex-
ample, some individuals may be forced to spend more
time searching for resources (e.g., food, water, shelter)
in exposed areas with reduced access to shelter sites,
thereby increasing energy expenditure, thermal stress,
or both (Sieg et al. 2015; Brand et al. 2016) and nega-
tively influencing survival. However, this effect did not
differentially affect translocated tortoises—despite their
increased movements and time spent in high ambient
temperatures during the months following translocation
(Farnsworth et al. 2015; Brand et al. 2016)—nor did it sig-
nificantly depress survival within or across years. Regard-
less of the underlying mechanism, these results suggest
that translocation methods that minimize stress and place
tortoises in high-quality habitat (e.g., areas with abundant
shelter sites and preferred forage) can be expected to
result in positive outcomes, at least in the short-term.
These approaches should be required for translocation
projects (Nussear et al. 2012).

Our study was not designed to establish a new pop-
ulation or augment an existing population (e.g., Griffith
et al. 1989; Germano et al. 2015), but to avoid mortality
of individuals located in an area of high-quality habitat
and slated for alterations. Although our design could
cause reduced survival of individuals that were already
living in the release area (through density-dependent pro-
cesses), translocation did not appear to negatively affect
resident individuals because those tortoises had similar
levels of survival as control tortoises. If density depen-
dence had been stronger in the release area, we might
have expected lower survival rates for the translocated
and resident tortoises in that area compared to controls
(Germano et al. 2015).
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Our results suggest a number of factors related to our
translocation procedure contributed to the high survivor-
ship we observed in translocated tortoises. First, releasing
tortoises within 500 m of their original home range may
have helped to ensure some familiarity with their sur-
roundings and minimize the degree to which translocated
individuals exhibited homing behavior (as in Hinderle
et al. 2015). Second, translocating individuals in early
spring (i.e., March–April) may have been important for
giving tortoises time to dig burrows and familiarize them-
selves with their surroundings prior to being exposed to
hot summer temperatures (Field et al. 2007; Farnsworth
et al. 2015). Finally, taking steps to maximize hydration
(e.g., by soaking or offering drinking water) of individual
tortoises just prior to their release may have lessened
the potential for dehydration in the days immediately
following translocation (sensu Field et al. 2007).

Like many arid regions of the world, human activities
are increasing in the Mojave Desert, including renewable
energy development, but relatively little is known about
how such developments will affect local populations or
species of conservation concern. Our study serves as an
important case study of how mitigation-driven translo-
cations can be combined with intensive monitoring to
understand the potential effects of development on sen-
sitive species (Tuberville et al. 2008; Germano et al.
2015). We recommend that post-translocation monitor-
ing focus not only on fine-scale behaviors and survival
immediately following translocation, but also on other
important life-history parameters, such as growth, age-
or stage-specific recruitment, and reproductive success
(Germano et al. 2015; Mulder et al. 2017), and predation
risk (Teixeira et al. 2007; Esque et al. 2010) to assess the
long-term ecological success of wildlife translocation and
recovery efforts.
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