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ABSTRACT: The Mojave desert tortoise Gopherus agassizii experienced population declines during 
recent decades, which have persisted despite its designation as a federally protected species. A small 
number of populations were monitored with mark–recapture methods starting in the 1970s, but 
inconsistent sampling resulted in challenges estimating the range of factors influencing survival. 
Large amounts of tortoise telemetry data were collected in recent decades, providing an alternative 
source for survival estimation. Here, we describe an integrated, spatially explicit, analysis that com-
bined mark–recapture (3923 tortoises, 35 sites, 1977–2022) and telemetry (2858 tortoises, 22 sites, 
1988–2022) datasets to estimate variation in survival across tortoise populations. We produced 
robust estimates of annual survival conditioned on climate-related covariates and compared results 
to non-integrated known-fate and mark–recapture models. Integration allowed for estimation of 
effects on survival not recovered by non-integrated models, including higher survival of males 
than females, lower survival of juveniles and subadults than adults, and a positive effect of total pre-
cipitation from 2 prior winters and active seasons. The integrated analysis estimated permanent 
emigration rate as the difference between both true survival (via telemetry data) and apparent sur-
vival (via capture–recapture data). Annual emigration probability was ~5% in 1 km2 plots and 
decreased with increasing plot size. Our results demonstrate the strength of leveraging multiple 
data sources in describing historical demographic rates and identifying relationships with covari-
ates that have delayed effects on survival. Our modeling framework could be used to examine the 
effects of additional factors on tortoise survival and resulting population dynamics.  
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1.  INTRODUCTION 

Survival is an important demographic rate for ani-
mal populations, particularly for long-lived species 
with low reproductive rates (Congdon et al. 1993, 
Heppell 1998, Spencer et al. 2017). Challenges in sur-
vival estimation limit our ability to understand impor-
tant factors that influence historical or contemporary 
population dynamics of threatened and endangered 
species and what management actions may be most 
useful for ameliorating stressors to decrease extinc-
tion risk (Beissinger & Westphal 1998, Sibly & Hone 
2002). Estimating survival can be difficult for at-risk 
species, which often persist at low densities, can be 
difficult to detect, and therefore may be challenging 
to monitor over large geographic ranges (Thompson 
2004, Jeliazkov et al. 2022). Monitoring studies that 
typically focus on localized populations of a species 
for short periods of time can be important for under-
standing the demographic rates and local population 
dynamics but may not be appropriate for extra polating 
processes across large spatial scales (e.g. range wide) 
that could inform population trends and shape man-
agement strategies. Additionally, different methods 
and data collection protocols may preclude efficient 
estimation of effects on survival across the range 
of  the species. Fortunately, advances in statistical 
methods can facilitate use of datasets that were col-
lected in a variety of ways to be integrated to gether 
into single, concise analyses that better estimate the 
historical effects of different stressors on wildlife pop-
ulations (Schaub & Abadi 2011, Schaub & Kéry 2022). 

Survival estimation has long been of key interest 
among wildlife managers, and many different field and 
statistical protocols have been developed to estimate 
survival rates in animal populations (Lebreton et al. 
1992, Murray & Patterson 2006). One traditional method 
has been to mark animals over multiple sampling ses-
sions and then model survival as a function of recap-
ture (survival and detection) probabilities (Jolly 1965, 
Seber 1965, Pollock 1982). Further development of 
these methods (hereafter, mark–recapture models) al-
lowed for consideration of the spatial patterns in 
animal movements among sampling occasions (Royle 
et al. 2014). With the adoption of radio tele metry 
methods to track animal movements through space, 
models were developed to estimate survival when the 
survival fate of study animals was fully known (i.e. 
known-fate models; White & Garrott 1990) and not con-
founded by imperfect detection (Mazerolle et al. 2007), 
as is the case for many mark–recapture models. More 
recently, the development of integrated demographic 
models has allowed for the joint modeling of demo-

graphic rates across different sampling methods, pro-
viding insight into historical demographic trends (Bes-
beas et al. 2002, Schaub & Abadi 2011, Schmidt et al. 
2015). Although these methods are often used to esti-
mate multiple demographic rates, they can also be used 
to integrate different data sources to improve estimates 
of a single rate (e.g. survival; Badia-Boher et al. 2023). 
These developments provide a potential analytical 
framework to re-examine and integrate analyses of 
different existing datasets with the goal of better esti-
mating survival and understanding factors influencing 
the demography of animal populations. 

Individual-level attributes (e.g. reproductive status, 
body condition, age) are important aspects of a species’ 
life history and couple with time-varying environ-
mental attributes (e.g. precipitation, temperature) to 
act as key predictors of survival (Delgiudice et al. 
2006, Rose et al. 2018, Moiron et al. 2020). Environ-
mental conditions often have a crucial effect on ani-
mal survival; these can be natural cycles such as 
weather conditions and natural disturbances or the 
result of human impacts on habitat quality (Coulson 
et al. 2001, Guimarães et al. 2020). Species are ex -
pected to be adapted to the climate they evolved in, 
but climatic changes often result in new population 
stressors that may be changing faster than natural 
populations can adapt to via natural selection of plas-
ticity (Bestion et al. 2015, Iler et al. 2021), can be addi-
tive or interactive with other stressors to cause pop-
ulation declines (DeMars et al. 2021, Church et al. 
2022), and thus are necessary to be accounted for 
when determining the effects of other stressors (Gail-
lard et al. 2013, Abrahms et al. 2023). Historical data-
sets were typically obtained through studies of short 
duration, were not typically collected with the inten-
tion of answering questions related to climatic impacts, 
and were not always available for further analyses 
(Salguero-Gómez et al. 2016) — though newly devel-
oped analyses may be able to leverage such datasets. 

The Mojave desert tortoise Gopherus agassizii 
(hereafter, tortoise) is an herbivorous reptile native to 
the Mojave and Colorado deserts of the southwestern 
USA. Most tortoise populations experienced precipi-
tous population declines in the decades preceding 
and following federal listing as ’threatened’ in 1990 
(US Fish and Wildlife Service 1990, though see Bury 
& Corn 1995). Suspected causes of these de clines 
have included disease, subsidized predators, habitat 
degradation/fragmentation, and drought (US Fish 
and Wildlife Service 1994, 2011, Berry & Murphy 
2019). Range-wide population monitoring with line 
transect distance sampling (Allison & McLuckie, 
2018) was established in the early 2000s, providing 
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insights into potential relationships between stressors 
and changes in tortoise occupancy and density (Kis-
sel et al. 2023, Zylstra et al. 2023). However, due to 
low recapture rates for all tortoise size classes, espe-
cially juveniles, line transect distance sampling data 
do not provide much information on underlying demo-
graphic rates that influence population dynamics, 
resulting in a limited understanding of how various 
stressors influence specific tortoise demographic 
rates (Allison & McLuckie 2018). Estimating survival 
is an important part of the first objective in the revised 
recovery plan for the species, and understanding how 
environmental stressors influence survival can better 
inform management actions aimed to reverse current 
declines in population sizes (US Fish and Wildlife 
Service 2011, Allison & McLuckie 2018). Although 
demographic rates have been estimated for single 
populations of tortoises (Lovich et al. 2014, Dickson et 
al. 2019, Berry et al. 2020) or averaged over multiple 
populations (Doak et al. 1994), a better understanding 
of how demographic rates vary across the species’ 
range and are influenced by environmental stressors 
could further help inform management actions. 

In this paper, we sought to understand how Mojave 
desert tortoise survival is influenced by climate using 
integrated analysis of both mark–recapture and 
known-fate telemetry data from across the species’ 
range during 1977–2022. We aggregated relatively 
large samples of mark–recapture data (3923 individ-
uals from 35 survey sites) and known-fate telemetry 
data (2858 individuals from 22 sites). We built 2 statis-
tical models that estimated survival using mark–
recapture and known-fate telemetry data separately 
and then integrated them into a single model informed 
by both sources of information (Powell et al. 2000). 
We used the integrated model to describe spatial and 
temporal variation in survival and test for the impor-
tance of climatic variables (precipitation). Our results 
provide a spatially explicit parameterization of the 
baseline stressor of climatic variation on historical 
tortoise survival and also show the benefits in preci-
sion of parameter estimates that come from the 
integration of multiple data sources. 

2.  MATERIALS AND METHODS 

2.1.  Tortoise data 

2.1.1.  Mark–recapture data 

We used 3 sources of mark–recapture data from 
tortoise populations (Table 1, Fig. 1). The first was 

data from ’permanent study plots’ that were estab-
lished between 1971 and 1994 by the US Bureau of 
Land Management (BLM), US Fish and Wildlife 
Service (USFWS), and other agencies (Tracy et 
al.  2004). These plots were generally 2.6 km2 (i.e. 
1  mile2) in area and were surveyed intermittently 
during 1977–2012. During each survey year, re -
searchers searched plots with 1–4 complete searches 
(ca. 30 person-days each) during both the spring 
and summer, and every live tortoise detected was 
marked. We digitized locations of tortoises found 
during surveys from published and unpublished 
reports when available. We used data from all of the 
established permanent study plots surveyed more 
than once in Nevada, Utah, and Arizona (data for 
most [14/16] of the plots established in California 
were not made available for this analysis). In total, 
we had data for multiple years at 16 historical plots, 
most of which had spatial records of tortoise 
encounters. We treated the Barrow plot in Joshua 
Tree National Park as 2 plots, as only the north por-
tion of the plot was surveyed in some years (Lovich 
et al. 2014). We also used the data for the Desert Tor-
toise Research Natural Area (Entrance) plot (Berry & 
Yee 2021). Most sites had no records of tortoise 
translocations, but one plot in Utah (Woodbury–
Hardy plot) received translocated tortoises in the 
1970s (exact year unknown). Second, we used data 
from eight 1 km2 plots established in Lake Mead 
National Recreation Area and surveyed in the spring 
(National Park Service 1997); all 1 km2 plots had 
spatial encounter data. Finally, we used mark–
recapture data collected from ten 1 km2 plots in the 
Ivanpah Valley area on the border of California and 
Nevada. These plots were surveyed every 3 yr in 
the  fall, with 3 full coverage passes being per-
formed by crews of 20 skilled searchers on consecu-
tive days. All adults in  the Ivanpah Valley area 
mark–recapture plots had a radio transmitter at -
tached, were tracked via radio telemetry, and were 
included in the radio tele metry datasets (see below). 
These plots have been used to  derive density esti-
mates using spatial capture–recapture methods 
(Mitchell et al. 2021b). One of these plots (Sheep 
Mountain) falls within the boundary of a historical 
’permanent study plot’; we treated these plots as 
separate due to different plot size areas and no tem-
poral overlap. Three of the Ivanpah  Valley plots 
(ISEGS North, ISEGS South, and Silver State) oc -
curred near where translocated tortoises were re -
leased in association with the construction of near -
by utility-scale solar plants. Only 2 translocated 
individuals were captured during mark–recapture 
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surveys on one plot (Silver State). For all survey 
efforts every live tortoise was measured, marked 
uniquely, identified to sex (when possible), and re -
leased where found. 

2.1.2.  Telemetry data 

We used very high frequency (VHF) radio telem-
etry data from numerous desert tortoise monitoring 
projects across the species range during 1988–2022 
(Table 2, Fig. 1). Intentions for these monitoring 
projects ranged from (1) understanding how human 
and natural disturbances influence tortoise individ-
uals, populations, and population connectivity, (2) 
modeling detection probability for population den-
sity monitoring across the species range, (3) study-
ing the efficacy of tortoise translocation methods, 

and (4) describing other aspects of the species eco -
logy (Longshore et al. 2003, Nussear et al. 2012, 
Drake et al. 2015, Allison & McLuckie 2018, Dick -
son et al. 2019, Mitchell et al. 2021b). Projects 
occurred on different land jurisdictions, but most 
were either on BLM, National Park Service (NPS), 
or US Department of Defense (DoD) lands. All tor-
toises were individually marked and carried a VHF 
radio transmitter that was less than 10% of the indi-
vidual’s mass. For each project, tortoises were gen-
erally radio-tracked at a minimum of once a month 
in accordance with USFWS permitting rules, and 
all mortalities were recorded. We included inciden-
tal (<10 total) en counters of tortoises after radio 
transmitter removal, as such encounters improve 
survival estimates in tortoises (Harju et al. 2020). 
We did not include data from translocated tortoises 
in our telemetry analyses. 

6

Fig. 1. Study areas where mark–recapture and telemetry methods were used to monitor Mojave desert tortoises Gopherus 
agassizii populations. Blue hashed polygons: boundaries of telemetry areas; red points: centroids of mark–recapture plots.  

Abbreviations for mark–recapture plots are in Table 1
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2.1.3.  Environmental covariates 

Research has suggested that tortoise survival and 
occupancy are influenced by drought (Lovich et al. 
2014) and temperature extremes (Kissel et al. 2023), 
potentially due to time-lagged effects (Longshore et 
al. 2003, Lovich et al. 2014). We therefore sought to 
evaluate the relative contribution of precipitation and 
maximum temperature on tortoise survival. We ob -
tained spatial rasters describing monthly precipita-
tion and temperature data each year spanning the 
range of the tortoise at 800 m resolution (PRISM 
Group, Oregon State University 2023). 

2.2.  Survival models 

We built 3 different models (known-fate, mark–
recapture, integrated survival ) to estimate survival 
and test for differences in inference on parameters 
influencing tortoise survival in space and time. We 
built all models and performed all statistical analyses 
in the statistical program R v. 4.2.1 (R Core Team 
2018). 

For each model, we tested for both individual and 
environmental-level covariate effects on annual sur-

vival probability. Tortoises were categorized as adults 
(midline carapace length [MCL] ≥180 mm), subadults 
(MCL 140–179 mm), or juvenile (MCL <140 mm); 
(Berry & Yee 2021). Tortoise sex has also been sug-
gested as an important driver of survival (Esque et al. 
2010, Folt et al. 2021, Lovich et al. 2023), and we clas-
sified each adult tortoise by its recorded sex. Where 
sex information was missing (juvenile tortoises do not 
display secondary sex characteristics, and sex classi-
fication was missing for some adult tortoises), we 
used Bayesian multiple imputation to assign sex 
probabilistically according to a site-specific male 
probability (Royle 2009). Similarly, we imputed age 
class (juvenile, subadult, adult) for individuals first 
captured as juveniles or subadults by including 
parameters (sub.trans, ad.trans) that represented the 
probability that a tortoise would transition between 
juvenile to subadult and subadult to adult age class 
every year in all models. 

2.2.1.  Known-fate survival model 

We built a known-fate survival model to estimate 
annual survival probability from telemetry datasets. 
Known-fate models can be used to estimate annual 
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Site                                                                   State      Mgmt. agency                Study period               No. of ind.      No. of mortalities 
 
China Lake                                                      CA            BLM/DoD                     2019–2022                         31                              3 
Fort Irwin                                                        CA            BLM/DoD                     2005–2022                       1632                         107 
Ivanpah Valley                                               CA                 BLM                           2010–2022                        370                            95 
Joshua Tree National Park                         CA                  NPS               1996–1999; 2005–2022             30                              9 
Mesa                                                                 CA                 BLM                           1997–2022                         45                              3 
Mesquite Valley                                            CA                 BLM                           2016–2022                         18                              6 
Stateline Pass                                                  CA                 BLM                           2012–2022                         28                              6 
Superior-Cronese                                          CA                 BLM                           2005–2022                         39                             13 
Bird Springs Valley                                      NV                 BLM                           1996–1999                         81                             10 
Boulder City Conservation Easement    NV                BCCE                         2014–2021                         25                              3 
Cottonwood                                                    NV                  NPS                           1992–2001                         58                             28 
Coyote Springs                                              NV         BLM/USFWS                  2006–2022                         86                             34 
Eldorado                                                          NV                 BLM                           2017–2022                         23                              0 
Grapevine                                                        NV                  NPS                           1992–2001                         56                              2 
Indian Springs (US95)                                 NV                 BLM                           2020–2022                         16                             10 
McCullough Pass                                          NV                 BLM                           2012–2022                         62                              9 
Lake Mead National Recreation Area    NV                  NPS                           1998–2000                         17                              1 
Piute Valley                                                    NV                 BLM                           2005–2022                         66                             16 
Sheep Mountain                                           NV                 BLM                           2015–2022                         30                              9 
Silver State                                                      NV                 BLM                           2012–2022                         18                              7 
Red Cliffs Desert Reserve                           UT                  BLM                           1988–2022                        101                            24 
Zion National Park                                       UT                  NPS                           2000–2017                         17                              1 
Total                                                                                                                              1988–2022                       2849                         396

Table 2. Telemetry datasets (n = 22) from Mojave desert tortoise Gopherus agassizii monitoring efforts used in survival analy-
ses. Number of ind.: sample size of individuals monitored over all years at each site; number of mortalities: number of individ-
uals that were known to have died during the study period at each site. Total sample of years and individuals is on the final  

row. See Table 1 for abbreviations of states and land management (mgmt.) agencies 
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survival when the fate of every animal is known for 
each survival interval, as is the case when telemetry 
data are collected (White & Garrott 1990). We right 
censored (removed the last year of data) any individ-
ual that did not have a full active season of data dur-
ing its final year of tracking. We modeled tortoise 
annual survival (S ) with: 

                 logit(Si,t) = logit(S0) + bjuv × juvi,t +  
     bsubad × subadi,t + bmale × malei,t + bprecip  
  × precipi,t + bprecip × sex × malei × precipi,t+     

(1)
 

                        btemp × tempi,t + ηs,t 

        
         
        

where S0 was a logit-transformed intercept of S0, juv, 
subad, and male were binary variables estimating 
juvenile, subadult, and male status for each tortoise, i, 
in each year, t, and precip and temp were continuous 
covariate estimates for precipitation and maximum 
temperature for each individual tortoise, i, in each 
year, t, and η was a random effect of site (s) by year (t). 

2.2.2.  Mark–recapture model 

We built a hierarchical, spatial state-space, Cor-
mack-Jolly-Seber (CJS) model (Cormack 1964, Jolly 
1965, Seber 1965) with a robust design (Pollock 1982, 
Kendall et al. 1995) to understand annual survival of 
tortoises using the mark–recapture datasets (Royle 
2008, 2014). This model was developed for area-search 
surveys, conditions detection probability on whether 
a tortoise is located within the surveyed area (with 
each location drawn from an isotropic, half-normal 
distribution centered on a latent ’activity center’ 
unique to each tortoise; see below) and allows tempo-
rary emigration of individuals during a survey period 
(Royle et al. 2011). All the plots were surveyed 1 to 3 
times in a year (in close succession), providing a 
’robust design’ with open-population processes (i.e. 
survival) occurring among annual primary sessions 
and secondary sessions nested within each primary 
session during which the population is assumed to be 
closed (Pollock 1982). Study plots were likely too 
small (1–7.8 km2) and isolated from each other to 
detect permanent tortoise emigration (Hromada 2022). 
We were unable to properly parameterize long dis-
tance movements between primary sessions from 
mark–recapture survey data (Efford & Schofield 2022). 
Thus, the CJS model estimates apparent an nual sur-
vival probability (f), the probability of surviving and 
remaining within the study area. Apparent survival 
is usually lower than true survival (S) (Schaub & Kéry 
2022) due to permanent emigration (Schaub & Royle 
2014). 

Our CJS model had 3 main subcomponents: a spa-
tial process model, an observation model, and a sur-
vival model. For the spatial process model, we mod-
eled a latent activity center for each individual 
tortoise, with an activity use area determined by a 
Gaussian kernel with a spatial scale parameter s that 
represents the radius (m) of the activity center, as 
done in (Mitchell et al. 2021b). We modeled s as fol-
lows, with the assumption that the center point of 
activity centers is not different across years: 

              log(si,t) = log(s0) + bjuv × juvi,t + bsubad  
    × subadi,t + bmale × malei + bfall × fallt                

(2)
            

where log(s0) was an intercept, while fall was a binary 
variable representing whether survey t was done in 
the fall, as fall surveys were done in consecutive days 
while other surveys often had much longer gaps 
between passes. 

We modeled the detection process (p) using fixed 
effects of sex and age class and a random site by year 
effect as follows: 

           pi,s,t,surv 0 bjuv i,t bsubad i,t
    + bmale × malei,t + beffort × efforts,t,surv +         (3) 
                   bfall × falls,t,surv+ ηs + ηt 

 = p  +  × juv  +  × subad   
          
          

where p0 was an intercept, effort was the reported 
effort (person-days) for each survey, surv, at each site, 
s, and in each year, t, ηs was a random effect of site, s, 
and ηt a random effect of year, t. 

We estimated apparent survival (f) using the same 
logit-linear model structure (i.e. effects) as in the 
known-fate model: 

                  logit(fi,t) = logit(f0) + bjuv × juvi,t +  
         bsubad × subadi,t + bmale × malei,t +  
    bprecip × precips,t + bprecip × sex × malei,t ×        

(4) 

            precips,t+ btemp × temps,t + ηs,t 

          
          
           

2.2.3.  Integrated survival model 

We built a third model where we integrated the sur-
vival process model between the known-fate and CJS 
models. Because the integrated model estimated both 
apparent (f) and true survival (S ), we used the differ-
ence between f and S to measure permanent emigra-
tion probability (e). Because we expected smaller plots 
to have greater emigration and lower f compared to 
larger plots, we also included a linear effect of plot 
area on emigration (barea). To do so, we shared the 
intercept of the true survival parameter from the 
known-fate sub-model (S0) in the mark–recapture 
sub-model, estimated e as the difference between S 
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and f, and shared all linear effect parameters (e.g. bjuv, 
bmale, bprecip) to benefit from information sharing with: 

            logit(fi,t) = logit(S0) + (ei + barea × areas)  
                              + … + ηs,t                                     

(5) 
            

where the e was estimated at each plot, s, and the sur-
vival model included the same linear effect structure 
as with the 2 single-data-source models previously 
described. 

2.3.  Analyses 

2.3.1.  Climatic sliding window analysis 

To estimate the best lagged temporal window of cli-
matic variables that may influence annual survival, 
we used a sliding window analysis on tortoise teleme-
try data. We used the telemetry data summarized 
annually (whether a tortoise died in a year or not) 
because the monthly assessments of whether tor-
toises were alive or dead with telemetry provided an 
opportunity to test for covariate effects with known-
fate understanding of survival. We used the package 
’climwin’ (Bailey & van de Pol 2016) to assess sliding 
windows of monthly total precipitation and average 
maximum temperature. We fit competing models 
with all possible window options and compared sup-
port for resulting models using Akaike’s information 
criterion adjusted for small sample sizes (AICc; Burn-
ham & Anderson 2002). We used November 30 as our 
reference date and examined all possible monthly 
windows that went back in time up to 36 mo. Thus, our 
potential climatic windows referenced a date when 
most tortoises had entered winter hibernation (Nus-
sear et al. 2007, Cummings 2020) and included the 
past 3 winter and active seasons of weather data. For 
these exploratory models, we used a generalized lin-
ear mixed model as our ’base’ model with annual sur-
vival treated as a binary response variable, sex as a 
fixed effect predictor, and study site as a random 
effect using the ’lme4’ package (Bates et al. 2017). For 
all climatic windows for each variable, we calculated 
model support using AICc and selected the climatic 
window model with the lowest AICc value for infer-
ence. We compared this to the base model to ensure 
that the best climatic window also outperformed the 
base model with no climatic information. To ensure 
our detected climate windows were not the result of 
Type I errors, we used the ’randwin()’ and ’pvalue()’ 
functions in ’climwin’ to calculate the likelihood that 
our results could have occurred from random chance. 
We used the time-lagged window and summarization 

approach to create raster layers for each climatic vari-
able (precipitation, maximum temperature). 

2.3.2.  Survival models 

Our analysis involved estimating survival using 
each of the 3 models: the CJS mark–recapture model, 
the known-fate telemetry model, and the integrated 
model. We fit the CJS model using mark–recapture 
data from each of the 36 plots (3923 individuals; 
Table 1) and fit the known-fate model using telemetry 
data from all individuals tracked in the 22 study areas 
(2858 individuals; Table 2). However, most adult tor-
toises in some mark–recapture plots were also tracked 
and included in the radiotelemetry datasets (Table 2). 
For the integrated model analysis, we removed individ-
uals from the telemetry dataset that were also included 
in the mark–recapture datasets to avoid ’double 
counting’ individuals during that analysis. We chose 
to remove them from the telemetry dataset in the inte-
grated analysis because the telemetry dataset in -
cluded a relatively large number of individuals with 
detailed data compared to the mark–recapture data-
sets (Tables 1 & 2), and we thought that removing cap-
tures from the mark–recapture datasets would signif-
icantly reduce inference capability from the CJS 
sub-model in the integrated analysis. This resulted in 
a slightly smaller telemetry dataset for the integrated 
model (2662 individuals). We calculated geometric 
means for estimated survival from the mark–recapture 
plots across all sites and years to assess how including 
the known-fate data changed the estimates. We tested 
for goodness of fit using the ’overall_cjs()’ function in 
the ’R2ucare’ package (Gimenez et al. 2018b) for all 
mark–recapture sites with sufficient data. This func-
tion combines 2 tests: ’Test 3.SR’ for detecting tran-
sients and ’Test 2.CT’ for detecting trap-dependence. 
We tested capture histories at each site separately, 
first conducting a test including all individuals cap-
tured at the site. Where those tests were significant (a = 
0.05), we tested again by separating males and fe -
males to determine if our use of effects in our model 
was adequate to account for transience and/or trap-
dependence where it occurred. 

We related climatic spatial data layers to individ-
uals and populations in different ways for each model. 
For analysis of telemetry data in the known-fate 
model, we used the median location of each individ-
ual in each year to extract point estimates for each cli-
matic variable. For analysis of mark–recapture data 
with the CJS model, we extracted the average value 
from within plot boundaries for each climatic variable 
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in each year. We standardized each extracted covari-
ate with a z-score centering before model fitting ex -
cept for survey effort, which was standardized using 
min-max standardization. We checked for correlations 
between transformed covariates using a Pearson’s 
correlation coefficient (r) between each pair of covar-
iates. When pairwise r values were greater than 0.6 
(or less than –0.6), we removed one covariate from 
our analyses to reduce potential collinearity issues; 
this required maximum temperature to be removed 
from the known-fate, CJS, and integrated models. 

We used uniform priors that spanned 0–1 for sur-
vival, detection, and juvenile-to-adult transition para -
meter and 10–700 m for the spatial parameter s. We 
used slightly regularized priors [Normal(0,1)] for all 
b parameters. All random effects had a mean = 0 and 
a standard deviation shared among the level of the 
strata. Priors for random effect standard deviations 
were Gamma(0.1, 0.1). 

We fit models using Markov chain Monte Carlo 
(MCMC) sampling in JAGS software (Plummer 2003) 
through the ’jagsUI’ package (Kellner & Meredith 
2021). We ran 3 chains of 30 000 iterations following 
an adaptation phase of 1000 iterations and burn-in of 
2000 iterations with a thin rate of 10 for the known-
fate model. We ran 3 chains of 60 000 iterations fol-
lowing an adaptation phase of 1000 iterations and a 
burn-in phase of 25 000 iterations with a thin rate of 4 
for the CJS model. We ran 3 chains for 60 000 iter-
ations for the integrated model but required 45 000 
burn-in iterations for satisfactory convergence. We 
assessed convergence by examining trace and den-
sity plots and calculating the Gelman-Rubin diagnos-
tic for each parameter and ensuring that all values fell 
<1.1 (Gelman & Rubin 1992). We identified a param-
eter(s) as having a significant effect on survival if the 
95% confidence limits (CL) did not overlap zero. 

3. RESULTS 

3.1.  Climatic sliding window analysis 

Climatic sliding window analysis identified support 
for meaningful temporal windows that differed among 
climatic variables (Table 3). Prior to the reference date 
of November 30, survival was best explained by the 
sum of monthly total precipitation during the pre-
vious 6–34 mo (i.e. 3 winters and 2 active seasons 
prior to a given record), and the average monthly 
maximum temperature during the previous 12–21 mo 
(i.e. spring of the year prior to the record through the 
summer of the record) compared to all other temporal 

windows for each variable. The best window for aver-
age monthly maximum temperature was highly corre-
lated with sum of monthly total precipitation (r = 0.72) 
and monthly maximum temperature was therefore 
excluded from further analysis. 

3.2.  Survival models 

The known-fate model measured an average annual 
true survival probability (S0) of 0.97 (0.96–0.98, 95% 
CL) for adult females (Table 4); the geometric mean 
for annual female survival across all populations and 
years was 0.929. Male (bmale = 0.49; 0.27–0.70, 95% 
CL) status had significant effects on annual survival 
probability (Table 4), resulting in adult males having 
higher derived estimates of mean survival (Smale = 
0.98; 0.97–0.99, 95% CL; Table 5) than adult females. 
Neither juvenile (bjuv = –0.46; –0.97–0.07, 95% CL) 
nor subadult (bsubad = –0.18; –0.65–0.33, 95% CL) 
status had a significant effect on annual survival 
probability, though apparent effects were in the pre-
dicted direction. Among covariates included in the 
model, cumulative precipitation in the previous 6–
34 mo had the largest ef fect on survival (bprecip = 0.72; 
0.47–0.98, 95% CL), resulting in average adult fe male 
survival increasing from 0.90–0.99 as cumulative pre-
cipitation increased from 32–993 mm (Fig. 2). The 
effect of precipitation on survival did not differ sub-
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Climate          Summari-         Temporal           AICc     DAICc 
variable              zation              window                   
 
Monthly sum     Sum          34–6 mo prior     4835.4    285.7 
precipitation                      to a given record 
Monthly            Mean       21–12 mo prior    5010.2    110.9 
maximum                            to a given record 
temperature            
None                     NA                     NA               5121.1        0 

Table 3. Top models from 2 climate window analyses identi-
fying the best-supported time-lagged temporal windows for 
precipitation and maximum temperature influence survival 
of Mojave desert tortoises Gopherus agassizii. Summariza-
tion is the summary statistic used to summarize each variable 
over the lagged time frame. Temporal window is the range of 
previous months that each variable was summarized. AICc: 
Akaike’s information criterion adjusted for small sample 
size. DAICc: difference in AICc from the null model that did 
not include a climatic variable. We determined windows of 
time (months prior to the status or ’record’ of an individual, 
e.g. on November 30 of each year). Each model had lower 
AICc than the baseline model (status ~ sex + (1|site)) and 
thus outperformed the baseline model in addition to all other  

temporal windows considered. NA: not applicable
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stantially for males versus females 
(bprecip × sex = 0.11; –0.12–0.35, 95% 
CL). The known-fate model estimated 
that the annual juvenile to subadult 
transition rate was 0.21 (0.15–0.27, 
95% CL), and the subadult to adult 
transition rate was 0.24 (0.19–0.30, 
95% CL). 

For the mark–recapture (’CJS’) 
model, the intercept of the apparent 
survival (f0) model was 0.97 (0.96–0.98, 
95% CI), which was the baseline appar-
ent annual survival probability for an 
average adult female in an average year 
(Table 4); the geometric mean of all pre-
dicted survival estimates across sites 
and years was 0.873. We observed an 
effect of juvenile status (bjuv = –1.15; 
–1.51 to –0.76, 95% CI) and subadult 
status (bsubad = –0.62; –1.11 to –0.09, 
95% CI) on annual survival probability 
(Table 4), where juveniles and subadults 
had lower derived estimates of f (e.g. f 
for juvenile female = 0.90; 0.86–0.94, 
95% CL; f for subadult females = 0.94; 
0.91–0.97, 95% CL; Table 5) than adults. 
We did not ob serve effects of sex 
(bmale  = –0.10; –0.27–0.08, 95% CL) 
or precipitation (bprecip = 0.29; –0.09–
0.66, 95% CL) on apparent survival, 
though we did find a weak effect of the 
male- precipitation interaction term 
(bprecip × sex = –0.08; –0.27–0.011, 95% 
CL; Table 4). The mark–recapture 
model estimated that the annual juve-
nile to subadult transition rate was 0.14 
(0.11–0.17, 95% CL) and the subadult 
to adult transition rate was 0.27 (0.22–
0.32, 95% CL). We observed an average 
detection probability of 0.38 (0.23–
0.54, 95% CL) for tortoises during 
mark–recapture surveys; males had 
lower de tection rates (bmale = –0.20; 
–0.38 to –0.01, 95% CL), juveniles and 
subadults had lower detection than 
adults (bjuv = –2.07; –2.36 to –1.79, 
95% CL, bsubad = –0.84; –1.15 to 
–0.54, 95% CL; Table 4). Increased sur-
vey effort was associated with higher 
detection values (beffort = 2.38; 1.20–
3.54, 95% CL). The mean radius of ac-
tivity areas (s0) was 168.2 m (161.93–
174.88 m, 95% CL) for adult females, 
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Model                          Parameter       Mean         SD                95% CL               R̂ 
 
Known-fate model           S0                       0.967       0.005          0.957–0.976         1.00 
                                           bS,male            0.486          0.11            0.271–0.703         1.00 
                                            bS,juv              –0.466       0.267             –0.97–0.07           1.00 
                                            bS,sub              –0.178          0.25             –0.646–0.328        1.00 
                                          bS,precip              0.72            0.13            0.471–0.982         1.00 
                                      bS,precip × sex        0.111       0.121           –0.123–0.353        1.00 
                                       sub.trans           0.21         0.031          0.153–0.272         1.00 
                                        ad.trans          0.244          0.03            0.187–0.304         1.00 
                                          sd(ηS)                 1.356       0.136          1.113–1.645         1.00 

Cormack-Jolly-                 f0                       0.968       0.005          0.957–0.977         1.00 
 Seber model                 bf,male             –0.097       0.091           –0.274–0.081        1.00 
                                            bf,juv              –1.153       0.194      –1.517 to –0.762    1.02 
                                            bf,sub              –0.622       0.263      –1.112 to –0.085    1.00 
                                          bf,precip                0.288       0.191           –0.087–0.659        1.01 
                                      bf,precip × sex        –0.079       0.096           –0.268–0.105        1.00 
                                       sub.trans        0.142       0.015          0.114–0.174         1.02 
                                        ad.trans         0.268       0.024          0.223–0.315         1.00 
                                              p0                       0.376       0.076          0.234–0.535         1.01 
                                           bp,male             –0.195       0.095         –0.381 to –0.01      1.00 
                                            bp,juv                –2.07         0.146      –2.357 to –1.785    1.00 
                                            bp,sub                   –0.839       0.155      –1.145 to –0.539    1.00 
                                          bp,effort           2.382       0.595          1.191–3.535         1.00 
                                            bp,fall             0.998       1.001           –0.939–2.966        1.00 
                                          sd(ηf)              1.96         0.037          1.862–1.999         1.00 
                                              s0                168.208       3.314     161.929–174.878    1.00 
                                           bs,male            0.335          0.03            0.275–0.394         1.00 
                                            bs,sub             –0.104       0.065           –0.232–0.022        1.00 
                                            bs,juv              –0.498       0.067      –0.626 to –0.364    1.00 
                                            bs,fall             0.002          0.99             –1.947–1.949        1.00 

Integrated model             S0               0.973       0.004          0.965–0.981         1.01 
                                            bmale                   0.135       0.063          0.011–0.258         1.04 
                                            bS,juv              –1.002       0.148      –1.294 to –0.713    1.01 
                                            bS,sub              –0.553       0.178      –0.889 to –0.188    1.01 
                                          bS,precip           0.742       0.108          0.533–0.956         1.00 
                                      bS,precip × sex        –0.161       0.064      –0.286 to –0.034    1.00 
                                       sub.trans        0.154       0.014          0.128–0.184         1.05 
                                        ad.trans         0.254       0.019          0.217–0.293         1.02 
                                              p0               0.386       0.075          0.248–0.539         1.04 
                                           bp,male             –0.221       0.096      –0.412 to –0.033    1.01 
                                            bp,juv              –2.073       0.141      –2.351 to –1.801    1.00 
                                            bp,sub             –0.908       0.152      –1.202 to –0.604    1.00 
                                          bp,effort              2.38         0.592          1.244–3.544         1.05 
                                           bp,fallt            0.992       0.998           -0.954–2.942        1.00 
                                              s0                168.373       3.511     161.541–175.417    1.00 
                                           bs,male            0.333       0.031          0.273–0.395         1.00 
                                            bs,juv                –0.49         0.066      –0.611 to –0.357    1.02 
                                            bs,sub             –0.113          0.06             –0.232–0.006        1.01 
                                            bs,fall             0.011       0.993           –1.915–1.992        1.00 
                                          sd(ηf)              1.96         0.038          1.859–1.999         1.00 
                                           sd(ηs)              1.39         0.142          1.134–1.685         1.00 
                                              e0                –0.769       0.224      –1.218 to –0.346    1.00 
                                           be,area            0.376       0.106          0.179–0.591         1.02 

Table 4. Posterior mean ± SD for parameters estimated from a known-fate 
model, a Cormack-Jolly-Seber model, and an integrated model of Mojave de-
sert tortoise Gopherus agassizii survival during 1988–2022. S0: intercept of 
each known-fate survival model, f0: intercept of apparent survival, p0: inter-
cept of detection during a survey; CL: 95% confidence limits, R̂ : Gelman- 

Rubin statistic

A
ut

ho
r c

op
y



Endang Species Res 59:esr01468, 2026

and we also observed significant effects of male 
(bmale = 0.34; 0.28–0.39, 95% CL) and juvenile statuses 
(bjuv = –0.50; –0.63 to –0.36, 95% CL) on s, such that 
males and juveniles had larger and smaller activity use 
areas than females, respectively. The effect of subadult 
status on activity area was not significant (bsubad = 
–0.10; –0.23–0.02, 95% CL). Goodness-of-fit testing 
was performed for 17 sites with sufficient data. 
Of these, 16 sites showed no significant evidence of 

either transience or trap-dependence 
(Table S1 in the Supplement at www.
int-res.com/articles/suppl/esr01468_
supp.pdf). A single site ex hibited a sig-
nificant signal of transience when ana -
lyzing all individuals together; however, 
this effect disappeared when capture 
histories were analyzed separately by 
sex (Table S1). 

The integrated model estimated 
average annual true survival for adult 
females (S0) of 0.97 (0.97–0.98, 95% 
CL; Tables 4 & 5) and the geometric 
mean of estimated survival across sites 
and years for the mark–recapture 
datasets was  0.898. The integrated 
model detected real effects of male 
(bmale = 0.14; 0.01–0.26, 95% CL), juve-
nile (bjuv = –1.00; –1.30 to –0.71, 
95% CL), and subadult status (bsubad = 

–0.55; –0.89 to –0.19, 95% CL) on survival (Table 4). 
This suggested that males had higher survival than 
females, and both juveniles and subadults had lower 
survival than adults (Table 5). Estimates for e sug-
gested that emigration accounts for a real and consid-
erable difference be tween true and apparent survival 
(e = –0.769; –1.22 to –0.35, 95% CL) and that the dif-
ference between f0 and S0 decreased with plot size 
area (barea = 0.38; 0.18–0.59, 95% CL; Fig. 3). For a 
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Model                                            Parameter     Mean      SD            95% CL        R̂ 
 
Known-fate model                         Sfemale          0.967     0.005      0.967–0.976    1 
                                                             Smale            0.98      0.003      0.973–0.985    1 
                                                         Sfemale,sub        0.96       0.01       0.936–0.978    1 
                                                          Sfemale,juv       0.948     0.015      0.915–0.971    1 
Cormack-Jolly-Seber model      ffemale          0.968     0.005      0.958–0.971    1 
                                                             fmale           0.965     0.006      0.953–0.975    1 
                                                         ffemale,sub       0.941     0.016      0.906–0.967    1 
                                                          ffemale,juv       0.904     0.021      0.858–0.940    1 
Integrated model                           Sfemale          0.973     0.004      0.965–0.981    1 
                                                             Smale           0.977     0.004      0.969–0.983    1 
                                                         Sfemale,sub       0.954      0.01       0.931–0.971    1 
                                                          Sfemale,juv       0.930     0.014      0.900–0.953    1 

Table 5. Posterior mean ± SD for derived survival estimates from 3 survival es-
timation models for the Mojave desert tortoise Gopherus agassizii in the Mo-
jave desert during 1988–2022: a known-fate model using telemetry data, a 
Cormack-Jolly-Seber model of mark–recapture data, and an integrated 
model with both datasets. S: true survival; f: apparent survival; 95% CL: 95%  

confidence limits; R̂ : Gelman-Rubin statistic

Fig. 2. Effects of precipitation on survival estimates of male and female Mojave desert tortoise Gopherus agassizii using 3 hier-
archical survival models: (A) a known-fate model that estimated true survival (S) using telemetry data, (B) a Cormack-Jolly-
Seber model that estimated apparent survival probability (f) using mark–recapture data, and (C) an integrated model that esti-
mate S using both telemetry and mark–recapture data. Precipitation is the sum of the prior 2 active and 3 winter seasons. The 
Cormack-Jolly-Seber model failed to detect the important effect of precipitation, but the integrated analysis resolved this ef-
fect using information from both known-fate and Cormack-Jolly-Seber models. Ribbons represent 95% confidence limits for  

parameter estimates; vertical dashed line represents the lowest observed precipitation 
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1 km2 plot, the difference between f0 and S0 was 0.03 
(0.02–0.04; 95% CL). Detection and activity center 
parameter estimates were similar between both the 
integrated and CJS model (Table 4). The integrated 
model suggested a significant effect of precipitation 
(b = 0.74; 0.53–0.96, 95% CL) on survival, and a weak 
interaction be tween sex and precipitation (b = –0.16; 
–0.29–0.03, 95% CL, Fig. 2). The integrated model 
returned similar estimates of the stage transition 
probabilities (juvenile-to-subadult: 0.16; 0.13–0.18, 
95% CL; subadult-to-adult: 0.25; 0.22–0.29, 95 % CL) 
as the 2, non-integrated models. The integrated 
model produced true survival estimates with less 
uncertainty (smaller CLs) compared to apparent sur-
vival estimates from the non-integrated CJS model 
(Fig. S1). 

4.  DISCUSSION 

Here we demonstrated the usefulness of an inte-
grated analytical framework for sharing information 
between multiple data sources to produce more robust 
and precise estimates of survival for a declining, im-
periled species, the Mojave desert tortoise. We de-
scribed and compared 3 different modeling approaches 
that each returned realistic estimates of tortoise sur-
vival (or apparent survival) that were comparable to 
previous similar efforts (Lovich et al. 2014, Dickson et 
al. 2019). However, our integrated modeling approach 
allowed us to overcome limitations of single data-source 
models, such that data integration between telemetry 
and mark–recapture datasets allowed us to estimate 
effects of age, sex, and precipitation on tortoise sur-
vival that were not detectable in the single data-source 
analyses of mark–recapture data (no effect of precipi-
tation) or telemetry data (no effect of age). Moreover, 
our integrated model leveraged information about true 
survival to adjust for emigration from mark–recapture 
data — a key para meter that often vexes demographers 
working with mark–recapture data (Schaub & Royle 
2014). Therefore, we have provided an integrated 
framework that leverages information from different 
data sources to better understand tortoise demo-
graphic rates and factors that influence them. 

The Mojave desert tortoise is a declining species 
that may benefit from population viability analysis 
(PVA) efforts to understand extinction risk, but most 
survival estimates for the species to date have relied 
on Cormack-Jolly-Seber models that have estimated 
apparent survival (Doak et al. 1994, Lovich et al. 2014, 
Berry et al. 2020). This is not ideal because PVAs that 
use estimates of apparent survival can make inaccu-

rate, negatively biased predictions, because apparent 
survival estimates are lower than true survival (Badia-
Boher et al. 2024) and populations of long-lived 
species like tortoises are sensitive to adult survival 
rates (Heppell 1998). For example, one notable pop-
ulation viability analysis for the Mojave desert tor-
toise that appeared to have used estimates of appar-
ent survival probability (Doak et al. 1994) predicted 
great uncertainty and low persistence probability for 
populations in the western Mojave. However, those 
populations remain extant 3 decades later (Allison & 
McLuckie 2018, Berry et al. 2020), though have under-
gone steep declines in recent decades (Zylstra et al. 
2023). Those original predictions of great extinction 
risk (Doak et al. 1994) may have been due to using 
apparent survival probabilities that were consider-
ably lower than true survival rates experienced by tor-
toises. Indeed, robust population viability analyses 
require adequate estimates of demographic param-
eters (Beissinger & Westphal 1998, Chaudhary & Oli 
2020), and our integrated model found that true sur-
vival was considerably higher than apparent survival 
at most study sites. By leveraging both known-fate 
telemetry and mark–recapture data to simultaneously 
estimate both true and apparent survival and impor-
tant environmental variables influencing survival, our 
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Fig. 3. Effect of plot size on apparent survival probability 
(grey ribbon, f) estimates from the integrated model. Tick 
marks above the x-axis are plot areas from the data. As plot 
area increased, apparent survival increased until it became 
comparable to the mean estimate of true survival (orange 
ribbon, S), suggesting that emigration (the difference be-
tween apparent and true survival) is negligible at the largest 
plot size (7.8 km2). Ribbons represent 95% confidence limits  

for parameter estimates
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integrated modeling approach provides true survival 
estimates that might be most realistic and useful for 
future PVA efforts for the tortoise, especially when 
done at the local population scale. 

Immigration and emigration processes are difficult 
to measure for animal populations (Lebreton et al. 
1992, Schaub & Royle 2014), and despite decades of 
research, are still not well understood in Gopherus 
spp. (e.g. Guyer et al. 2024). To our knowledge, our 
integrated model is the first to provide empirical esti-
mates of annual emigration probabilities for tortoises 
measured at the local population scale. Specifically, 
we estimated a mean emigration probability suggest-
ing that ca. 3% of the local population may perma-
nently emigrate from a 1 km2 plot during any year, 
such that emigration is a considerable component of 
local population dynamics at this spatial scale. We 
also observed that emigration rate decreased in larger 
plots, perhaps because these plots were more likely to 
encompass entire home ranges and dispersal dis-
tances for individuals to the point where the apparent 
survival estimates were nearly indistinguishable from 
true in the largest plot (Desert Tortoise Research Nat-
ural Area; 7.77 km2, Fig. 3). Thus, our model provides 
information about migration rates that might be use-
ful as a framework for developing spatially explicit 
population models, especially for species monitored 
in plots of differing sizes. 

An advantage of an integrated approach is that 
combining information from across different datasets 
increased precision in the estimation of demographic 
rates and covariate effects. The known-fate model 
was able to detect a significant positive relationship 
with the cumulative precipitation and higher survival 
of males, while the CJS model was unable to measure 
significant effects for these parameters. Conversely, 
the known-fate model was unable to detect a signifi-
cant effect of the 2 younger age classes that the CJS 
model detected. This suggests that information shar-
ing during integrated modeling benefited parameter 
estimation compared to non-integrated approaches 
that failed to measure effects, either due to increased 
sample sizes (captures of juvenile and subadult tor-
toises bolstering low sample sizes in the telemetry 
datasets) or providing more consistent sampling with 
perfect detection (irregular sampling events in the 
mark–recapture plots). The integrated approach also 
allowed us to understand historical patterns of tor-
toise survival, revealing that even after accounting for 
precipitation, tortoise survival was lower during the 
decades preceding the listing of the species (Fig. S1). 
This coincides with noted population declines (Berry 
& Murphy 2019) and indicates that other factors may 

have played an important role in historical tortoise 
population declines. Future work could use our ana-
lytical framework to test other hypotheses related 
to  tortoise demographic rates (e.g. anthropogenic 
stressors; Darst et al. 2013), potentially using other 
historical datasets that were not available for this 
effort (e.g. permanent study plots in the western 
Mojave Desert; Tracy et al. 2004). 

Drought has been a persistent disturbance to the 
ecosystems and species of the southwestern USA and 
is likely to increase in intensity and duration as 
human-caused climate change progresses (Williams 
et al. 2022). Our results indicate that precipitation 
over a 6–32 mo period prior to the end of an active 
season is an important driver of desert tortoise sur-
vival, such that low total precipitation over the prior 3 
winters and 2 active seasons can drastically reduce 
tortoise survival. This finding provides further evi -
dence that long-term drought conditions alter tor-
toise survival across the range, supporting previous 
studies that have shown similar effects on localized 
populations (Longshore et al. 2003, Esque et al. 2010, 
Lovich et al. 2014). Drought reduces germination of 
annual plants that are important tortoise forage 
(Beatley 1969). While tortoises can withstand periods 
of drought by restricting activity and tolerating 
departures from homeostasis (Peterson 1996, Henen 
et al. 1998), lack of drinking water can cause tortoises 
to exceed physiological limits and cause mortality 
due to dehydration (Peterson 1994, Berry et al. 2002) 
or may increase susceptibility to upper respiratory 
tract diseases (Jacobson et al. 2014). Previous re -
search suggested that female tortoises may be more 
sensitive to drought than males due to the costs of 
reproduction (Mitchell et al. 2021a, Lovich et al. 
2023), but we did not find support for a time-lagged 
precipitation-by-sex interaction effect in our global, 
integrated model. However, we did observe overall 
lower survival rates for females than males, poten-
tially due to costs associated with reproductive activ-
ity, yet the confidence limits of the predicted relation-
ship between annual survival, sex, and preceding 
precipitation overlapped heavily (Fig. 2), suggesting 
that females are not particularly more sensitive to 
drought than males. It is possible that females in 
certain populations experience greater effects of pre-
cipitation than males, such that more careful exami-
nation of site-specific interactions between precipi -
tation and sex might reveal support for this effect at 
local scales (i.e. interaction between site, drought, 
and sex). 

Potentially more important than direct dehydration 
and physiological effects on tortoises are the pres-
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sures that drought causes on the Mojave Desert eco-
system as a whole. Drought can reduce populations 
of small mammals and therefore reduce typical prey 
availability for mesocarnivores, such as coyotes Canis 
latrans and badgers Taxidea taxu (Beatley 1969, Simes 
et al. 2015), leading to targeting of atypical food 
sources such as the desert tortoise (Emblidge et al. 
2015, Cypher et al. 2018). This drought-induced prey-
switching effect may be higher in areas that provide 
anthropogenic subsidies (e.g. surface water, trash) 
and support higher-than-natural mesocarnivore pop-
ulations (Agha et al. 2017) compared to typical cli-
matic conditions; in this way, drought could cause a 
larger predator population to exert more predation 
pressure on tortoises in the area (Esque et al. 2010). 
As stable Gopherus demography is dependent on 
high adult survival (Folt et al. 2021), a single high 
adult tortoise mortality event from excessive meso-
carnivore predation has the potential to result in 
depressed tortoise populations for multiple tortoise 
generations. A better understanding of how anthro-
pogenic subsidies contribute to meso-carnivore pop-
ulation regulation and foraging patterns could help 
develop management strategies that can better pro-
tect tortoise populations, especially in long-term 
droughts. 

One key difference among our model results was 
estimates of juvenile survival, an important param-
eter that has been implicated as a potential driver of 
the slow or no recovery in tortoise populations (US 
Fish and Wildlife Service 2011, Allison & McLuckie 
2018). Annual true survival probability estimates of 
juvenile tortoises from the telemetry data were higher 
than apparent juvenile survival from the mark–
recapture datasets, likely due to differences in data 
collection between the mark–recapture and known 
fate datasets. Specifically, juvenile tortoises are noto-
riously difficult to detect during surveys (Anderson et 
al. 2001, Nussear et al. 2008), and our results esti-
mated a median juvenile detection rate of 0.07. This 
low detection rate may prevent precise estimation of 
juvenile survival rates from non-integrated mark–
recapture analysis. Another likely reason for this dif-
ference is that telemetry datasets were usually limited 
to larger juvenile tortoises due to logistical issues 
with finding and tracking smaller tortoises (Boarman 
et al. 2006). Previous research on tortoises as well as 
other Testudines species has suggested that smaller 
juveniles are expected to have lower survival rates 
than larger juveniles, and the exclusion of these 
smaller age classes in the telemetry data may have 
biased results from the non-integrated known-fate 
analysis (Turner et al. 1987, Doak et al. 1994). In 

addition, because juvenile tortoises may have higher 
rates of dispersal than adult tortoises (Averill-Murray 
et al. 2020, Hromada 2022), higher juvenile emigra-
tion may be reflected in the magnitude of difference 
between real and apparent juvenile survival esti-
mates. There are research opportunities to better 
understand variation of survival rates within the juve-
nile age class (e.g. size-dependent survival) and what 
factors cause reduced juvenile survival (e.g. human-
subsidized raven populations; Boarman et al. 2006, 
Holcomb et al. 2021). 

Assessing model assumptions is an important 
aspect in building ecological models. Our mark–
recapture dataset did not meet the sample size and 
temporal requirements necessary to apply formal 
tests for capture heterogeneity (Jeyam et al. 2018). 
Nonetheless, we acknowledge that individual-level 
variation in capture probability may be present and 
can bias survival estimates low if unaccounted for. 
Our inclusion of fixed effects for sex, and age, in 
addition to random effects for site, and year, helps 
address this by capturing several known sources of 
heterogeneity. However, as Gimenez et al. (2018a) 
note, even models with a broad set of covariates and 
random effects cannot fully capture the extent of indi-
vidual heterogeneity, much of which remains unmea-
sured. Although other approaches to addressing indi-
vidual heterogeneity exist, such as individual-level 
random effects and finite mixture models, these 
methods are prone to identifiability issues (Pledger 
2000, Jasra et al. 2005) and substantially increase 
model dimensionality (Gimenez et al. 2018a), compli-
cating convergence and mixing. Given the already 
high dimensionality of our model, we deemed these 
approaches impractical given our data limitations. 
However, these approaches could be explored more 
thoroughly in future iterations of this model. 

To this end, we hope the survival estimation frame-
work described here may be useful for survival esti-
mation using additional tortoise data currently being 
collected and exploring relationships with other 
stressors. For example, to complement ongoing pop-
ulation monitoring across the species’ range using 
line transect distance sampling and radiotelemetry, 
the USFWS has begun monitoring tortoise popula-
tions at additional plots across the species range (Mit-
chell 2024) using the same mark–recapture methods 
as the plots analyzed here. Our integrated survival 
model could be used to update estimates and monitor 
tortoise survival using ongoing and future telemetry 
and mark–recapture efforts. These plots are in the 
same general area that tortoises are monitored with 
telemetry for range-wide density monitoring (Allison 
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& McLuckie, 2018). Additional data may allow for 
estimating differences in survival in the different 
portions of the species’ range, leading to better under-
standing of factors influencing survival, thereby high-
lighting opportunities for management recommenda-
tions. Future extensions of these models could be 
made to integrate other data sources and estimate 
other parameters such as population size and recruit-
ment to allow for holistic understanding of population 
trends (Schaub & Kéry 2022). Finally, we believe that 
the framework provided here will likely be useful in 
informing survival analysis of other species that have 
been monitored with different survey methods across 
time and space. 

  
Data availability. We provide R scripts and anonymized 
datasets (sites and coordinates obscured) to recreate our 
analyses on a Github repository (https://github.com/csp-
inc/Tortoise_Survival_MS). For other inquiries, please con-
tact Brett Dickson (brett@csp-inc.org). 
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