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In the Mojave Desert, timing and amounts of precipitation profoundly affect the availability of water and annual plant foods necessary for the threatened Agassiz’s desert tortoise (Gopherus agassizii) to survive, especially during prolonged droughts. As part of recovery actions to increase declining populations, we translocated 83 juvenile and young desert tortoises raised in head-start pens for 4–10 years to a new location 15 km away during the fall of 2013 and 2014. We tracked them for 9 years during a megadrought, during multiple years of low rainfall, and a few years when precipitation neared or exceeded long-term norms. We evaluated behaviors and how precipitation and forage availability affected survival. At the end of the study, 21.6% of tortoises were alive, and six had grown to adulthood. Annual models of survival indicated that tortoise size was the driving variable in most years, followed by the number of repeatedly used burrows during periods of temperature extremes. Other variables affecting survival in ≥1 year were vegetation, movements during the first 2 years post-translocation, and condition index, a measure of health. Tortoises moved more, expanded home ranges, and grew rapidly in years when winter rainfall approached or exceeded long-term norms and annual plants were available to eat. During dry years, movements and growth were limited. Exceptions to this pattern occurred in the last year of study, a dry year: tortoises grew and moved more, and home ranges increased. The increase in size and approaching adulthood may have stimulated greater traveling. Some left the study area, indicating a need for large release areas. We may have aided survival by offering water twice yearly when handling because some tortoises drank and increased in mass up to 40%. Prolonged droughts and hotter temperatures can limit the recovery of populations, reduce the survival of young tortoises, and increase the time to maturity.
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1 Introduction

Throughout the globe, many species of tortoises and turtles are endangered or threatened with extinction (Rhodin et al., 2018). Agassiz’s desert tortoise (Gopherus agassizii), an iconic desert species in the American Southwest, is a federally listed, threatened species (U.S. Fish and Wildlife Service [USFWS] 1990). Numerous human activities contributed to the listing, e.g., collecting, vandalism, deaths on roads, diseases, and hyper-predation by expanding predator populations. Habitat was degraded, fragmented, or lost from livestock grazing; mining; development for agriculture, urbanization, road networks, solar energy, and utilities; military uses; invasive species and fires; and uncontrolled recreational vehicle use. Despite recovery efforts, the species continued to decline rapidly, and Allison and McLuckie (2018) reported that the desert tortoise was on the path to extinction under current conditions. In 2021, the International Union for Conservation of Nature placed G. agassizii on the Red List as critically endangered (Berry et al., 2021). Numerous anthropogenic activities and diseases resulted in continued population and habitat losses and habitat degradation (USFWS 2011, Berry and Murphy, 2019).

The latest test for survival is climate warming. According to Williams et al. (2020); Stahle (2020), and Cook et al. (2021), the worst megadrought occurred in the 16th century and the second worst from 1999 to 2020 in southwestern North America. Anthropogenic influences added to the severity. Without the anthropogenic influence, Stahle (2020:1,584) wrote: “…the 2000–2018 interval would have been just another episode of reduced precipitation, low soil moisture, and poor tree growth…” The warming temperatures drove greater aridity, including drier soil conditions, more severe droughts, and the die-off of trees (Overpeck and Udall, 2020). As climate warming continues, the American Southwest is expected to become more arid with “…widespread, prolonged, and severe dry spells and drought almost a sure bet” (Overpeck and Udall, 2020:11,857; Cook et al., 2021). More extreme heat waves and dust storms are part of the pattern.

Life in the Mojave, western Sonoran, and southern edge of the Great Basin deserts is harsh: rainfall is low and unpredictable, summer air temperatures exceed 46°C, and freezing days range from 2 to ~120 per year, depending on region (Rowlands et al., 1982; Rowlands, 1995). Desert tortoises have adaptations to survive but are vulnerable in part because of their k-selected life history traits: a long period of 17 to 20 years or more to reach sexual maturity, low fecundity, and an estimated longevity of >60 years (Woodbury and Hardy, 1948; Hardy, 1976; Turner et al., 1987; Medica et al., 2012; Berry and Murphy, 2019). Survival is low in the early years, increasing as tortoises grow from hatching to adulthood (Turner et al., 1987; Berry et al., 2020). Tortoises seek refuge in burrows, caves, and dens to avoid temperature extremes, lack of forage and moisture, and probably predators; they spend >95% of their lives underground (Woodbury and Hardy, 1948; Nagy and Medica, 1986; Henen et al., 1998).

The herbivorous tortoise depends on winter and summer rains for water for drinking and producing native annual forbs and herbaceous perennial plants for forage. Tortoises are highly selective in choosing species of plants to eat (Oftedal, 2002; Oftedal et al., 2002; Jennings and Berry, 2015). Growth occurs after emergence from brumation in late winter, if food is available, and ceases by late summer or fall (Nagy and Medica, 1986; Medica et al., 2012). Tortoises will emerge to drink with rain and when fresh forage is available (Medica et al., 1980; Henen et al., 1998).

Periods of drought and precipitation have profound effects on the physiology, health, and above-ground activities of adult desert tortoises (Henen et al., 1998; Christopher et al., 1999; Duda et al., 1999; Jennings and Berry, 2015). Drought can lead to dehydration and starvation and may have more severe effects on small, young tortoises because soft shells with developing bone and scute are vulnerable to desiccation and overheating (e.g., Berry et al., 2002; Longshore et al., 2003; Nagy et al., 2015a).

The augmentation of declining populations through head-starting and translocation was part of the revised recovery plan for the tortoise (U.S. Fish and Wildlife Service [USFWS], 2011). The International Union for Conservation of Nature (IUCN, International Union for the Conservation of Nature, Species Survival Commission, 2013) published guidelines on head-starting, translocation of animals, and conservation techniques used for endangered species. For desert tortoises, head-starting involves rearing juveniles in predator-proof pens experimentally either to learn more about early life stages or to grow them to predator-resistant sizes to augment depleted populations. Previous research indicated that survival and growth were negatively affected when rainfall was low (Berry et al., 2002; Medica et al., 2012). Existing knowledge of small tortoises involved studies of wild tortoise behaviors, use of burrows, and temperatures when active (Berry and Turner, 1984; 1986). Studies of tortoises kept in large, open pens provided data on growth, activities, survival (Nagy and Medica, 1986; Medica et al., 2012), and other traits. Research on head-started and translocated small tortoises has provided several advances in identifying important variables associated with survival (e.g., Nagy et al., 2015a; Nagy et al., 2015b; Nafus et al., 2016; Germano et al., 2017; Nagy et al., 2020). Most publications on the translocation of head-started tortoises were limited to 1–3 years.

Our overarching objective was to translocate tortoises from predator-proof head-start pens to an appropriate site, monitor behavioral responses to the megadrought for several years, and identify factors affecting survival. The tortoises were in pens from 2003 to 2014, where most experienced poor husbandry (Mack et al., 2018). Thus, the translocation began under conditions lacking the desirable protocols later published by the IUCN, International Union for the Conservation of Nature, Species Survival Commission (2013) and Swaisgood and Ruiz-Miranda (2019). We translocated tortoises in 2013 and 2014 and monitored them for 9 years. We asked four questions:

	(1) Did timing and amounts of precipitation and forage availability using the normalized difference vegetation index (NDVI) affect tortoise behaviors, e.g., settling, movements and dispersal, and home ranges?

	(2) Were growth and size affected by precipitation and forage availability?

	(3) Was health a factor in survival?

	(4) What variables affected survivorship annually and at the end of 9 years?



We addressed the questions by 1) evaluating amounts and timing of precipitation and NDVI during the study, 2) comparing behaviors with timing and amounts of rainfall and NDVI, 3) tracking size and growth during the life of each tortoise and evaluating relationships to precipitation and NDVI, and 4) modeling survival annually using multiple variables to identify important variables.




2 Study area

The study area was at Edwards Air Force Base (EAFB) in the western Mojave Desert, Kern County, California, USA. Because the tortoises were pen-raised on EAFB, a release there was a requirement. To maximize survival to adulthood, we used four criteria for site selection: an area formerly supporting a population of desert tortoises but severely reduced to one to two adults (Allison and McLuckie, 2018; Berry et al., 2020), ease of access (limited restrictions on use and surface disturbance), soils suitable for juveniles to dig burrows, and a vegetation association comparable to the head-start pens—a diverse creosote bush community with Larrea tridentata and western Joshua trees, Yucca brevifolia (Mack et al., 2018; https://www.wildlife.ca.gov/Data/VegCAMP/Natural-Communities, accessed 1 Oct 2022). We sought a site with large (2 m) creosote bushes and clones with well-developed coppice mounds where old and recently dug burrows by rodents and other animals were evident because wild juvenile tortoises select large shrubs, such as creosote bushes, for constructing burrows (Berry and Turner, 1984; 1986). We selected a 15-km2 site on the north-facing slope and alluvial fan of Leuhman Ridge at elevations of 750 to 850 m (Figure 1). Typical of the region, the site was fragmented by linear disturbances: 13.74 km of dirt roads (density of 0.91 km/km2 and in use), a fence forming the southern boundary at the base of Leuhman Ridge, a paved road on the west, and railroad tracks forming the eastern boundary. The site was within 2 km of a landfill, settlements, and military facilities. Historically, sheep grazed the area.




Figure 1 | Locations of the head-start pens and study area where 83 small Agassiz’s desert tortoises (Gopherus agassizii) were translocated in 2013–2014 on Edwards Air Force Base in the western Mojave Desert, California, USA.



Predators likely to kill juvenile tortoises included gopher snakes (Pituophis melanoleucus), Mohave rattlesnakes (Crotalus scutulatus), antelope ground squirrels (Ammospermophilus leucurus), Mohave ground squirrels (Xerospermophilus mohavensis), loggerhead shrikes (Lanius ludovicianus), common ravens (Corvus corax), kit fox (Vulpes macrotis), and coyotes (Canis latrans). Ravens and the canids were common to abundant, supported by nearby anthropogenic sources of water, food, perches, and nest sites.




3 Materials and methods



3.1 Precipitation

In this region of the Mojave Desert, most precipitation falls between 1 Oct and 31 Mar, the fall and winter seasons, seasons with approximately 80 freezing days (Rowlands, 1995). We accessed total monthly precipitation data from the PRISM Climate Group in a 4-km grid cell raster dataset. We extracted data from the grid cell centered at latitude 34.9565, longitude −117.7047, and elevation 760 (prism_archive_ls function in package prism; Edmund et al., 2020). We calculated water year from 1 Oct to 30 Sep, and winter totals from 1 Oct to 31 Mar (Manning, 1992; Hereford et al., 2006). Our monthly series began Oct 1969 and ended Sep 2022 to allow the calculation of two long-term averages: 30 years prior to the study (1982–2012) and 30 years prior to the megadrought (1969–1999).




3.2 Vegetation

We obtained data on the NDVI through the U.S. Geological Survey’s (USGS’s) Earth Resources Observation and Science Center Science Processing Architecture On Demand Interface (U.S. Geological Survey [USGS], 2022). We used NDVI as a measure of food availability, given its strong correlation with the production of vegetation and productivity in a broad range of systems (Petorelli, 2013). We compiled Landsat NDVI and cloud cover (%) data (30-m spatial resolution, 16-day temporal resolution) from 2013 through 2022. All images were corrected following standard methods including radiometrically calibrated, orthorectified, and corrected for top of atmospheric reflectance. We extracted mean monthly NDVI values within each tortoise home range annually and derived a time series of two indices of vegetation production: mean growing season (MGS) NDVI and peak growing season (PGS) NDVI. We collected data at randomly selected sites on the composition and cover of perennial vegetation using 50 line intercepts (50 m each) during Apr 2017, a non-drought year. Also in April, the biomass of annual plants was collected from 20 randomly selected quadrats, 20 × 50 cm each from beneath shrub canopies and in intershrub spaces.




3.3 Desert tortoises



3.3.1 Histories and selection of tortoises

The tortoises were from the head-start program and pens and from cohorts hatched in summer or early fall annually between 2003 and 2010 (Mack et al., 2018; Figure 1). They were in three life stages or size classes (carapace length at the midline, MCL in mm): juvenile 1, <60; juvenile 2, 60–99; and immature 1, 100–139 (Berry and Christopher, 2001). In the fall of 2013, a few days prior to release, we removed 35 tortoises from the pens to prepare them for release. We collected metrics (mm, g) from each tortoise: MCL, carapace width at the fifth or sixth marginal scute, maximum height, and mass. The metrics were used to assess growth and calculate a body condition index developed by Nagy et al. (2002). The prime condition index was 0.64 g/cm3 (0.6–0.7 g/cm3). We also evaluated clinical signs of health and disease using a form modified by Berry and Christopher (2001). These tortoises were from cohorts hatched in 2003–2007, were 6–10 years old, and averaged ( ± SE) 85.2 ± 2.6 mm MCL (range, 69.0–132.0 mm). We repeated this process in the fall of 2014 and removed the 48 remaining tortoises from cohorts 2005, 2007–2010, and aged 4–9 years; they averaged 64.2 ± 1.5 mm MCL (range, 50.6–112.2 mm).

Prior to release, we attached radio transmitters of increasing size and lifespan as the tortoises grew larger, starting with the smaller sizes (BD-2, 2.4 g; PD-2, 3.6 g; and later, R1–2B, 10 g; Holohil Systems Ltd., Carp, Ontario, Canada). Transmitter weights were <10% of the body weights of the tortoises. Before release, tortoises were placed in individual containers in ~1.5 cm of water to drink for 15–20 min.




3.3.2 Site visits and tracking status of tortoises

Throughout the study, unless described elsewhere, we tracked and searched for live, missing, and dead tortoises monthly using two types of receivers (R2000, Advanced Telemetry Systems Inc., Isanti, MN, USA; R-1000, Communications Specialists, Inc., Orange, CA, USA), and recorded locations with Global Positioning Systems (GPS, Garmin GPS Map 62s, Garmin Ltd., Olanthe, KS, USA). Locations were accurate within the error range of the GPS (~3 m). After translocating the 2013 tortoises, we tracked them daily for 7 days, then on alternate days for 2 weeks, and then twice monthly through February. After that, the tortoises were tracked monthly. The 2014 tortoises were checked 24 h after initial release and then monitored monthly.

During each monthly visit, we recorded data on date, time (PST), weather conditions, location (Universal Transverse Mercator [UTM] system, NAD 83), details of location (whether the tortoise was above or below ground), description of the burrow (if at a burrow), and activities. If a tortoise was missing and pulses were not heard in the vicinity of known locations or from a high point in the study area, we searched previously used activity areas, nearby coyote or kit fox dens, and raven perches. If the tortoise was dead, we recorded the location (UTMs), condition of remains, and evidence for the cause of death; photographed the site and remains; and collected the remains for further analysis. We determined probable causes of death, drawing on previously described observations for clinical signs of poor health, forensic evidence of lesions from trauma (Berry and Christopher, 2001; Berry et al., 2002; Mack et al., 2018), and evidence of predation by ground squirrels and other rodents, ants, common ravens, kit foxes, and coyotes and other species (Boarman, 1993; Boarman and Berry, 1995; Berry et al., 2006; Mack et al., 2018). We used tracks, scats, the size of tooth marks, and the condition of the shell to determine the probable predator.

In spring and fall, we changed transmitters, collected data on metrics and health, took digital images (carapace, plastron, limbs, head, and posterior shell), and evaluated health and lesions from trauma or other sources. If a tortoise was deep in a burrow when the transmitter was to be changed, we tapped it to encourage emergence (Medica et al., 1980), sprayed water at the entrance to simulate rain, or returned later to determine accessibility. After handling, we offered the tortoises water to drink. From 2018 to the end of the study, we conducted more comprehensive health assessments (Berry and Christopher, 2001, updated). If the tortoise was injured, additional notes and photographs were taken. From the fall of 2019 through 2022 (end of the project), we measured the mass of tortoises before and after they were offered water to drink. When tortoises grew to >165 mm MCL, they were fitted with transmitters lasting approximately a year. Handling only occurred when ambient temperatures were ≤35°C and generally for <30 min.





3.4 Data analysis



3.4.1 Precipitation and vegetation

We compared precipitation totals for water year and winter for the study years (2013–2022) with long-term averages: 30-year norms for the 30 years prior to the study and the 30 years prior to the beginning of the megadrought in 1999 (Cook et al., 2021). We explored the linear relationship between precipitation totals (winter and water year) and measures of NDVI (MGS and PGS) using general linear models. We conducted all calculations and statistical analyses in R (version 4.1.0; R Core Team, 2021).




3.4.2 Desert tortoises



3.4.2.1 Settling behavior

We described initial settling behaviors for tortoises released in 2013, estimating the time to establish a first burrow (tortoise covered and stayed overnight), noting how many were self-dug or developed by expanding mammal or reptile burrows, dates of entering and staying in a burrow for brumation, and straight-line distances traveled from the release site to 1) first burrow and 2) burrow occupied for brumation. We calculated two measures of dispersal: 1) dispersal after 24 h and 2) dispersal after 1 year. For dispersal after 24 h, we calculated the straight-line distance from the release point to where a tortoise was located at the 24-h post-release check. For dispersal after 1 year, we calculated the straight-line distance from the release point to the center of the home range (see below) developed during the first year (Oct-to-Oct). For both releases, we compared dispersal distances using an unpaired two-sample t-test. For these analyses, we included tortoises that were alive at the end of both time intervals.




3.4.2.2 Movements and home range

We calculated the distance that a tortoise moved between observations (hereafter movements) as a straight-line distance (i.e., the minimum distance moved). We then calculated the total distance traveled as the sum of tortoise movements and average movement as the total movements divided by the number of observations.

Home ranges were estimated by fitting a minimum convex polygon (MCP) to monthly locations (mcp function in package adehabitatHR; Calenge, 2006). To calculate an area from the MCP, we removed tortoises with <3 unique locations. Traditional methods like MCP were recommended for studies of herpetofauna, even though these methods may include areas of unusable habitat or underestimate areas of habitat use (Row and Blouin-Demers, 2006; Fleming et al., 2015; Averill-Murray et al., 2020).

We compared differences in movements, home ranges, and growth between years by fitting a linear mixed-effects (LME) model that controlled for random variation between tortoises. Differences between years were explored with Tukey’s post-hoc multiple comparisons. LME models were fitted with the lme4 package (Bates et al., 2023).




3.4.2.3 Repeat burrows

We used periods of temperature extremes (i.e., fall–winter and summer) to quantify the number of repeatedly used burrows (hereafter repeat burrows) because locations recorded during these periods were likely to be below ground. To compensate for errors in GPS accuracy, we treated burrows within a 3-m radius as a single location (spDists function in package sp; Pebesma et al., 2021). We further defined a repeat burrow as one used among seasons with temperature extremes but not used during a single season within a single year.




3.4.2.4 Growth

We used carapace measurements recorded during transmitter changes to calculate growth rates. Because growth is dependent on food supply and foraging in spring, we focused on fall-to-fall measurements (i.e., water year cycle) and calculated annual growth rates for each tortoise after release until death or the end of the study. We compared growth between years with an LME model that controlled for variation between tortoises and explored differences with Tukey’s post-hoc multiple comparisons. For tortoises with a known status (i.e., live or dead) at the end of the study, we calculated an overall growth rate by fitting a linear model of size by time since release and compared overall growth rates between status with an unpaired two-sample t-test. For each tortoise smaller than the minimum adult size at the end of the study, we estimated years to reach adult size based on cohort year, years prior to release, and an average of post-release annual growth.




3.4.2.5 Status (live, dead, or missing) of tortoises and survivorship

We summarized the status and metrics for live, dead, and missing tortoises annually. We calculated death rates for single years as D/n, where D is the number of dead tortoises and n is the number of known dead and live tortoises. For annualized death rates for >1 year, we used the equation

	

where D is the number of dead tortoises with transmitters in a given period, n is the number of known live and dead tortoises with transmitters in a specific year, and t is the number of years. Annual or annualized survival was the reciprocal of the annual or annualized mortality rate. We summarized probable causes of death for dead tortoises. We summarized data on the status of tortoises annually.




3.4.2.6 Annual models of survival for tortoises

We identified important predictor variables of survival using generalized linear models (GLMs) with a logit link for binary outcomes. Models were run each year with cumulative data collected through December. We started modeling efforts in 2014 with 15 months of data collected for the tortoises released in October 2013. Tortoises were either removed from modeling efforts because they were missing, with unknown status, or missing a value for a variable included in the model. Only live and dead tortoises were included in each annual model.

Nine potential variables were considered for the survival models: age, size (MCL), condition index, total distance traveled, distance traveled per observation, size of home range, the total number of unique locations, number of repeat burrows, and average MGS NDVI within a tortoise home range. Before including all proposed variables, we conducted a Pearson’s correlation analysis to identify variables correlated with one another. We removed highly correlated variables to reduce redundant information and simplify the model structure without reducing the quality of prediction (Dormann et al., 2013). We removed the total distance traveled and size of the home range because of the correlation with distance traveled per observation, total number of unique locations because of the correlation with the number of repeat burrows, and age because of the correlation with size. Therefore, the final set of models considered five variables: size (MCL), mean MGS NDVI, condition index, distance traveled per observation, and number of repeat burrows. These variables created 32 main effects models with all possible variable combinations for each year.

Model fit was based on second-order Akaike’s information criterion (AICc; corrected for sample size). We identified the best-fit annual model as the model with the lowest AICc, then compared each model to the best-fit model, and ranked the models based on the difference between AICc values (ΔAICc). In addition to the best-fit model, we reported models with ΔAICc values <2 units, highlighting the most parsimonious model, or one with the simplest structure (i.e., fewest parameters) and a similar model fit (Burnham and Anderson, 2002). We also calculated additional metrics of model fit including Akaike weights and evidence ratios.

For each of the five explanatory variables, we estimated relative variable importance and model-averaged coefficients annually. Relative importance was calculated by taking the sum of the Akaike weights for all models in which a specific variable occurred. Similarly, model-averaged coefficients were calculated by averaging coefficient estimates for each variable over the models in which they occurred. We constructed the model set and ran the GLMs with the package ModelInference (version 1.70, https://www.usgs.gov/staff-profiles/mark-herzog, accessed Jul 2021). Additionally, we described two relationships with survival based on the size and number of repeat burrows by fitting separate logistic regression models. Based on model fits, we highlighted the size of tortoises and the number of repeat burrows that corresponded to a 50% level of survival.







4 Results



4.1 Precipitation and vegetation

During the study, rainfall exceeded the 30-year normal for the water year in 2 of 9 years (2018–2019 and 2019–2020) and for winter in 3 of 9 years (2016–2017, 2018–2019, and 2019–2020; Figure 2). However, amounts of precipitation reflected the megadrought. Average precipitation was 69.8% of normal for the water year (x̄ = 103.2 mm; range, 45.8–204.0 mm) and winter rain was 68.0% of normal (x̄ = 85.4; range, 38.5–163.6) when compared to the norms for the previous 30 years (water year, 147.8 mm; winter, 125.6 mm). Differences in precipitation (65.2, 65.1%) were more pronounced when totals were compared with norms from 30 years prior to the beginning of the megadrought (1999): water year and winter averages were 158.4 and 131.2 mm, respectively. Although totals of precipitation varied from the norms, timing remained consistent. Winter precipitation accounted for 82.7% of total precipitation during the study, which was comparable to 30 years prior to the study (85.0%) and prior to 1999 (82.8%).




Figure 2 | (A) Mean growing season and peak growing season of vegetation, part of the normalized difference vegetation index (NDVI), and (B) yearly precipitation for water year and winter precipitation for the 2013–2022 study of translocated small Agassiz’s desert tortoise (Gopherus agassizii) from head-start pens to a site on Edwards Air Force Base in the western Mojave Desert, California, USA. Norms for 30 years pre-megadrought (1999) and the 30 years prior to the study are shown.



Both vegetation indices (MGS and PGS NDVI) closely tracked precipitation (Figure 2). Overall, a linear relationship existed between precipitation and the average NDVI value within tortoise home ranges, which was significant for MGS (water year and winter: t = 2.5, df = 8, p ≤ 0.05). The average MGS value increased by 0.25 and 0.21 with a 1-mm increase in precipitation for winter and water year precipitation, respectively, and accounted for the same amount of variability (adjusted partial R2 = 0.360).

The composition of shrubs and trees was dominated by creosote bushes (76.2%) and white bur-sage (18.5%, Ambrosia dumosa). The western Joshua tree made up 2.3%, Cooper’s thornbush (Lycium cooperi) 1.2%, and cheesebush (Ambrosia salsola), California joint fir (Ephedra californica), and giant Eriastrum (Eriastrum densifolium ssp. elongatum) 0.6% each. Biomass of annual forbs and grasses averaged 107 g/m2 beneath shrub canopies and 18.1 g/m2 in the intershrub spaces. Non-native forbs (Brassica tournefortii and Erodium cicutarium) and grasses (Bromus spp., Schismus spp.) composed 23.4% of the biomass beneath canopies and 47.8% of the biomass in the intershrub spaces. During the study, African mustard (B. tournefortii) arrived along the paved road and rapidly spread into the study area.




4.2 Settling and dispersal

Between 2 Oct and 6 Dec 2013, each tortoise was observed an average (± SE) of 18.6 ± 0.4 times (range, 17.0–26.0) unless an unusual circumstance dictated otherwise. Most (58.8%, 20/34) tortoises established first burrows within ~24 h and an additional 38.2% (13/34) within 48 h. One exploring tortoise excavated its first burrow after 6 days. The average distance between the release and construction of the first burrow was 64.5 ± 19.0 m (range, 0–642.7 m). Tortoises began settling into burrows for brumation starting the day of release and continued through 17 Oct, although most settled after 6 days (58.8%, 20/34). We considered settling for brumation when the tortoise remained in a single burrow for the remainder of the fall and early winter unless rainfall caused a burrow to collapse or a tortoise emerged to drink. The average distance between release sites and burrows used for brumation was 75.8 ± 18.3 m (range, 0–603 m). Rain may have disturbed five settled tortoises in November, and they re-settled to additional burrows. Most burrows used by tortoises were modified rodent burrows, although some occupied larger mammal and reptile burrows. No rodent burrows were of sufficient size to support the three larger tortoises; overall ≥9 tortoises dug ≥1 of their own burrows. We observed one to six excavated or modified burrows for each tortoise; most were in coppice mounds under creosote bushes and camouflaged by overhanging live and dead branches and dried plants. Dispersal distances within 24 h were larger (p < 0.005) for tortoises released in 2013 (46.6 ± 7.2 m; range, 0.0–166.1 m) compared to tortoises released in 2014 (23.6 ± 3.0 m; range, 0.0–117.2). One year after release, dispersal distances were no longer different (p = 0.865) between tortoises released in 2013 (49.4 ± 6.7 m; range, 4.8–149.6) and those released in 2014 (47.5 ± 8.2 m; range, 5.5–204.6).




4.3 Movements, home ranges, and growth

Movements varied between years. Tortoises moved larger distances per observation in 2020 and 2022 compared to all other years (p < 0.05; Figure 3A). The first year of significantly larger movements (2020) followed two above-average years of precipitation and vegetation growth. Conversely, the second year (2022) followed two below-average years of precipitation (Table 1). Comparable to movements, home range size varied between years. Following the large movements in 2020 and 2022, the home range size significantly increased to its largest size in 2022 (p < 0.05; Figure 3B). Home ranges also grew consistently in size over time, even when movements were low, suggesting tortoises were exploring new areas. At the end of the study, tortoise size had a linear relationship with movement and home range, where both increased by 0.25 m and 0.001 km2, respectively, with an increase in 1-mm MCL (Figure 4; adjusted partial R2 movement = 0.454 and home range = 0.323). A marked increase in movements and home range size appeared to occur at approximately 145–150 mm MCL. Two tortoises missing at the end of the study undertook long trips and left the study area; one was last seen on a paved road >3 km to the south after moving little and having a small home range for 8 years.




Figure 3 | Annual averages of movements between observations (A), total home range (B), and growth (C) for small Agassiz’s desert tortoises (Gopherus agassizii) translocated to a study area at Edwards Air Force Base in the western Mojave Desert, California, USA. Blue boxes indicate years with precipitation above the long-term norms. Different small letters indicate significant differences in years within each figure (p < 0.05).




Table 1 | Comparisons of yearly averages of precipitation data with growth, average movement, and home ranges of Agassiz’s desert tortoises (Gopherus agassizii) after translocation in 2013 and 2014 to a site on Edwards Air Force Base in the western Mojave Desert, California, USA.






Figure 4 | Annual averages of total home range (A) and movements between observations (B) by size (MCL in mm, carapace at the midline) of small Agassiz’s desert tortoises (Gopherus agassizii) translocated from head-start pens to a study area on Edwards Air Force Base in the western Mojave Desert, California, USA.






4.4 Growth

Growth varied between years and mostly tracked precipitation and vegetation patterns, except for 2022 (Table 1; Figure 3C). Growth was higher in years of above-average precipitation (2017, 2019, 2020, and 2022) compared to all other years (p < 0.05). The large growth in 2022 again suggested that tortoises had reached a critical size permitting increases in behavioral (movement) and physiological (growth) patterns. The fastest-growing tortoise, 80 mm MCL at release, grew 12.4 mm/year on average, whereas the slowest-growing tortoise (and still alive) was 92.3 mm MCL when released and averaged 6.1 mm/year. Growth rates calculated from linear model fits also showed that tortoises grew at different overall rates (Figure 5). On average, tortoises alive at the end of the study grew 9.42 mm/year (range, 5.16–12.4 mm/year), which was higher (p < 0.005) compared to those that died, which grew 4.26 mm/year (range, 0–11.6 mm/year). Differences in hatching year (cohort year) and individual growth rates resulted in differences in years to reach a minimum size at sexual maturity, 180 mm MCL. At the end of the study, six female tortoises (77.5 to 126 mm MCL at release) reached and surpassed 180 mm MCL at 14–17 years of age. The remaining live tortoises probably will require up to 25 years post-hatching to achieve minimum adult size.




Figure 5 | Growth rates and linear model fits of live (A) and dead (B) small Agassiz’s desert tortoises (Gopherus agassizii) translocated from head-start pens to a study area on Edwards Air Force Base in the western Mojave Desert, California, USA.






4.5 Hydration

Each tortoise was offered opportunities to drink after handling and responded in a variety of ways from not drinking to drinking copiously. For tortoises that drank, gains in body mass ranged from 0.97% to 39.7% and varied by year (Table 2). Tortoises drank and gained mass during years when precipitation was above the norm and during droughts. The proportions of non-drinking tortoises were similar in drought and wet years.


Table 2 | Annual gains in mass following handling and hydration for juvenile, immature, and young adult Agassiz’s desert tortoises (Gopherus agassizii) in fall for 4 years (2019–2022) at the study site on Edwards Air Force Base in the western Mojave Desert of California, USA.






4.6 Status of tortoises

By the end of the study, 18 tortoises were alive, 41 were dead, and 24 were missing with unknown status (Figure 6). Fifteen of 18 tortoises surviving to the end of the study were <100 mm MCL when released, averaging 81.3 mm MCL (range, 61.6–99.0 mm). Annualized survivorship for all the tortoises for 2013–2022 was 92.97%; concomitantly, mortality rates were 7.03% (Table 3). When evaluated by year or groups of years, mortality rates ranged from 4.51 to 18.60%. Mortality in the 1.25 years between Oct 2014 and Dec 2015 was high (15.91%) following the translocation of the 48 remaining tortoises from the head-start pens; an additional 14 tortoises were lost during this time. Other years with high mortality rates were 2017 and 2021.




Figure 6 | Status (live, dead, and missing) of small Agassiz’s desert tortoises (Gopherus agassizii) translocated from head-start pens to a study area on Edwards Air Force Base in 2013–2014 in the western Mojave Desert, California, USA. The shaded blue boxes indicate years with precipitation above the long-term norms.




Table 3 | Death rates, annualized mortality rates, and survivorship of translocated small Agassiz’s desert tortoises between 1 October 2013 and 31 December 2022 at Edwards Air Force Base in the western Mojave Desert, California, USA.



Tortoises found dead were <100 mm MCL when released, and most (36/41) were ≤100 mm MCL at death. Most missing tortoises also were <100 mm MCL when released (22/24) and when lost (Table 4). Most small missing tortoises were probably prey, carried off the study area, although some tortoises may have left the plot. Most surviving tortoises (15/18) were older when released, from 7 to 10 years old; only three were 4 to 6 years old.


Table 4 | Size classes and sizes (mm carapace lengths at the mid-line, MCL) of Agassiz’s desert tortoises (Gopherus agassizii) at release and fates of live, dead, and missing at the end of the project at Edwards Air Force Base in the western Mojave Desert, California, USA.



Probable causes of death included predation by avian and mammalian predators; a combination of starvation, dehydration, and exposure; and unknown (Table 5). For all dead tortoises, more died from predators than other causes: common ravens, 31.7% (13/41); and mesocarnivores [kit fox, coyote, and generic canid (kit fox or coyote)], 48.78% (20/41). Sizes of tortoises differed depending on the cause of death. Tortoises dying of a combination of dehydration, starvation, and exposure were the smallest and averaged 58.1 mm MCL (n = 6; range, 50.6–65.2), whereas for kills by common ravens, the mean was 74.4 mm MCL (n = 13; range, 54.7–106.5). Kills by mesocarnivores (kit fox, coyote, and canids) were larger, averaging 90.3 mm MCL (n = 21; range, 63–148). The distances that dead tortoises were found from the last known locations when alive depended on the cause of death and predator. Tortoises dying of starvation, dehydration, or exposure were at or close to the last known location when alive, x̄ = 0.8 m (n = 6; range, 0–5.8 m), whereas predators appeared to transport their prey at greater distances. On average, tortoises killed by mammals were 113.4 m (range, 3.2–1,109.2 m) distant from the last known locality, whereas those killed by common ravens were an average of 450.6 m (8.9–2,405 m) distant. More tortoises died in spring (19/41), the season when most likely to be above ground, than in summer (10/41), fall (9/41), or winter (3/41).


Table 5 | Probable causes of death for 41 small, head-started Agassiz’s desert tortoises (Gopherus agassizii) translocated in 2013 and 2014 to the study site at Edwards Air Force Base in the western Mojave Desert, California, USA.






4.7 Annual models of survival for tortoises

The sample sizes of tortoises in the annual models of survival ranged from 31 in 2014, which included only the first release of tortoises, to 65 in 2015, after the second release of tortoises. By the end of the study, the final model included 57 tortoises (18 alive and 39 dead; Table 6). In terms of variable importance, tortoise size (MCL) ranked highest in 8 of 9 years with positive model coefficients, indicating that larger tortoises were more likely to survive (Table 7). The logistic regression model indicated that tortoises that reached a size (MCL) of 125 mm had a 50% chance of survival (Figure 7A). The importance value of repeat burrows was greater than 0.5 in 6 years of the study (2014–2017, 2019, and 2021); tortoises with more repeat burrows were more likely to survive; however, this pattern was not consistent across years, with a negative model coefficient in 2014 (Table 6). Model coefficients in this first year, however, had very high standard errors, which were likely caused by low sample sizes between live and dead tortoises (28 live and three dead) and should be interpreted with caution. The logistic regression model indicated that tortoises with approximately four repeat burrows had a 50% chance of survival, and chances of survival increased with increasing numbers of repeat burrows (Figure 7B). Additional variables with importance values ≥0.50 in one or more years were distance traveled per observation in the first 2 years, MGS NDVI in 2 years of low rainfall, and condition index in 2015, the year after 48 tortoises were released in 2014 and deaths were high (Table 7). Model fit and the number of models that performed similarly to the best-fit model (i.e., ∆AICc < 2) varied by year (Table 6). Starting in 2018, a model with size as the sole variable became the most parsimonious model.


Table 6 | Models for evaluating variables associated with survival of translocated juvenile and young desert tortoises raised in head-start pens at Edwards Air Force Base, California, USA.




Table 7 | Importance values of predictor variables used to explain the survival of small Agassiz’s desert tortoises (Gopherus agassizii) released in 2013 and 2014 at a study area on Edwards Air Force Base, in the western Mojave Desert, California, USA.






Figure 7 | Probability of survival for 83 small Agassiz’s desert tortoises (Gopherus agassizii) based on (A) size (carapace length at the midline, MCL, mm) and (B) number of repeat burrows (repeatedly used burrows during periods of temperature extremes) after translocation to a site on Edwards Air Force Base in the western Mojave Desert, California, USA. Size of the tortoise was the principal driver of survival in annual models of survival, followed by repeatedly used burrows.







5 Discussion



5.1 Translocation during the megadrought and a warming climate

The megadrought resulted in prolonged years of drought with precipitation 65% to 70% below pre-megadrought and pre-study norms. The megadrought resulted in hotter air temperatures, hot droughts, evaporative losses of soil moisture, and stressed plants, presenting a bleak outlook for tortoises (Dannenberg et al., 2022). According to Cook et al. (2021), an estimated 50% chance exists for another similar drought before the end of the century. Low levels of precipitation and hotter temperatures affect almost every aspect of life for all sizes of tortoises, from the reduced cover of shrubs used for protection (Hereford et al., 2006) to health and physiology (Henen et al., 1998; Christopher et al., 1999). With this study and previous publications on adults, above-ground activities, such as movements and home range size, are limited (Duda et al., 1999), more years may be required to achieve reproductive maturity (Medica et al., 2012), and egg production is more limited (Turner et al., 1986; Turner et al., 1987; Henen, 1997; Henen, 2002a; Henen, 2002b). Higher death rates are likely for all sizes of tortoises, and juveniles in head-start pens may be especially vulnerable (Berry et al., 2002: Mack et al., 2018). More females than males may be produced, as suggested by Nagy et al. (2016), and this has been observed in other species of turtles (Roberts et al., 2023).




5.2 Survival and contributing factors

Survival of juvenile tortoises to adult sizes is essential to achieve viable populations (Congdon et al., 1993, Turner et al., 1987; Berry et al., 2020). Despite challenging circumstances for the small tortoises coupled with the megadrought, 21.7% survived. Most survivors were <100 mm MCL when released, and six reached an adult size at 14–17 years old, slightly younger than reported in a long-term study of penned tortoises in Nevada (Medica et al., 2012) but within the ages suggested for a population in the eastern Mojave Desert (Turner et al., 1987). Low rainfall and persistent drought did not appear to slow growth overall or increase the time to maturity for some survivors. The larger tortoises followed a pattern of tortoises in Nevada pens: little or no growth during drought and rapid growth when winter rains produced annual plant foods (Medica et al., 2012). Nevertheless, this pattern changed at EAFB in 2021 and 2022, both dry years: home ranges increased, and in 2022, movements, home range, and growth were comparable to those during wet years. The cause may be size-related, genetics, or physiology, with tortoises in the large immature class (140–179 mm MCL) approaching or becoming adults. Larger tortoises have more mass and nutritional resources and can travel more to obtain food. Forbs were uncommon and widely spaced in those dry years, and tortoises sought them out and ate them.

The availability of drinking water twice per year during handling may have partially offset the effects of drought. During the last 2 years of study, available drinking water possibly contributed to increased growth and movements. The added water had an important physiological function, potentially allowing tortoises to dump concentrated wastes from the bladder, refilling it with diluted urine, rehydrating, and ridding them of concentrations of waste in the blood. Consumption of dried plants could follow, thereby improving nutritional status (Peterson, 1996; Oftedal, 2002).

Models of survival indicated that size (MCL) ranked the highest among the variables, and larger tortoises were more likely to survive. Some tortoises <100 mm MCL at release survived to large immature and adult sizes, suggesting that release may be possible at smaller sizes, i.e., 75–80 mm MCL. Nagy et al, 2011; Nagy et al, 2015a; Nagy et al, 2015b) considered size and shell hardness to be vital components of decisions on timing for releases of small, head-started tortoises and suggested sizes >100 mm MCL. For 50% survival based on size, our findings suggest 125 mm MCL.

The number of repeatedly used burrows during periods of temperature extremes ranked second in model importance for survival, not surprisingly, considering the importance of burrows in the lives of adults and the fidelity that adults show to these retreats (Woodbury and Hardy, 1948; Burge, 1978; Freilich et al., 2000; Drake et al., 2015). Juvenile and immature tortoises rapidly prepared burrows during settling and showed behaviors comparable to those of adults, constructing and using burrows during temperature extremes. Burrow use also figured prominently in short-term experimental studies of translocated juvenile and immature tortoises; burrow abundance (Nafus et al., 2016) and use (Germano et al., 2017) were powerful predictors of survival. Burrows will have an important role in buffering against the increasingly hot and dry conditions forecast for the entire range of the tortoise, especially if long and deep burrows allow a reduction in metabolic rates (Nagy et al., 1997). Repeatedly used burrows were also an important component of survival for translocated adults in the central Mojave Desert in a long-term study (Mack and Berry, 2023).

Other variables with high importance values contributed to post-release survival in ≥1 year: distance traveled per observation (high in the first 2 years post translocation) and mean growing season ranked high in 2 dry years. Condition index held a high value in 2015 only, the year following the release of small tortoises in 2014 and when mortality rates were high and many tortoises disappeared.




5.3 Reducing dispersal in the future

Finding methods to anchor animals to the release site can be important for positive outcomes for translocation because excessive dispersal is associated with higher mortality rates (e.g., Field et al., 2003; Nussear et al., 2012; Swaisgood and Ruiz-Miranda, 2019). In our study, the timing of the release in early October was likely a factor in reducing dispersal distances, homing, and rejection of the release site in the short-term (Stamps and Swaisgood, 2007; Berger-Tal et al., 2020). The fall release coincided with the time that tortoises enter brumation (Woodbury and Hardy, 1948; Rautenstrauch et al., 2002; Mack et al., 2015). Comparable to the pattern for wild adults, the small tortoises settled into burrows within several days of release in October and remained until late winter, unless precipitation stimulated brief emergence (Medica et al., 1980; Henen et al., 1998).

The choice of a release site can provide an anchor for settling, particularly if the habitat is comparable to the home site. In a long-distance translocation study, Nussear et al. (2012) observed less dispersal and more rapid settling when tortoises were translocated to typical habitats. We selected a site like the head-start pens and where large creosote bushes had live and dead overhanging branches and soils contained numerous rodent burrows, evidence of easy digging. Wild tortoises of all sizes selected canopies of large shrubs to place burrows throughout much of the geographic range (Burge, 1978; Berry and Turner, 1984; 1986). Nafus et al. (2016) reported that the abundance of small mammal burrows was the most powerful predictor of survival among translocated juvenile desert tortoises in a Nevada study. However, if tortoises 70–100 mm MCL are released, some are likely to require larger rodent burrows than used by heteromyid rodents, i.e., burrows used by ground squirrels, because many rodent burrows are too small for larger juvenile and immature tortoises. The presence of rodent burrows beneath shrubs signals easy digging.




5.4 Selecting translocation sites

Locating places to translocate tortoises for recovery purposes presents major challenges because habitats are degraded and fragmented due to historic, recent, and current anthropogenic disturbances typical throughout the geographic range and generally in the West (U.S. Fish and Wildlife Service [USFWS], 1994; Leu et al., 2008; U.S. Fish and Wildlife Service [USFWS], 2011; Berry and Murphy, 2019). Importantly, substantial blocks of land, whether managed by agencies within the Departments of Defense or the Interior, have histories of uses and current commitments often limiting compatibility for recovery (e.g., U.S. Bureau of Land Management, 2019).

The USFWS (2011) has a goal of restoring tortoise populations to viability, and head-starting is one method of augmenting diminished populations. Translocated tortoises need space. Based on our study, the 15-km2 site was too small because some tortoises dispersed after reaching 145–150 mm MCL (or smaller). Depending on location, the translocation site may need fencing to reduce unauthorized uses (e.g., Berry et al., 2014a; Berry et al., 2020) or protect the tortoises from vehicle kills on paved and well-used dirt roads (von Seckendorff Hoff and Marlow 2002; Nafus et al., 2013).

Tortoise habitats will gain from the reduction of non-native grasses and harmful non-native forbs (e.g., African mustard). Grasses, whether native or non-native, are poor forage and harmful for juveniles and all sizes of tortoises if forbs are not consumed as part of the diet (Hazard et al., 2009; 2010; Drake et al., 2016). Much of the geographic range, including the study area on EAFB, has invasive, non-native annual grasses, and African mustard has rapidly invaded parts of the Mojave Desert (Brooks and Berry, 2006; Minnich and Sanders, 2000). Non-native, annual grasses are flammable and have contributed to severe damage from fires to critical habitat units for the tortoise, particularly in the central, eastern, and northeastern Mojave Desert regions (Brooks and Matchett, 2006; Klinger et al., 2021). Non-native grasses and forbs effectively compete with the native forbs preferred by tortoises (Brooks, 2000; Brooks, 2003; Berry et al., 2014b; Jennings and Berry, 2015). The situation is acute during drought years because non-native species (e.g., Schismus spp., Bromus spp.) composed 91% of the biomass in dry years in the western Mojave (Brooks and Berry, 2006). Production of annual forbs following winter rains is essential for the growth of small tortoises: forbs provide energy, nutrients, and minerals (Nagy and Medica, 1986; Hazard et al., 2009; Hazard et al., 2010). The altered food supply, when coupled with prolonged years of drought, reduces the capacity of juveniles to grow and increases the time to reach sexual maturity. Habitat restoration is likely essential to the recovery of tortoise populations (Abella et al., 2023).




5.5 Hyper-predation by ravens and coyotes

Reductions in predators that kill tortoises would benefit the survival of small, translocated tortoises. Populations of ravens and coyotes have grown in the Mojave Desert because of subsidies from anthropogenic sources of food and water and, for ravens, the addition of nest and perch sites (Kristan and Boarman., 2003; Esque et al., 2010; Cypher et al., 2018). At EAFB, the two species of predators benefitted locally from animal kills on nearby roads and highways, trash, and other food and water sources available from nearby settlements and on-base housing, military offices and facilities, and perches in Joshua trees and cultivated trees. These predators were the sources of most deaths of tortoises in our study and other projects (e.g., Nagy et al., 2015b). Recent efforts to reduce the population growth of ravens throughout the Mojave Desert in California have focused on lethal measures and oiling of eggs (e.g., U.S. Fish and Wildlife Service [USFWS] 2008; Shields et al., 2019), but neither measure occurred on EAFB during the time frame of the study (W.E. King, 412 CEG/CEVA, EAFB, personal communication, 2 Feb 2023).





6 Implications

The translocation of head-started tortoises began under difficult circumstances because of several factors, including the condition of tortoises to be translocated (Mack et al., 2018). In the future, head-starting projects would benefit from guidelines in IUCN, International Union for the Conservation of Nature, Species Survival Commission (2013) and Swaisgood and Ruiz-Miranda (2019). These publications provide roadmaps to successful projects, especially when a team of knowledgeable and committed parties and multiple government agencies can be assembled in advance of project initiation and meet frequently as conditions warrant.

Climate change, with increasing temperatures, megadroughts, and more hot and dry years forecasted, poses new challenges to survival for tortoises, especially when existing and projected climate variations are coupled with long-term habitat degradation. Although tortoises have physiological and behavioral adaptations for living in deserts, these adaptations may be insufficient during prolonged droughts. For small tortoises, deeper burrows with more soil cover and longer tunnels may allow greater protection from increasing temperatures and declining soil moisture but may be beyond the capacity of small tortoises to dig. Experimental testing of pre-dug, deep burrows, and drinking water is another option, especially when associated with telemetered individuals.

Protection and restoration of habitats and controlling subsidized predators are potential routes forward. Improvements in head-start methods (e.g., Nagy et al., 2020) with translocations delayed until juveniles are ≥70–100 mm MCL are likely to aid in higher survival. Fall translocations to appropriate sites can allow for rapid construction of burrows, settling, and brumation. Fall releases result in tortoises moving underground, whereas spring releases contribute to above-ground activity and likely predation. Release sites of high quality (large, protected from ongoing and future surface disturbances) could enhance survival. Future options include the exploration of sites beyond the current distributional limits in the northern Mojave at higher elevations. Desirable sites likely to benefit the tortoise would be free of historic and recent livestock grazing, feral burros, horses, mining, and other developments, especially if those areas support food plants preferred by the tortoises.
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