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ABSTRACT 

Effective conservation requires efficient population monitoring, which can be 

challenging for rare species like the desert tortoise (Gopherus agassizii).  We compared 

two alternative survey methods that can be used to monitor tortoise populations: distance 

sampling and site occupancy estimation.  In 2005 and 2006 combined, we surveyed 120 

1-km transects to estimate density and 40 3-ha plots with five presence-“absence” 

surveys to estimate occupancy of Sonoran desert tortoises in two mountain ranges in 

southern Arizona.  We found that monitoring programs based on an occupancy 

framework were more efficient and had greater power to detect linear trends.  We also 

found that habitat use by Sonoran desert tortoises was influenced most by slope and 

aspect, contrasting with patterns observed in the Mojave Desert.  Given its efficiency, 

power, and ability to gauge changes in distribution while accounting for variation in 

detectability, occupancy offers a promising alternative for long-term monitoring of 

Sonoran desert tortoise populations.   
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CHAPTER 1: EVALUATING MONITORING STRATEGIES FOR TORTOISES 

IN THE SONORAN DESERT 

 

ABSTRACT 

Effective conservation requires efficient population monitoring, which can be 

especially difficult for rare or elusive species.  Desert tortoise (Gopherus agassizii) 

populations are challenging to monitor effectively because of their seasonally limited 

activity, cryptic appearance, and low densities.  In the Sonoran Desert, current monitoring 

efforts are sporadic, and based on estimating density using mark-recapture methods on 

20-30 large (≥1 km
2
) plots in fixed locations.  Given several logistical and inferential 

limitations of this approach, we compared the efficiency and statistical power of 2 

alternate strategies for monitoring tortoises.  In 2005 and 2006 combined, we surveyed 

120 1-km transects to estimate density using distance sampling and 40 3-ha plots with 5 

presence-absence surveys to estimate occupancy of Sonoran desert tortoises in 2 

mountain ranges in southern Arizona.  For both years combined, we estimated density to 

be 0.31 tortoises/ha (95% CI = 0.21-0.44) and occupancy to be 0.72 (95% CI = 0.56-

0.89).  A monitoring program based on occupancy was more efficient than one based on 

density when comparing both time spent surveying and total effort expended on each 

approach (surveying, hiking to and from survey locations, and radio-tracking).  Within 

the constraints of the sampling designs we compared, occupancy had greater statistical 

power to detect annual declines in occupancy than distance sampling did to detect annual 

declines in density.   For example, power to detect a 3% annual decline within 10 years of 
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annual sampling was estimated to be 0.56 (95% CI = 0.38-0.73) for occupancy and 0.26 

(95% CI = 0.19 to 0.35) for distance sampling.  Although all sampling approaches have 

limitations, occupancy estimation offers a promising alternative for monitoring tortoise 

populations in the Sonoran Desert.   

 

INTRODUCTION 

Establishing strategies to monitor vertebrate populations efficiently is challenging 

because their mobility makes them elusive, their responses to environmental changes can 

be complex, and the cost of thorough surveys can be prohibitive.  Nonetheless, 

monitoring programs designed to quantify long-term changes in populations of rare 

vertebrates are necessary to ensure successful conservation by reliably identifying 

populations in need of management action (Goldsmith 1991).  Design of monitoring 

programs involves balancing a series of trade-offs related to the amount of data collected 

and the cost of obtaining those data.  Additional samples increase precision of parameter 

estimates and increase the likelihood of identifying temporal trends in those parameters 

(Gerrodette 1987); however, the number of samples obtained is inevitably limited by 

finances and other important conservation and management needs.  For species that are 

rare, cryptic, or have limited activity periods, such as the desert tortoise (Gopherus 

agassizii), population parameters may be particularly difficult to estimate because of low 

detection rates (MacKenzie et al. 2002).  To monitor these species effectively, complex 

decisions must be made that include choice of parameters to estimate, survey methods to 
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use, frequency of sampling, and duration of the program to maximize effectiveness of 

monitoring efforts.    

Desert tortoises occur throughout the Mojave and Sonoran Deserts of the United 

States and Mexico, and in thornscrub and deciduous forests of Sonora and northern 

Sinaloa (Germano et al. 1994, Van Devender 2002, Stebbins 2003).  In 1990, the U.S. 

Fish and Wildlife Service (USFWS) listed populations of desert tortoises north and west 

of the Colorado River as threatened under the Endangered Species Act principally 

because of declines observed in California (USFWS 1990, 1994).  Tortoise populations in 

the Sonoran Desert and tropical deciduous forest were not listed, however, in part 

because the status and trends of populations outside of the Mojave Desert are largely 

unknown. 

In 1987, the Arizona Game and Fish Department initiated a statewide monitoring 

program based on mark-recapture methods to estimate abundance of Sonoran desert 

tortoises on 20-30 1-km
2
 or 2.6-km

2
 plots (Averill-Murray 2000).  Plots have been 

surveyed infrequently, many fewer than 3 times each between 1987 and 1999 (Averill-

Murray 2000); because plots were not located randomly, scope of inference was limited 

to these plots.  Infrequent visits and small sample sizes limit the ability of this program to 

detect only large trends in tortoise populations.   

Since 2001, line-transect distance sampling has been used to monitor density of 

tortoises in the Mojave Desert (USFWS 2006), and 2 studies in Arizona suggested that 

distance-sampling methods might also be effective in the Sonoran Desert (Swann et al. 

2002, Averill-Murray and Averill-Murray 2005).  Given the topographic complexity and 
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dense vegetation characterizing tortoise habitat in the Sonoran Desert, however, distance 

sampling would be more time intensive in the Sonoran than the Mojave Desert, requiring 

considerable effort to generate estimates with sufficient precision to detect changes in 

density over time efficiently.  Further, because tortoises are often below ground and 

invisible to observers, a separate sampling effort is needed to estimate the proportion of 

tortoises available to be detected (g0), typically done with radio-telemetry (Anderson et 

al. 2001).   

In 2005 and 2006, we evaluated methods to effectively monitor populations of 

Sonoran desert tortoises in southern Arizona.  Specifically, we compared monitoring 

programs based on distance sampling with programs based on site occupancy estimation, 

an effective approach for species with low rates of detection that is based on repeated 

presence-“absence” surveys to estimate the proportion of area occupied (MacKenzie et al. 

2002).  Although site occupancy estimation has not been used to monitor tortoise 

populations, it has been applied to a variety of other taxa, including amphibians (Bailey et 

al. 2004, Mazerolle et al. 2005, Weir et al. 2005), mammals (Ball et al. 2005, O’Connell 

et al. 2006), birds (Olson et al. 2005, Royle et al. 2005, Kroll et al. 2007), and insects 

(MacKenzie et al. 2005).  Because tortoises are cryptic, relatively rare, and spend 

significant amounts of time below ground where they cannot be detected, estimating site 

occupancy may be more efficient than estimating density or abundance.  We compared 

the efficiency and statistical power of distance-sampling and site-occupancy approaches, 

and make recommendations for monitoring populations of Sonoran desert tortoises.     
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METHODS 

Study Areas 

We studied tortoises in Saguaro National Park (SNP), in the eastern portion of the 

Sonoran Desert in southern Arizona, a region with high diversity of trees and shrubs and 

limited rainfall of 240-300 mm per year falling in a seasonally bimodal pattern (Turner 

and Brown 1982).  We worked in 2 different areas of the park, 1 in 2005 and 1 in 2006.  

In 2005, we studied a 43-km
2
 area in the Rincon Mountains that ranged in elevation from 

800 to 1150 m (Fig. 1.1) and was characterized by Arizona Upland vegetation including 

foothills paloverde (Parkinsonia microphylla), saguaro (Carnegiea gigantea), velvet 

mesquite (Prosopis velutina), Acacia spp., and a variety of Opuntia species (Turner and 

Brown 1982, Bowers and McLaughlin 1987).  The Rincon Mountain study area 

encompassed 2 distinct geomorphologic regions.  One-third of the study area was flat 

with broad, sandy washes and few rock or boulder formations, and the remaining two-

thirds were topographically variable with numerous rock formations.  In 2006, we studied 

an 80-km
2
 area in the Tucson Mountains that ranged in elevation from 675 to 1150 m 

(Fig. 1.1) and was located on the edge of a transition zone between the Arizona Upland 

and Lower Colorado River Valley subdivisions of the Sonoran Desert in Avra Valley, 

Arizona (Turner and Brown 1982).  Creosote bush (Larrea tridentata) and bursage 

(Ambrosia spp.), plants often associated with the Lower Colorado River Valley 

subdivision, were abundant in the northwestern region of the mountains (Rondeau et al. 

1996).  Topography in this area varied from steep slopes with jagged volcanic rocks to 

lowland flats.  Foothills in the Tucson Mountains contained numerous washes with 
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incised banks and caliche caves that desert tortoises often used for shelter.  We excluded 

areas in the Tucson Mountains >500 m from hills from the sampling frame because the 

density of tortoises in these areas was <0.05 tortoises/ha (Averill-Murray and Averill-

Murray 2005).   

 

Distance Sampling 

Within each study area, we randomly located 60 1-km transects laid out as 250 m 

× 250 m squares (Swann et al. 2002).  In the Rincon Mountains, we allocated transects at 

random in proportion to areal coverage of the 2 geomorphologic regions, and in the 

Tucson Mountains we located transects completely at random.  Transects that crossed 

roads, were too steep to access or survey safely, or overlapped more than 50% with other 

transects were not selected.   

We used distance-sampling methods to estimate density (Buckland et al. 2001) 

and employed survey techniques developed specifically for tortoises with 2 observers 

traversing each transect in sinusoidal patterns (Anderson et al. 2001).  Based on previous 

studies in southern Arizona, we needed to survey ≥60 km to observe enough adult 

tortoises to estimate density using distance-sampling methods (Swann et al. 2002, 

Averill-Murray and Averill-Murray 2005).  We surveyed all transects between early July 

and late October, because tortoises in the Sonoran Desert are most active during the 

monsoon season (Van Devender 2002).  We surveyed each transect between 

approximately 0545 and 1200 hrs, searching for tortoises by scanning open ground, 

looking under vegetation, and using mirrors or flashlights to inspect holes and crevices.  
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For each tortoise detected, we measured the exact distance from tortoise to transect 

centerline (Buckland et al. 2001).  If the tortoise was in a hole or crevice, we attempted to 

remove the animal carefully by hand or with a snake hook.  We identified the sex of each 

tortoise, measured midline carapace length and weight, noted health characteristics, and 

marked individuals by notching the marginal scutes (Cagle 1939) and by attaching a 

small number to the fifth vertebral scute with epoxy.  We photographed the carapace and 

nares of each tortoise and any other uniquely identifying characteristics such as shell 

anomalies, injuries, or symptoms of infection (Berry and Christopher 2001).  As a 

precaution against potential disease transfer among individuals, we wore latex gloves 

when handling tortoises and rinsed equipment with veterinary disinfectant (Arizona 

Interagency Desert Tortoise Team 1996).  To reduce potential for fluid loss (Averill-

Murray 2002a), we handled tortoises gently and did not turn tortoises on their backs 

unless photographs of the plastron were necessary.  Our tortoise-handling protocol was 

approved by the University of Arizona’s Institutional Animal Care and Use Committee 

(protocol 05-097).   

We did not include observations of juvenile or sub-adult tortoises (carapace 

length <180 mm; Germano 1994) in estimates of density.  In our study and in previous 

studies, a small proportion of overall captures were juvenile or sub-adult tortoises (Swann 

et al. 2002, Averill-Murray and Averill-Murray 2005), probably because detection 

probabilities for these age classes are lower than detection probabilities for adults (Berry 

and Turner 1986, Morafka 1994, Anderson et al. 2001).   
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We evaluated uniform, half-normal, and hazard-rate key functions and cosine, 

simple polynomial, and hermite polynomial series expansions in Program DISTANCE 

5.0 to estimate density of adult tortoises using mapped transect distances (Swann et al. 

2002).  We treated years as strata and truncated 5% of the observations farthest from the 

transect line.  We compared models using Akaike Information Criterion corrected for 

small sample sizes (AICc); we classified models as competing when ΔAICc ≤2.0 and 

retained only these models for inference (Burnham and Anderson 2002).  After adjusting 

AICc model weights so that weights of competing models summed to 100% (MacKenzie 

and Bailey 2004), we generated model-averaged estimates across all competing models.   

 

Radio Telemetry 

An assumption of distance sampling is that all individuals on the centerline are 

detected (Buckland et al. 2001).  Because desert tortoises spend a significant amount of 

time in deep holes or crevices where they cannot be seen, density estimates are only 

reliable if the proportion of animals that are available to be detected during surveys is 

estimated.  To estimate this parameter, g0, we attached transmitters (G3 model, AVM 

Instruments, Colfax, CA) to 9 adult tortoises in the Rincon Mountains and 10 adult 

tortoises in the Tucson Mountains (Fig. 1.1).  Transmitters were attached to the first or 

second costal scute using quick-drying epoxy, with the antenna threaded through rubber 

tubing to ensure that transmitter attachment did not affect growth at scute seams and to 

facilitate replacement of the transmitter (Boarman et al. 1998).  We tracked tortoises 

using a directional antenna and receiver (TR-2/TR-4 models, Telonics, Mesa, AZ) twice 
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per week during sampling.  Each time we located a radio-marked tortoise, we noted 

whether the tortoise would have been visible to an observer during a distance-sampling 

survey using the aforementioned search techniques.  Each week we calculated the 

proportion of radio-marked tortoise observations during which the animal was visible, 

and used the mean of these weekly proportions as the estimate of g0. 

 

Occupancy Estimation 

Within each study area we randomly located 20 3-ha sites (170 m × 170 m).  

Similar to the way in which we allocated transects, we allocated sites at random in 

proportion to areal coverage of the 2 geomorphologic regions in the Rincon Mountains 

and completely at random in the Tucson Mountains.  Sites that crossed roads, were too 

steep to access or survey safely, or were <170 m from another site were not selected.   

We used repeated presence-absence surveys to estimate the proportion of sites 

occupied (MacKenzie et al. 2002).  We surveyed each site 5 times with a minimum of 7 

days between consecutive surveys of the same site.  Because no other studies have 

estimated occupancy of desert tortoises, we used estimates of detection probability from 

previous distance-sampling and mark-recapture studies to determine the number of 

surveys of each site needed to estimate occupancy reliably.  We concluded that a 

minimum of 5 surveys would be necessary to estimate occupancy given that the 

probability of detecting tortoises in the Sonoran Desert was likely <0.5 (Wirt and 

Robichaux 2001, Swann et al. 2002, Averill-Murray and Averill-Murray 2005, 

MacKenzie and Royle 2005).  After establishing the number of surveys, we determined 
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that 20 3-ha sites could be surveyed in each study area given a survey season of 100 days 

with 1 survey completed per day, the likely level of effort expended by agencies to 

survey areas of this size annually.   

 We surveyed sites between early July and late October during mornings (0545 to 

1200 hrs) and evenings (1600 to 2000 hrs), with each site surveyed at least twice in the 

morning and twice in the evening.  One to 5 observers performed each survey by walking 

parallel lines spaced approximately 10 m apart.  During the first survey of each site in 

2005, searches ended when we located an adult tortoise.  For all other surveys (surveys 2-

5 in 2005 and 1-5 in 2006), we searched each site in its entirety.  Search and handling 

techniques were the same as those used for distance sampling.  Similar to distance-

sampling analyses, we did not include observations of juvenile and sub-adult tortoises 

when estimating occupancy.    

We used Program PRESENCE 2.1 to estimate occupancy (ψ) of adult tortoises 

for 2005 and 2006 combined.  We evaluated candidate models that allowed ψ to be 

constant or vary with year, and allowed detection probability to be constant, vary with 

year, survey period, or year and survey period, and assessed goodness-of-fit for the most 

general candidate model (MacKenzie and Bailey 2004).  We used the same approach to 

select models for occupancy as we did for distance sampling.  For each competing model, 

we generated an estimate of occupancy by averaging all site-specific estimates and 

estimated standard error to include variance that reflected sampling error associated with 

covariates (Chap. 2).  Similarly, we used survey-specific estimates of detection 

probability to generate an overall estimate of detection probability and associated 
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standard error for each competing model, and then generated model-averaged estimates 

across all competing models. 

 

Survey Efficiency 

We calculated time spent surveying transects and sites (search time), handling 

tortoises, hiking to and from survey locations (travel time), and radio-tracking tortoises.  

In 2005, we estimated search times for occupancy if we had searched each site in its 

entirety during the first survey period by replacing search times from survey 1 with 

average search times for surveys 2-5 on each site.  We compared distance-sampling 

surveys and occupancy surveys with respect to both search times and total effort 

expended (search time + travel time + time spent radio-tracking).   

 

Power 

We estimated statistical power of each monitoring approach to detect linear trends 

in population parameters over time.  When comparing approaches, we used estimates of 

density and occupancy and their associated standard errors from the top model or model-

averaged estimates when there were competing models.  We estimated power of each 

approach to detect declines in density or occupancy of 1-5% per year with surveys 

completed every 1, 2, or 3 years and α = 0.05.  To assess the effect of within-season 

sampling effort, we estimated power to detect linear trends in occupancy for sampling 

designs with 2 to 5 surveys of each site.  To generate occupancy estimates and standard 

errors for designs with different numbers of surveys per year, we systematically removed 
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individual survey periods from data collected in 2005 and 2006 and averaged parameter 

estimates generated for all possible subsets of 2, 3, and 4 surveys.  For example, for 

designs with 4 surveys of each site per year, we temporarily eliminated observations from 

survey period 1 and generated an estimate of occupancy and standard error based only on 

survey periods 2-5.  We repeated this process 4 times by eliminating observations from 

survey periods 2, 3, 4, and 5, and averaged the 5 estimates.  

 

RESULTS 

Distance Sampling 

We surveyed 120 1-km transects (60 in 2005, 60 in 2006) between 9 July and 13 

October, on which we observed adult tortoises on 39 transects (32.5%).  We observed 0-5 

adults per transect with an average of 0.54 adults (SE = 0.09) per transect, and observed a 

total of 65 adult tortoises and 14 juvenile/sub-adult tortoises.  We tracked radio-marked 

tortoises on 59 occasions, locating 1-10 tortoises per occasion.  The number of tortoise 

locations per week ranged from 4-20, with a mean weekly proportion of tortoises 

available to be detected of 0.88 (SE = 0.03).  We expended 926 person hours surveying 

transects (505 in 2005, 421 in 2006), 49 person hours handling tortoises (36, 13), 310 

person hours hiking to and from transects (163, 147), and 277 person hours tracking 

radio-marked tortoises (126, 151).   

Models with separate detection functions in each year fit the data better than 

models with a common detection function across years.  Top-ranking models used a 

uniform key function with cosine adjustments for 2005 data and simple polynomial 
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adjustments for 2006 data.  We estimated density of tortoises to be 0.36 tortoises/ha (95% 

CI = 0.23-0.57) in 2005, 0.25 tortoises/ha (95% CI = 0.14-0.45) in 2006, and overall 

density to be 0.31 tortoises/ha (95% CI = 0.21-0.44; Table 1.1). 

 

Occupancy Estimation 

We surveyed 40 3-ha sites (20 in 2005, 20 in 2006) 5 times each between 7 July 

and 14 October, on which we observed adult tortoises on 27 sites (67.5%) during 61 of 

200 surveys (30.5%).  We observed 0-3 adults per survey with an average of 0.38 adults 

(SE = 0.05) per survey, and observed a total of 76 adult tortoises (≥ 61 unique 

individuals) and 23 juvenile or sub-adult tortoises (20 unique individuals).  We spent 688 

person hours surveying sites (302 in 2005, 386 in 2006), 44 person hours handling 

tortoises (21, 23), and 444 person hours hiking to and from sites (237, 207).       

We classified 4 of 8 candidate models as competing and these accounted for 96% 

of total model weights.  Goodness-of-fit for the most general model in the candidate set 

was acceptable (χ
2
 = 3.21, p = 0.94).  Across competing models, we estimated ψ to be 

0.72 (95% CI = 0.56-89) and p to be 0.43 (95% CI = 0.33-0.52). 

 

Survey Efficiency 

Estimating ψ with occupancy surveys was more time efficient than estimating 

density with distance-sampling surveys in both years of the study, although the difference 

in efficiency was more pronounced in 2005 (Table 1.2).  Considering only search times, 

occupancy surveys took 36% less time than distance-sampling surveys in 2005 and 8% 
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less time in 2006.  Considering total effort, occupancy surveys took 30% less time than 

distance-sampling surveys in 2005 and 17% less time in 2006. 

 

Power 

 For the range of environments we sampled and the sampling designs we used, 

occupancy had greater power to detect linear trends in ψ than distance sampling had to 

detect linear trends in density for the same sampling frequency and same annual rate of 

decline (Fig. 1.2).  Among scenarios that included 1-5% annual declines and samples 

completed every 1, 2, or 3 years, distance sampling would require 15-40% more time to 

reach an 80% chance of detecting a trend in density than occupancy surveys would 

require to detect a similar trend in ψ.  Power to detect trends in occupancy increased 

considerably as annual rates of decline increased from 1% to 3% (Fig. 1.2) and as 

sampling frequency increased, both within and among seasons (Fig. 1.3).  Compared to 

surveys performed annually, surveys completed every 2 or 3 years required 25% or 67% 

more time, respectively, to reach an 80% chance of detecting a 3% annual decline in 

occupancy.  Although increasing the number of site surveys within a season increased 

power, the effect became slight when the number of surveys increased beyond 4.    

 

DISCUSSION 

Comparing Survey Approaches 

Within the constraints of the sampling designs we established to represent survey 

efforts appropriate for areas 40-80 km
2
 in size, methods to estimate occupancy were 
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somewhat more efficient than methods to estimate density with distance sampling.  

Although changes in sampling design or physical characteristics of the study area will 

affect effort, the overall patterns we observed are not likely to change, in part because 

density of desert tortoises is fairly low throughout the Sonoran Desert.  Specifically, to 

detect 60 adult tortoises in each area using distance-sampling methods, the minimum 

number recommended to estimate density reliably (Buckland et al. 2001), we would have 

needed to survey 80-180 km of transects in each area, which is approximately double the 

sampling effort we exerted.  In contrast, less effort could have been expended to generate 

the same degree of accuracy in estimates of tortoise occupancy if surveys were 

terminated after the first adult tortoise was observed.  The advantage to searching each 

site in its entirety, however, is that estimates of occupancy can be generated for multiple 

species simultaneously.   

Occupancy had greater power to detect linear trends in parameters than distance 

sampling, a feature critical to monitoring programs designed for species of conservation 

concern.  This result reflects the higher precision of occupancy estimates (CV = 11.4%) 

versus density estimates (CV = 18.3%).  Further, precision of occupancy estimates could 

have been increased by refining the sampling design.  Designs of occupancy surveys 

reflect trade-offs between the number of sites surveyed and the number of surveys per 

site (MacKenzie and Royle 2005).  For example, we could have surveyed 50 sites 4 times 

instead of 40 sites 5 times and retained a total of 200 surveys.  Decreasing the number of 

surveys from 5 to 4 would not have decreased power considerably (Fig. 1.3), although 

increasing the number of sites by 25% would have increased precision.  In general, 
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designs where more sites are surveyed less intensively instead of fewer sites surveyed 

more intensively are recommended for species like tortoises that are relatively rare 

(MacKenzie and Royle 2005).  Additionally, removal or hybrid designs, where all or a 

portion of sites are no longer surveyed after a species is detected, may prove to be more 

efficient than designs where all sites are surveyed the same number of times (MacKenzie 

and Royle 2005). 

 

Distance Sampling 

Our overall density estimate (0.31 tortoises/ha) was similar to other estimates 

generated in the region using distance-sampling and mark-recapture methods (0.23-0.52 

tortoises/ha; Wirt and Robichaux 2001, Swann et al. 2002, Averill-Murray and Averill-

Murray 2005), and falls within the wide range of density estimates generated on long-

term mark-recapture plots throughout the Sonoran Desert in Arizona (0.06-0.58 

tortoises/ha; Averill-Murray et al. 2002b).  Because tortoises are uncommon throughout 

their range, however, precision of density estimates tends to be low, as reported for other 

studies in the Sonoran Desert, where CVs ranged from 23.0-37.2% (Swann et al. 2002, 

Averill-Murray and Averill-Murray 2005).   

Since 2001, USFWS has used distance sampling to estimate density of Mojave 

desert tortoises (USFWS 2006).  Estimates of density for tortoises in the Mojave Desert 

were lower than densities in the Sonoran Desert (0.01-0.08 tortoises/ha; USFWS 2006), 

however, precision of estimates was often higher in the Mojave than Sonoran Desert due 

to higher sampling effort (CV = 10.3-24.2%).  In the Mojave Desert, most areas inhabited 
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by tortoises were flat and sparsely vegetated relative to the Sonoran Desert (Chap. 2).  

Consequently, observers in the Mojave Desert could survey transects 4-12 times longer in 

a single day than observers in the Sonoran Desert, resulting in more total kilometers 

surveyed and more adult tortoises encountered.  Distance sampling may be more 

effective in the Mojave Desert than the Sonoran Desert for these reasons, demonstrating 

that the efficacy of a survey strategy for monitoring may vary across the range of a 

species because of variation in population and habitat characteristics. 

 

Occupancy Estimation 

We know of no other studies reporting estimates of occupancy for desert tortoises 

or similar tortoise species.  We can, however, compare our estimate of detection 

probability (0.43) to estimates of detection probability generated from mark-recapture or 

distance-sampling studies.  Detection probabilities estimated from mark-recapture 

studies, the number of adult tortoises captured during the second survey that were marked 

during the first survey divided by the total number of adult tortoises captured during the 

second survey, ranged from 0.31-0.64 in SNP (Wirt and Robichaux 2001).  Detection 

probability from distance-sampling, the proportion of tortoises detected between the 

transect centerline and the truncation distance, was higher in the Mojave Desert (0.60; 

USFWS 2006) than we observed (0.43), the difference likely due to increased complexity 

of tortoise habitat in the Sonoran Desert.   

 We surveyed each site 5 times; however, it seems likely that 4 surveys would be 

adequate given that the probability of detecting an adult tortoise at least once on an 
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occupied site during any of the surveys would only decrease from 0.94 (1-(1-0.43)
5
) to 

0.89 (1-(1-0.43)
4
) by decreasing the number of surveys from 5 to 4.  Relative to the 

duration of the monitoring program, sampling frequency, both within and among seasons, 

should have a comparatively small influence on power of the monitoring program (Gibbs 

et al. 1998). 

 For species such as tortoises that do not occupy discrete, naturally-defined 

sampling units, defining the size of sites to survey can be challenging.  Our choice of 3-

ha sites reflected a trade-off between the average area used by an adult tortoise within a 

season and the area we could survey given time and cost constraints.  Mean annual home-

range estimates for tortoises at several sites in Arizona ranged from 2.6-25.8 ha, with 

much of the variation in size attributable to site characteristics (Averill-Murray et al. 

2002a).  In our study areas, mean annual home-range size was smaller than those 

observed at many other sites in the Sonoran Desert (7.5 ha; E. R. Zylstra, unpublished 

data).  Although 3-ha sites were smaller than the home-ranges of many tortoises in our 

study area, 3-ha sites likely encompassed primary activity areas of most tortoises during 

the monsoon season (average 50% kernel home-range size during monsoon season = 1.79 

ha; E. R. Zylstra, unpublished data), thereby avoiding major violations of the closure 

assumption. 

 

Management Implications 

Although we found occupancy estimation to be more time efficient and to have 

greater power to detect long-term trends than distance sampling, we do not suggest that it 
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should be implemented for all tortoise populations in the Sonoran Desert without first 

carefully considering all possible options.  First, distance sampling and occupancy 

approaches estimate different parameters; therefore, 1 approach or a combination of the 2 

approaches may be more appropriate given specific objectives of the study.  Second, 

efficacy of an occupancy approach may vary among locations.  For example, tortoise 

densities and distribution vary throughout the Sonoran Desert (Averill-Murray et al. 

2002b), and it would be reasonable to assume similar variation in occupancy rates and 

detection probabilities.  Finally, like all parameters, occupancy has limitations, as 

proportion of sites occupied may not reflect changes in abundance within sampling units 

(Holt et al. 2002).  These considerations notwithstanding, however, site occupancy 

estimation offers a viable alternative to current monitoring strategies for the Sonoran 

desert tortoise because of its relative efficiency and relatively high power to detect long-

term trends in populations.   
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TABLE 1.1.  Estimates with associated coefficients of variation (CV) and 95% confidence 

intervals (95% CI) for distance-sampling surveys of Sonoran desert tortoises in southern 

Arizona, USA, 2005-2006. 

 

Stratum Estimate CV (%) 95% CI 

2005 - Rincon Mountains    

       Encounter rate (adult tortoises/km) 0.72 20.20 0.48-1.07 

       Estimated strip width (m) 11.26 9.79 9.25-13.71 

       Density (adult tortoises/ha) 0.36 22.45 0.23-0.57 

    

2006 - Tucson Mountains    

       Encounter rate  0.32 26.53 0.19-0.53 

       Estimated strip width  7.29 15.93 5.23-10.17 

       Density 0.25 30.94 0.14-0.45 

    

Pooled    

       Density 0.31 18.32 0.21-0.44 
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TABLE 1.2.  Estimated search times (time spent surveying sites in their entirety or 

surveying distance-sampling transects) and total times (search + travel + radio-tracking) 

needed to estimate occupancy and density of Sonoran desert tortoises in southern 

Arizona, USA, 2005-2006. 

 

 Occupancy 

(person hrs) 

Distance Sampling 

(person hrs) 

2005   

       Search Time  321 505 

       Total Time 558 794 

2006   

       Search Time 386 421 

       Total Time 593 718 
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FIGURE 1.1.  Study areas and locations of occupancy sites (solid gray squares), distance-

sampling transects (outlined black squares), and radio-telemetry sites (outlined black 

circles) for Sonoran desert tortoises in the Rincon Mountains in 2005 and Tucson 

Mountains in 2006 in Saguaro National Park, southern Arizona, USA. 
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FIGURE 1.2.  Power to detect 1-5% annual declines in density using distance-sampling 

methods and occupancy of Sonoran desert tortoises, with surveys completed every 2 

years in southern Arizona, USA, 2005-2006.  The horizontal dashed lines indicate an 

arbitrary target of 80% estimated power, α = 0.05. 
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FIGURE 1.3.  Power to detect a 3% annual decline in occupancy of Sonoran desert 

tortoises in southern Arizona, USA, 2005-2006, with 2, 3, 4, or 5 surveys of each site 

completed every 2 years and with 5 surveys of each site completed every 1, 2, or 3 years.  

Horizontal dashed lines indicate an arbitrary target of 80% estimated power, α = 0.05. 
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CHAPTER 2: HABITAT USE BY SONORAN DESERT TORTOISES 

 

ABSTRACT 

The geographic distribution of the desert tortoise (Gopherus agassizii) spans a 

wide range of environmental conditions throughout the southwestern United States and 

northwestern Mexico.  To assess how habitat use of Sonoran desert tortoises was 

influenced by biotic and abiotic environmental features represented by topography, 

vegetation, geomorphology, and soil, we surveyed 40 randomly-located sites in the 

Sonoran Desert for presence of adult tortoises within a site occupancy framework to 

account for potential biases due to imperfect detection.  We modeled both occupancy and 

detection probability explicitly as a function of environmental features, and compared 

these results to those from a logistic regression model that assumed detection probability 

was equal to 1.  Results from both approaches agreed, suggesting that habitat selection of 

Sonoran desert tortoises was primarily influenced by topographic and geomorphologic 

features rather than vegetation.  Specifically, tortoises in the Sonoran Desert were more 

likely to occupy sites that were steep and predominantly east-facing, and less likely to 

occupy north-facing slopes.  These results contrast with findings in the Mojave Desert 

that indicate that tortoises in that region primarily occupy valley bottoms.  Habitat use of 

tortoises in Sonoran and Mojave Desert populations differ considerably, contributing to 

the mounting body of evidence suggesting that the populations may represent separate 

species.   
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INTRODUCTION 

Developing effective management strategies for populations of conservation 

concern requires a clear understanding of the environmental features that constitute 

habitat for the species (Noss et al. 1997).  For species with geographic distributions that 

span a wide range of biotic and abiotic conditions, environmental features important for 

their conservation could vary markedly across their ranges.  The geographic range of one 

such species, the desert tortoise (Gopherus agassizii), encompasses the Mojave and 

Sonoran Deserts of the United States and Mexico, and thornscrub and deciduous forests 

of western Sonora and northern Sinaloa (Germano et al. 1994, Van Devender 2002, 

Stebbins 2003).  Tortoises north and west of the Colorado River, designated as Mojave 

desert tortoises by the U.S. Fish and Wildlife Service (USFWS), have been studied 

extensively during the past 2 decades after disease and habitat loss resulted in severe 

population declines and their eventual listing as threatened in 1990 under the Endangered 

Species Act (USFWS 1990, 1994; Christopher et al. 2003).  Tortoise populations in the 

Sonoran Desert and tropical deciduous forest were not listed, however, in part because 

less is known about the ecology, habitat requirements, and status of populations in areas 

outside of the Mojave Desert.  Without a clear understanding of the habitat requirements 

for tortoises in these regions or long-term data necessary to reliably gauge population 

trends for a species with a 25-year generation time, the conservation outlook for tortoises 

in areas outside of the Mojave Desert is unclear.  

Habitat for Mojave and Sonoran tortoises might differ in substantial ways.  

Tortoises in the Mojave Desert inhabit valley bottoms with loamy soils, occasionally 
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extending into washes along the lower bajada slopes and rocky hillsides (Bury et al. 

1994, Germano et al. 1994, Andersen et al. 2000).  In contrast, tortoises in the Sonoran 

Desert inhabit rocky hillsides, mountain foothills, and incised washes, and are thought to 

be rare in valley bottoms (Barrett 1990, Fritts and Jennings 1994, Germano et al. 1994, 

Bailey et al. 1995, Riedle et al. 2008).  Descriptions of habitat used by tortoises in the 

Sonoran Desert are based primarily on anecdotal information and radio-telemetry studies, 

which can produce biased results when areas are incorrectly classified as unused or when 

small sample sizes fail to represent the population as a whole (White and Garrott 1990, 

Rettie and McLoughlin 1999).  More recently, however, results from a distance-sampling 

study in the Sonoran Desert found that tortoise densities were highest on steep slopes 

with boulders and along incised washes and lowest in valley bottoms (Averill-Murray 

and Averill-Murray, 2005).     

There are many differences between tortoises in Mojave and Sonoran populations 

beyond potential dissimilarities in habitat use.  Tortoises in the Mojave and Sonoran 

regions differ morphologically (Weinstein and Berry 1987, Germano 1993), genetically 

(Lamb et al. 1989, Murphy et al. 2007), physiologically (Turner et al. 1986, Wallis et al. 

1999, Averill-Murray 2002b), and behaviorally (Woodbury and Hardy 1948, Duda et al. 

1999, Averill-Murray et al. 2002a), leading experts to suggest that these desert tortoise 

populations may represent distinct species (Berry et al. 2002, Murphy et al. 2007). 

Given the question of whether Mojave and Sonoran populations represent 

separate species, and the lack of unbiased, quantitative assessments of habitat for Sonoran 

desert tortoises, evaluating patterns of habitat use by tortoises in the Sonoran Desert and 
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contrasting those with habitat used by tortoises in the Mojave Desert seems timely.  In 

2005 and 2006, we assessed habitat use of tortoises in the Arizona Upland subdivision of 

the Sonoran Desert with site occupancy models (MacKenzie et al. 2002).  This approach 

allowed us to incorporate estimates of detection probability to account for potential biases 

associated with imperfect detection (Gu and Swihart 2004, Mazerolle et al. 2005, 

MacKenzie 2006).  Additionally, we compared results from site occupancy models to 

results from a logistic regression model, which assumes that detection probability is equal 

to 1. 

 

METHODS 

Study Areas  

 We studied tortoises in Saguaro National Park, in the eastern portion of the 

Sonoran Desert in southern Arizona, a region with high diversity of trees and shrubs and 

limited rainfall of 240-300 mm per year falling in a seasonally bimodal pattern (Turner 

and Brown 1982).  We worked in 2 different areas of the park, 1 in 2005 and 1 in 2006.  

In 2005, we studied a 43-km
2
 area in the Rincon Mountains that ranged in elevation from 

800 to 1150 m (Fig. 1.1) and was characterized by Arizona Upland vegetation including 

foothills paloverde (Parkinsonia microphylla), saguaro (Carnegiea gigantea), velvet 

mesquite (Prosopis velutina), Acacia spp., and a variety of Opuntia species (Turner and 

Brown 1982, Bowers and McLaughlin 1987).  The Rincon Mountain study area 

encompassed 2 distinct geomorphologic regions.  One-third of the study area was flat 

with broad, sandy washes and few rock or boulder formations, and the remaining two-
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thirds were topographically variable with numerous rock formations.  In 2006, we studied 

an 80-km
2
 area in the Tucson Mountains that ranged in elevation from 675 to 1150 m 

(Fig. 1.1) and was located on the edge of a transition zone between the Arizona Upland 

and Lower Colorado River Valley subdivisions of the Sonoran Desert in Avra Valley, 

Arizona (Turner and Brown 1982).  Creosote bush (Larrea tridentata) and bursage 

(Ambrosia spp.), plants often associated with the Lower Colorado River Valley 

subdivision, were abundant in the northwestern region of the mountains (Rondeau et al. 

1996).  Topography in this area varied from steep slopes with jagged volcanic rocks to 

lowland flats.  Foothills in the Tucson Mountains contained numerous washes with 

incised banks and caliche caves that desert tortoises often used for shelter.  We excluded 

areas in the Tucson Mountains >500 m from hills from the sampling frame because the 

density of tortoises in these areas was <0.05 tortoises/ha (Averill-Murray and Averill-

Murray 2005). 

 

Field Surveys 

Within each study area, we located 20 3-ha sites (170 m × 170 m) at random.  In 

the Rincon Mountains, we allocated sites in proportion to areal coverage of the 2 

geomorphologic regions, and in the Tucson Mountains we selected sites completely at 

random within the study area.  Sites that crossed roads, were too steep to access or survey 

safely, or were <170 m from another site were excluded from the sample.   

 We used repeated presence-absence surveys to estimate the proportion of sites 

occupied by tortoises (MacKenzie et al. 2002).  We surveyed each site 5 times between 
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early July and late October because tortoises in the Sonoran Desert are most active during 

the summer monsoon season (Van Devender 2002); repeated surveys of the same site 

were separated by a minimum of 7 days.  We surveyed sites during mornings (0545 to 

1200 hrs) and evenings (1600 to 2000 hrs), with each site surveyed at least twice in the 

morning and twice in the evening.  One to 5 observers surveyed each site by walking 

parallel lines spaced approximately 10 m apart.  During the first survey of each site in 

2005, searches ended when we found an adult tortoise (midline carapace length ≥ 180 

mm, Germano 1994), and for surveys 2-5 in 2005 and all surveys in 2006, we searched 

each site in its entirety.  Observers searched for tortoises by scanning open ground, 

looking under vegetation, and using mirrors or flashlights to inspect holes and crevices.  

We classified a site as occupied if we observed ≥1 adult tortoise on the site during any of 

the 5 surveys.   

We did not include observations of tortoises with carapace length <180 mm in our 

estimates of occupancy.  In our study and in previous studies, only small proportions of 

overall captures were juvenile or sub-adult tortoises (Swann et al. 2002, Averill-Murray 

and Averill-Murray 2005), probably because detection probabilities for these age classes 

are lower than detection probabilities for adults (Berry and Turner 1986, Morafka 1994, 

Anderson et al. 2001).   

 

Environmental Features 

We evaluated the potential influence of 9 topographic, vegetative, geologic, and 

soil features on habitat selection of tortoises (Table 2.1).  We derived aspect, slope, and 
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elevation from a 1:24000-scale digital elevation model, and for elevation and slope, we 

used spatial analysis tools in ArcView 3.3 to calculate mean values for each site and 

standardized these values using Z-scores: (raw score – mean score)/SD.  For aspect, we 

generated 4 variables that represented the proportion of each site with slopes facing each 

of the cardinal directions.  Only 3 of 4 aspect variables were used for analyses as the 

fourth variable was almost perfectly predicted by the other three. 

 We derived soil and geologic classifications from digital soil and geology maps 

and classified vegetation communities in the field.  We distinguished 3 general soil 

classes: Pinaleno-Stagecoach-Cave or Glendale-Arizo-Hantz, Anklam-Pantano-Cellar, 

and Deloro-Lampshire-Rock (U.S. Department of Agriculture 2003); 3 geologic classes: 

recent sedimentary deposits, sedimentary rock, and igneous rock; and 3 vegetation 

communities: Parkinsonia microphylla-dominated, Prosopis velutina-dominated, and 

mixed-shrub and cacti, which may have been dominated by jojoba (Simmondsia 

chinensis).  To characterize soil, geology, and vegetation communities, we created binary 

indicator variables representing whether a particular soil class, geologic class, or 

vegetation community covered ≥20% of a site.       

We estimated plant cover, presence of incised washes, and the number of 

potential tortoise shelter-sites with aerial photographs and field observations.  To estimate 

the proportion of each site covered by trees and shrubs, we overlaid a dot grid with 10-m 

spacing on color orthophotos (Nowak et al. 1996).  Given the structure of woody 

vegetation in this region, it was impossible to distinguish between trees and certain 

shrubs, therefore we report cover for all trees and dense shrubs combined, including 
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desert hackberry (Celtis pallida), Simmondsia chinensis, and Acacia spp.  We determined 

whether or not each site had at least one incised wash (sides of the wash extending ≥1.5 

m above the bottom of the wash) based on both field observations and aerial photographs.  

Finally, in the field we estimated the number of potential tortoise shelter-sites on each 

site, with shelter-sites defined as rock dens or soil burrows >0.5 m deep whose lateral 

dimensions did not greatly exceed that of an adult tortoise (height or width <0.5 m).  To 

describe the relationship between the number of shelter-sites and the proportion of 

surveys with detections of adult tortoises on a site, we used logistic regression for 

binomial counts. 

 

Occupancy 

 To determine which environmental features affected site occupancy of tortoises, 

we modeled occupancy (ψ) and detection probability (p) in Program PRESENCE 2.1 in 

three sequential steps (MacKenzie et al. 2002).  We first determined which environmental 

features explained variation in ψ while maintaining a general model for p, and then 

determined which environmental or survey features explained variation in p while 

maintaining a general model for ψ.  Finally, we combined results from the first two steps 

to identify features to include in our set of candidate models.  In the first step, we created 

a general model for p based on a set of potentially influential variables: year, survey 

period, proportion of observers with experience searching for Sonoran desert tortoises on 

each survey, and proportion of each site covered by trees and dense shrubs (Table 2.1).  

We then divided environmental features with the potential to influence ψ into 3 groups: 
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topography (aspect, elevation, and slope), geomorphology (geology, soil, and incised 

wash), and vegetation (vegetation community and tree and shrub cover).  Within each 

group, we created models for ψ with every combination of environmental features while 

maintaining the same general model for p (MacKenzie 2006).  In this and all other 

analyses, we ranked models within each group according to their AICc values, and those 

with ΔAICc ≤2.0 were considered top models and included in subsequent analyses 

(Burnham and Anderson 2002).  In the second step, we included all environmental 

features from the top models for ψ identified in the first step, plus a covariate for year, in 

a general model for ψ.  We then created models for p with every combination of features 

thought to potentially influence p while maintaining the general model for ψ.  In the third 

step, we created a set of candidate models that included all combinations of 

environmental and survey features included in top models for ψ and p, and assessed 

goodness-of-fit for the most general candidate model (MacKenzie and Bailey 2004).  

Models with ΔAICc ≤ 2.0 were retained for inference, and AICc model weights were 

adjusted so that the weights of the top-ranking models summed to 100% (MacKenzie and 

Bailey 2004).   

For each top-ranking model, we generated an estimate of occupancy by averaging 

site-specific estimates.  To include components of variation that reflected sampling error 

associated with covariates, we used the delta method (Seber 1982, MacKenzie et al. 

2006, Powell 2007) to construct a variance-covariance matrix (V) for site-specific 

occupancy estimates:  

𝐕 =  𝐇 ∙ 𝐕𝛃 ∙ 𝐇′  , 
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where 𝐕𝛃 is the variance-covariance matrix for the estimated regression parameters  𝛽   

and H is a matrix of partial derivatives with respect to 𝛽𝑘 , such that:  

𝑖𝑘 = 𝑥𝑖𝑘𝜃 𝑖 1 − 𝜃 𝑖  , 

where 𝑥𝑖𝑘  is the value of covariate k at the ith sampling unit and 𝜃 𝑖  is the derived estimate 

of occupancy at site i.  We then calculated standard error of occupancy as: 

 
𝑠𝑢𝑚 𝑜𝑓 𝑎𝑙𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝐕

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠2
  . 

Similarly, we used survey-specific estimates of detection probability to generate an 

estimate of detection probability and associated standard error for each top-ranking 

model, and then generated model-averaged estimates across all top-ranking models.  The 

weighted average of individual parameter estimates from R top-ranking models is: 

𝜃 𝐴  =   𝑤𝑟𝜃 𝑟   

𝑅

𝑟=1

, 

with r identifying each model, and 𝑤𝑟  indicating the AICc weight of model r.  Variance 

of the model-averaged estimate that incorporates model uncertainty is: 

𝑉𝑎𝑟 𝜃 𝐴 =    𝑤𝑟 𝑉𝑎𝑟 𝜃 𝑟  𝑔𝑟 +  𝜃 𝑟 −  𝜃 𝐴 
2

𝑅

𝑟=1

 

2

 , 

with 𝑉𝑎𝑟 𝜃 𝑟  𝑔𝑟  equal to the variance of the estimate in model r (MacKenzie et al. 

2006). 
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Logistic Regression 

We used logistic regression to identify habitat features that affected site 

occupancy under the assumption that detection probability was equal to 1.  A site was 

considered unoccupied if we failed to detect an adult tortoise during all 5 surveys and 

occupied if we detected an adult tortoise during any survey.  Similar to the occupancy 

analyses, we began by evaluating environmental features in topography, geomorphology, 

and vegetation groups.  Within each group, a feature was considered to have potential 

explanatory power if at least one of the variables used to describe the feature resulted in a 

likelihood ratio test with P < 0.20.  Features with potential explanatory power were then 

included in a full model.  We used drop-in-deviance tests to compare the full model with 

a series of reduced models, each of which excluded the set of variables used to describe a 

single environmental feature.  If the drop-in-deviance test yielded P < 0.05, we concluded 

that the environmental feature excluded from the reduced model affected occupancy.  

These features were then all included in a final model used to explain variation in 

occupancy.  When necessary, we used natural log or logit transformations of 

environmental variables.   

 

RESULTS 

Field Surveys 

We surveyed 40 sites (20 in 2005, 20 in 2006) 5 times each between 7 July and 14 

October, during which we observed adult tortoises on 27 sites (67.5%) and during 61 of 

200 surveys (30.5%).  We observed 0-3 adults per survey with an average of 0.38 adults 
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(SE = 0.05) per survey.  We observed a total of 76 adult tortoises (≥61 unique 

individuals) and 23 juvenile or sub-adult tortoises (20 unique individuals).   

 

Occupancy 

The number of potential shelter-sites per site was a strong predictor of the 

proportion of surveys on which adult tortoises were detected (𝜒1
2 = 41.88, P ≤ 0.001; Fig. 

2.1).  Models that included the number of shelter-sites as a covariate for ψ, however, 

yielded unrealistic standard errors because estimates approached parameter boundary 

values (ψ = 0 or 1; Anderson 2008).  Despite the clear importance of this feature, we 

were forced to exclude it from subsequent analyses of other environmental features. 

When considering only topographic variables, slope was the most important 

feature affecting occupancy, as it was included in each of the three competing models and 

accounted for 97% of model weights (Table 2.2).  When considering only geomorphic 

variables, presence of incised washes explained more variation in occupancy than 

geologic or soil class and accounted for 35% of model weights (versus 2% or 1% for 

geologic or soil classes respectively).  When considering only vegetation community and 

plant cover, neither feature was strongly associated with occupancy.  Because all models 

with vegetation features had higher AICc values than a model with no covariates for 

occupancy, no vegetation features were retained as covariates in subsequent analyses.  

Finally, year and observer experience best explained variation in detection probability, 

accounting for 43% and 30% of total model weights respectively.  There was little 

evidence that plant cover or survey period affected detection probability (Table 2.3).     
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 We considered 11 of 63 candidate models examined to be top-ranking models that 

accounted for 66% of total model weights (1 model was excluded because estimates did 

not converge; Table 2.4).  Goodness-of-fit for the most general model in the candidate set 

was acceptable (χ
2
 = 5.59, p = 0.77).  Across top-ranking models, we estimated overall 

occupancy to be 0.71 (95% CI = 0.59-0.83) and overall detection probability to be 0.43 

(95% CI = 0.33-0.53).  Occupancy increased as the mean slope of a site increased, and all 

sites with mean slope ≥16 degrees were occupied (Fig 2.2).  Aspect was also an 

important predictor of occupancy (Table 2.4), which was positively associated with east-

facing slopes and negatively associated with north- and south-facing slopes (Fig. 2.2).  

Elevation and presence of incised washes were not strong predictors of occupancy, with 

each feature having summed model weights < 20%.   

There was some evidence of systematic variation in detection probabilities, 

although models with constant detection probability often ranked higher than models that 

included covariates.  In models where detection probabilities were non-constant, 

detection probability increased with observer experience (Fig. 2.3) and was higher in 

2005 than 2006 (2005: p = 0.52, 95% CI = 0.39-0.65; 2006: p = 0.38, 95% CI = 0.28-

0.50, from ψ(Aspect+Slope) p(Year)). 

 

Logistic Regression 

When assuming detection probability equal to 1, occupancy was best predicted by 

slope and aspect (slope: 𝜒1
2  = 12.42, P ≤ 0.001; aspect: 𝜒3

2 = 12.99, P = 0.005).  

Occupancy was positively associated with the mean slope of the site and the proportion 
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of the site with east-facing slopes, and negatively associated with north- and south-facing 

slopes (Table 2.5).   

 

DISCUSSION 

Sonoran and Mojave Populations 

Our finding that tortoises in the Sonoran Desert were more likely to inhabit steep 

slopes contrasts sharply with tortoises in the Mojave Desert that primarily inhabit valley 

bottoms and other flat areas (Germano et al. 1994).  Although tortoises in the Sonoran 

Desert occasionally inhabit intermountain valleys and tortoises in the Mojave Desert 

occasionally inhabit rocky foothills, their densities are much lower in these areas (Bury et 

al. 2004, Averill-Murray and Averill-Murray 2005).  Of the large-scale features assessed, 

we found that slope was the best predictor of tortoise occupancy in the Sonoran Desert, 

whereas in the Mojave Desert, tortoise density was better predicted by aspect and soil 

type than slope (Andersen et al. 2000).  These differences reflect variation in habitat 

selection behavior between Sonoran and Mojave tortoise populations, adding to the 

mounting body of evidence suggesting that the populations may represent distinct 

species. 

 

Occupancy 

 In the Sonoran Desert, tortoises were more likely to occupy sites that were steep 

and predominantly east-facing, and less likely to occupy north-facing slopes.  Our finding 

that occupancy rates increased with slope supports previous research in the Sonoran 
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Desert (Barrett 1990, Bailey et al. 1995, Averill-Murray and Averill-Murray 2005); 

however, our results related to aspect contrast with previous work.  Desert tortoises in the 

San Pedro River Valley of the Sonoran Desert hibernated primarily in dens on south-

facing slopes (Bailey et al. 1995), which we observed to be occupied less frequently.  

This difference could be explained by seasonal variation in habitat use as our 

observations were made during the summer monsoon season when Sonoran desert 

tortoises are most active, and Bailey et al.’s (1995) were made during winter, when 

tortoises are typically inactive.  Other studies evaluating relationships between aspect and 

tortoise distribution in the Sonoran Desert have provided mixed results (reviewed in 

Martin 1995).  Ambiguous findings may have been artifacts of differences in study 

methods (radio-telemetry, mark-recapture, or occupancy methods) or scales of 

measurement.  Given the importance of aspect in our habitat model and the lack of 

consistent evidence from previous studies, further research related to aspect and tortoise 

distribution in the Sonoran Desert could provide a clearer picture of the relationship 

identified in this study. 

Shelter-sites are an important habitat feature for desert tortoises for 

thermoregulation, nesting, and protection from predators, and may be a limiting factor for 

desert tortoise populations, especially in winter (Woodbury and Hardy 1948, McGinnis 

and Voigt 1971, Barrett and Humphrey 1986, Bailey et al. 1995, Rautenstrauch et al. 

2002).  We found that the number of potential shelter-sites was an important factor in 

determining occupancy, with occupancy rates increasing as the number of potential 

shelter-sites increased.  Tortoises in the Arizona Upland subdivision of the Sonoran 
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Desert frequently use shelter-sites naturally formed in exposed caliche along incised 

washes or along rock fracture zones rather than constructing their own shelter-sites 

(Averill-Murray et al. 2002a, Riedle et al. 2008).  Although it would be ideal to include 

geologic or topographic features associated with high shelter-site density in habitat 

models, it can be difficult as these features often occur on a finer scale than other features 

examined, such as slope or aspect.  When assessing habitat for Sonoran desert tortoises, it 

may prove most efficient to begin by delineating regions where tortoises are likely to 

occur based on presence of appropriate large-scale topographic and geomorphologic 

features, similar to other reptiles in arid regions (Andersen et al. 2000, Heaton et al. 

2006), and subsequently focus on identifying areas within the region that include 

sufficient numbers of shelter-sites where the probability of occupancy would be highest. 

 

Detection Probabilities 

Because many studies of habitat selection assume detectability to be constant, 

variation in detection probability is often confounded with patterns of habitat selection.  

(Gu and Swihart 2004, Mazerolle et al. 2005, MacKenzie 2006).  In our study, however, 

results from occupancy analyses, which allowed detection probabilities to vary, and 

logistic regression analyses, which assumed detection probability to be constant, both 

indicated that slope and aspect were strong predictors of tortoise occupancy.  This 

contrasts with results of studies on other species that reported different outcomes from 

the two types of analyses (Mazerolle et al. 2005, MacKenzie 2006).  Although failure to 

consider potential biases introduced by systematic variation in detection probabilities can 



49 

 

produce misleading results (Gu and Swihart 2004), the influence of detection probability 

was minimal in our study because the probability of detecting ≥1 adult tortoise on an 

occupied site during any of the 5 surveys was 0.94 (1 − (1 – 0.43)
5
).  For studies based on 

fewer visits, however, the influence of detection probability would be considerably 

higher.  

We found that detection probabilities were positively associated with observer 

experience.  This contrasts with other studies where observer experience did not affect 

the number of tortoise models found on 1-ha plots and did not affect the accuracy of 

density estimates generated from distance-sampling surveys (Freilich and LaRue 1998, 

Anderson et al. 2001).  This discrepancy may be due to differences in geographic location 

(Sonoran vs. Mojave Desert), plot size (1 vs. 3 ha), search objects (wild tortoises vs. 

tortoise models), or the range of variation in observer experience evaluated in each study.  

Additionally, our results may have differed from those of previous studies because we 

accounted for variation in detection probabilities attributable to other factors such as year, 

plant cover, or survey period, whereas previous studies did not.    

Detection probabilities can also vary with environmental conditions (Freilich et 

al. 2000, Williams et al. 2002).  Our results suggest that detection probabilities may have 

been somewhat greater in 2005 than 2006, which might be explained by annual variation 

in precipitation or plant cover.  Between 1 July and 15 October 2005, our study area 

received 109 mm of rain, whereas in 2006, our study area received 222 mm of rain during 

the same time period.  In 2006, plant cover increased dramatically, especially during the 

month of August, and may have decreased detection probabilities.  Because we surveyed 
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different areas in 2005 and 2006, however, effects of year were confounded by effects of 

study area.   

 

Conclusions 

As we gain a better understanding of the status of tortoise populations in the 

Sonoran Desert, it may become necessary to prioritize areas for habitat conservation.  

Our study indicates that mountain foothills provide critical habitat for Sonoran desert 

tortoises and presents a general model of habitat selection that can be used to delineate 

regions where Sonoran desert tortoises are likely to occur, at least within the range of 

environmental conditions we examined.  Additionally, the pattern we observed could 

help inform development of a long-term monitoring program by delineating strata 

associated with variation in habitat quality, allowing researchers to generate precise 

estimates of population parameters, such as occupancy or density, efficiently.   

 



TABLE 2.1.  Environmental and survey features evaluated as covariates for occupancy and detection probability of Sonoran 

desert tortoises in southern Arizona, USA, 2005-2006.  Phrases in parentheses are labels used to represent features in models. 

 

Feature Variables Description 

Year Year Indicator variable for 2005 

Elevation ElevMean Standardized mean elevation of site (meters) 

Slope SlopeMean Standardized mean slope of site (degrees) 

Aspect AspN Proportion of site N-facing 

 AspE Proportion of site E-facing 

 AspS Proportion of site S-facing 

Geologic Class GeoRD Recent sedimentary deposits present on ≥20% of site 

(GeoClass) GeoSed Sedimentary rock present on ≥20% of site 

 GeoIgneo Igneous rock present on ≥20% of site 

Vegetation Community VegMixed Mixed shrub and cacti vegetation community present on ≥20% of site 

(VegComm) VegPami Parkinsonia microphylla-dominated vegetation community present on ≥20% of site 

 VegPrve Prosopis velutina-dominated vegetation community present on ≥20% of site 

Soil Class SoilPsc Pinaleno-Stagecoach-Cave or Glendale-Arizo-Hantz soil types present on ≥20% of site 

(SoilClass) SoilApc Anklam-Pantano-Cellar soil type present on ≥20% of site 

 SoilDl Deloro-Lampshire-Rock Outcrop soil type present on ≥20% of site 

   

5
1
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Plant Cover  Cover Proportion of site with tree and dense shrub cover 

(Cover)   

Incised Wash Wash Indicator variable for the presence of 1 incised wash 

(Wash)   

Shelter-sites Shelter Number of potential tortoise shelter-sites on each site 

(Shelter)   

Observer Experience Obs Proportion of observers with experience searching for Sonoran tortoises on each survey 

(Obs)   

Survey Period t Separate estimates of detection probability for each survey period 

(t)   

 

5
2
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TABLE 2.2.  Model selection results examining environmental features affecting the 

probability of occupancy by Sonoran desert tortoises in southern Arizona, USA, 2005-

2006.  Results based on a general model for detection probability 

(p(Cover+Obs+Year+t)).   

 

Models K
a
   log ℒa

 AICc ΔAICc  𝑤𝑖
a
 

Topography Group      

 ψ(Slope)  10 −103.67 234.93 0.00 0.41 

 ψ(Elevation+Slope) 11 −102.10 235.62 0.69 0.29 

 ψ(Aspect+Slope)  13 −97.97 235.94 1.01 0.25 

 ψ(Aspect+Elevation+Slope)  14 −97.63 240.07 5.14 0.03 

 ψ(Aspect)  12 −102.72 240.99 6.06 0.02 

 ψ(Aspect+Elevation)  13 −101.55 243.09 8.16 0.01 

 ψ(.)  9 −110.76 245.51 10.58 0.00 

 ψ(Elevation)  10 −110.20 247.99 13.06 0.00 

Geomorphology Group      

 ψ(.)  9 −110.76 245.51 0.00 0.63 

 ψ(Wash)  10 −109.56 246.71 1.20 0.34 

 ψ(GeoClass)  12 −108.70 252.95 7.44 0.02 

 ψ(GeoClass+Wash)  13 −107.57 255.14 9.63 0.01 

 ψ(SoilClass+Wash)  13 −107.77 255.54 10.03 0.00 

 ψ(SoilClass)  12 −110.08 255.72 10.21 0.00 

 ψ(GeoClass+SoilClass)  15 −108.37 266.74 21.23 0.00 

 ψ(GeoClass+SoilClass+Wash)  16 −106.67 268.99 23.48 0.00 

Vegetation Group      

 ψ(.) 9 −110.76 245.51 0.00 0.82 

 ψ(Cover)  10 −110.58 248.74 3.23 0.16 

 ψ(VegCom)  12 −109.71 254.98 9.47 0.01 

 ψ(Cover+VegCom)  13 −109.65 259.29 13.78 0.00 

a
K = number of parameters; log ℒ = log-likelihood; 𝑤𝑖  = AICc model weight.  
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TABLE 2.3.  Model selection results examining environmental and survey features 

affecting detection probability of Sonoran desert tortoises in southern Arizona, USA, 

2005-2006.  Results based on a general model for occupancy 

(ψ(Aspect+Elevation+Slope+Wash+Year)).   

 

Models K
a
   log ℒa

 AICc ΔAICc 𝑤𝑖
a 

p(.) 9 −103.24 230.48 0.00 0.28 

p(Year) 10 −101.89 231.36 0.88 0.18 

p(Obs) 10 −102.32 232.22 1.74 0.12 

p(Obs+Year) 11 −100.45 232.32 1.84 0.11 

p(Cover+Year) 11 −100.63 232.69 2.21 0.09 

p(Cover) 10 −102.66 232.90 2.42 0.08 

p(t) 13 −96.59 233.17 2.69 0.07 

p(Cover+Obs+Year) 12 −99.19 233.94 3.46 0.05 

p(Obs+cover) 11 −101.81 235.04 4.56 0.03 

p(Year + t) 14 −99.66 244.11 13.63 0.00 

p(Cover+t) 14 −100.46 245.72 15.24 0.00 

p(Obs+t) 14 −100.51 245.81 15.33 0.00 

p(Cover+Year+t) 15 −98.36 246.72 16.24 0.00 

p(Obs+Year+t) 15 −98.67 247.33 16.85 0.00 

p(Cover+Obs+t) 15 −99.96 249.92 19.44 0.00 

p(Cover+Obs+Year+t) 16 −97.37 250.38 19.90 0.00 

a
K = number of parameters; log ℒ = log-likelihood; 𝑤𝑖  = AICc model weight. 
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TABLE 2.4.  Top models describing occupancy of Sonoran desert tortoises in southern 

Arizona, USA, 2005-2006.   

 

Models K
a
   log ℒa AICc 𝑤𝑖

a
 ψ b

 SE(ψ )
c
 

ψ(Aspect+Slope) p(.) 6 −103.91 222.35 0.14 0.69 0.08 

ψ(Aspect+Slope) p(Year) 7 −102.66 222.81 0.11 0.68 0.08 

ψ(Slope) p(.) 3 −108.12 222.90 0.11 0.74 0.06 

ψ(Slope) p(Obs) 4 −106.95 223.05 0.10 0.74 0.06 

ψ(Aspect+Slope) p(Obs+Year) 8 −101.22 223.09 0.10 0.68 0.08 

ψ(Slope+Wash) p(Obs) 5 −105.67 223.10 0.10 0.78 0.03 

ψ(Aspect+Slope) p(Obs) 7 −102.96 223.43 0.08 0.69 0.08 

ψ(Elevation+Slope) p(.) 4 −107.27 223.69 0.07 0.71 0.07 

ψ(Elevation+Slope) p(Obs) 5 −106.17 224.11 0.06 0.71 0.07 

ψ(Elevation+Slope) p(Obs+Year) 6 −104.80 224.15 0.06 0.70 0.07 

ψ(Slope) p(Obs+Year) 5 −106.25 224.25 0.06 0.71 0.10 

a
K = number of parameters; log ℒ = log-likelihood; 𝑤𝑖  = AICc model weight. 

bψ  = overall estimate of occupancy  
c
SE(ψ ) = standard error of overall occupancy estimate. 
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TABLE 2.5.  Parameter estimates, standard errors, and odds ratios with likelihood ratio test 

statistics (χ
2
) and P-values from logistic regression analysis describing occupancy of 

Sonoran desert tortoises in southern Arizona, USA, 2005-2006. 

 

Parameter Estimate SE  Odds
a
     χ

2
     P 

Intercept −4.18 2.41    

Log(Slope) 2.66 1.03 14.30 14.01 ≤ 0.001 

Logit(AspN) −1.37 0.84 0.25 6.49 0.011 

Logit(AspE) 0.92 0.59 2.51 4.36 0.037 

Logit(AspS) −0.55 0.49 0.58 1.48 0.223 

a
Comparison of sites with at least one tortoise detection to sites with no detections: odds 

= odds ratio for occupancy, assuming detection probability = 1 (odds occupied/odds 

unoccupied).  
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FIGURE 2.1.  Relationship between the number of potential tortoise shelter-sites and the 

logit of the proportion of occupancy surveys with detections of Sonoran desert tortoises 

in southern Arizona, USA, 2005-2006. 
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FIGURE 2.2.  Effect of mean slope of the site and proportion of the site with north- or east-facing slopes on the probability of 

occupancy by Sonoran desert tortoises in southern Arizona, USA, 2005-2006.   Results based on the top-ranked model: 

ψ(Aspect+Slope) p(.).  For each plot, remaining slope and aspect variables were set to the mean values across sites. 
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FIGURE 2.3.  Effect of the proportion of observers who had previous experience working 

with tortoises during each survey on detection probability of Sonoran desert tortoises in 

southern Arizona, USA, 2005-2006.  Results were based on the top-ranked AICc model 

that included observer experience as a covariate for p: ψ(Slope) p(Obs).   
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