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Little has been published regarding the burrowing habits of Agassiz’s desert tortoises (Gopherus agassizii) in the Sonoran
Desert of California. We monitored the interactions of tortoises with their burrows, and other tortoises, via radio-telemetry
at two nearby sites between the Cottonwood and Orocopia Mountains, from 2015-2018. We examined how annual cycles of
drought and non-drought years, behaviourally affected how tortoises use their burrows (i.e., burrow fidelity, cohabitation,

and location), including the timing of the tortoise brumation period. Burrow locations were strongly dependent on local

geology and topography, with a tendency to orientate in conformance with the general aspect of the landscape. The timing

of brumation was similar to records for G. agassizii throughout their range (with a few exceptions). There was no difference
in the estimated number of burrows used per 30 days between the active seasons (2017 and 2018) at the Orocopia site,

despite the occurrence of drought in 2018.
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INTRODUCTION

he threatened Agassiz’s desert tortoise (Gopherus

agassizii) occupies portions of the Mojave and
Sonoran Deserts, north and west of the Colorado
River. The habitat of G. agassizii has historically been
described as areas without a great deal of topographic
diversity including valleys, alluvial fans, and bajadas
(outwash plains) interspersed with desert washes (Berry
et al., 2002; Ernst & Lovich, 2009; Murphy et al., 2011).
In contrast, its congener, Morafka’s desert tortoise
(Gopherus morafkai), that occupies other parts of the
Sonoran Desert, south and east of the Colorado River in
Arizona and into northern Mexico, tends to utilise rocky
hill slopes and deeply-incised washes with caliche layers
that extend out onto valley floors (Germano et al., 1994;
Murphy et al., 2011; Riedle et al., 2008). Both species
show a high degree of site fidelity to their burrows
with relatively small home ranges (Averill-Murray et al.,
2002b; Freilich et al., 2000). We compared burrow use
of G. agassizii between two sites in the Sonoran Desert
of California.

Underground refugia are extremely important for
the survival of G. agassizii, and the species spends as
much as 98 percent of their annual cycle sheltering in
self-constructed burrows (Nagy & Medica, 1986) to
avoid environmental extremes that characterise the

region (Bulova, 2002; Mack et al., 2015; Zimmerman et
al., 1994). Burrow use varies annually and seasonally.
Tortoises typically occupy multiple burrows in a given
year, in different substrates, and burrows are usually
characterised by their half-dome-shaped entrance
and large mound of excavated material at the opening
(Burge, 1978; Luckenbach, 1982). Tortoises are believed
to select burrows based on a variety of factors that affect
their suitability for survival including slope, aspect, and
proper soil type for digging and stability (Anderson et
al., 2000; Bulova, 2002; Ernst & Lovich, 2009; Lovich &
Daniels, 2000; Stager et al., 2017). Proper placement
and construction of a burrow has important fitness
consequences for a tortoise because they provide
protection from predators, thermal extremes, floods,
fires, and other mortality factors (Kinlaw, 1999; Lovich &
Daniels, 2000).

Burrows are not justimportant to the desert tortoises;
burrows also provide shelter for many other species,
some of which cannot dig burrows of their own, like
burrowing owls (Athene cunicularia) (Agha et al., 2017;
Crowe & Longshore, 2013; Ernst & Lovich, 2009; Lovich
et al., 2018a; Luckenbach, 1982). Burrow commensals
of tortoises include a variety of animals such as lizards,
snakes, birds, rodents, spiders, and insects (Agha et al.,
2017; Burge, 1978; Kinlaw, 1999; Kinlaw & Grasmueck,
2012; Lovich et al., 2018a; Luckenbach, 1982; Woodbury
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Figure 1. The Cottonwood (A) and Orocopia (B) study sites in reference to Joshua Tree National Park (lined) and the Salton
Sea (shaded). Interstate 10 runs east to west between the two sites. The study area is highlighted in the box in California.
CA=California, AZ=Arizona, NM=New Mexico, CO=Colorado, UT=Utah, NV=Nevada, USA.

& Hardy, 1948). Commensal species utilise tortoise
burrows in numerous ways, sometimes contributing to a
trophic bottom-up effect in active tortoise burrows, thus
attracting other species to the burrow (Agha et al., 2017;
Currylow et al., 2016; Lips, 1991; Walde et al., 2015).
Because drought is an overriding driver in desert
ecosystems, burrow use should be affected under drier
than usual conditions. Noy-Meir (1973) stated that
“desert ecosystems are water-controlled ecosystems
with infrequent, discrete, and largely unpredictable
water in-puts”. All trophic levels are affected during times
of decreased precipitation on both micro- (i.e., individual
organisms) and macroecological (i.e., large scale
ecosystems) spatial scales (Noy-Meir, 1973; Parmesan
et al., 2000). During drought conditions, limited water
availability causes a decrease in plant biomass that
affects the movements, reproduction, and overall
behaviour of herbivores (Noy-Meir, 1974; Parmesan et
al., 2000). Many animals adapt to drought conditions
through behaviour modification (i.e., prolonged time
spent sheltering in burrows) or migration to areas less
affected by drought or with greater resource availability
(Barrows, 2011; Noy-Meir, 1974; Parmesan et al., 2000).
Generally, tortoises opt for the former. There are several
studies documenting tortoise behaviour during times of
decreased precipitation and food availability (Barrows,
2011; Bulova, 2002; Duda et al., 1999; Peterson, 1996).
Most of these studies document decreased movements
and increased time in burrows in an attempt to
conserve resources until conditions improve (Duda et
al., 1999; Freilich et al., 2000); however, some report
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little behavioural change (Rautenstrauch et al., 2002).
Our study encompassed periods of both increased and
decreased plant productivity and precipitation, including
severe drought.

The burrowing characteristics of G. agassizii have been
studied extensively in the Mojave Desert (e.g., Burge,
1978;Dudaetal.,2002; Germanoetal.,1994; Luckenbach,
1982). However, very little is published on the burrow use
patterns of G. agassiziiin the Sonoran Desert of California
(Agha et al., 2015a; Agha et al., 2015b; Agha et al., 2017;
Lovich & Daniels, 2000). Populations of G. agassizii occur
in and around the Orocopia and Cottonwood Mountains
in the western Sonoran Desert of California (Berry &
Murphy, 2019; Dimmitt, 1977; Luckenbach, 1982). We
examined burrow location and use, of radio-telemetered
G. agassizii at two study sites between these mountains
from 2015-2018. We also describe the burrows used by
tortoises at both sites during the cold season inactivity
or brumation period. These burrows are referred to as
brumacula. We hypothesised that 1) burrow use would
be similar between both sites because of their proximity,
despite topographic differences, and 2) that tortoises
would use fewer burrows during drought years of
decreased precipitation and plant productivity because
of their need to conserve water resources by decreasing
activity levels and remaining in burrows until conditions
improve.

METHODS
Study Sites
Data were collected from two study sites (Fig. 1) on



opposing sides of the valley between the Cottonwood
and Orocopia Mountains in the Sonoran Desert of
southern California. Two major xeroriparian washes
drain the valley: Maniobra Wash and Shavers Wash.
The study sites are separated by Interstate 10 (a heavily
trafficked multi-lane highway extending west to east
from Santa Monica, California to Jacksonville, Florida).
The Orocopia study site is located on the south side
of Interstate 10 approximately 4-5 km south-east of
the Cottonwood study site. The highway and distance
between sites effectively isolate the two populations
from the possibility of intermingling. The Cottonwood
study site (north of Interstate 10) extends over an
area of approximately 5.75 km? in the southern part of
Joshua Tree National Park (JTNP) in the area drained
by Cottonwood Wash (a tributary of Shavers Wash).
This site abuts the southern side of the Cottonwood
Mountains and ranges in elevation from about 520 m
AMSL on the bajada to over 800 m AMSL in the rocky,
mountainous slopes. Topography varies from gentle,
sloping, sandy, bajadas with washes, to steep, boulder-
covered terrain on the mountain slopes where the
washes originate. The geology is dominated by granitic
boulders and outcrops in the Cottonwood Mountains.
Typical vegetation throughout is creosote scrub (Larrea
tridentata) interspersed with brittlebush (Encelia
farinosa), smoketrees (Psorothamnus spinosus),
ironwoods (Olneya tesota), blue palo verde (Parkinsonia
florida), and ocotillo (Fouquieria splendens). Additional
site information is presented in Lovich et al. (2018b).

The Orocopia study site covers approximately 21 km?,
from near the south side of Interstate 10 to the northern
edge of the Orocopia Mountains, just west-south-west
of Chiriaco Summit, a minimum of about 2—3 km away.
The site is relatively flat, with a gentle uphill grade to
the east and south towards the Orocopia Mountains.
Elevations range from 482 to 618 m AMSL. This site is
characterised by areas of desert pavement interrupted
by sandy to gravelly soil with tank and jeep track scars
from WWII training activities at nearby Camp Young in
the early 1940s (Henley, 2000; Lathrop, 1983; Prose,
1985). There are a few scattered, small hills and many
variably sized washes flowing northerly throughout
the site, exposing occasional caliche layers. Orocopia
schist is the dominant geology with relatively few
granitic boulders in comparison with the Cottonwood
site. The vegetation is dominated by creosote scrub
(Larrea tridentata) interspersed with brittlebush (Encelia
farinosa), burrobush (Ambrosia dumosa), and widely
scattered ocotillo (Fouquieria splendens) and blue palo
verde (Parkinsonia florida).

Climate

Southern and central California experienced the worst
drought in as long as 1,200 years from 2012-2014
(Diaz & Wahl, 2015; Griffin & Anchukaitis, 2014). Even
though the drought continued into 2016 (Flint et al.,
2018), the effects were less devastating and allowed
enough precipitation to fall for adequate germination
of annual food plants for tortoises in 2015 and 2016 at
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the Cottonwood site due to spatial variation in rainfall.
The year 2017 at the Orocopia site also proved to be a
reasonably productive year for germination. However,
conditions in the 2018 field season returned to severe
drought, as a result of the extremely dry winter of 2017—
2018 with only one small rainfall event in December.
We used the Westmap (https://cefa.dri.edu/Westmap/)
pixel function to calculate estimated mean annual
precipitation. Estimated mean annual water year (WY)
precipitation at the Cottonwood site was 7.84 cm in
2015 and 9.88 cm in 2016. The estimated mean annual
precipitation at the Orocopia site was 13.15 cmin WY2017
compared to 1.39 cm in WY2018. No germination of
winter annual tortoise food plants was observed at the
site in 2018. Long-term precipitation data for the Mojave
and Sonoran Desert regions are summarised by Hereford
et al. (2006) and Woodhouse (1997), respectively.

Data Collection

At the Cottonwood site, from March 2015 to July 2016,
we walked line transects with 2—4 people spaced
approximately 12—25 m apart as described in Lovich
et al. (2014) looking for all evidence of tortoises and
their burrows. Similar techniques were employed at the
Orocopia site from February 2017 to August 2018. As
tortoises were located throughout the study site, adult
males and females were outfitted with radio transmitters
(models R1850, R1860; Advanced Telemetry Systems, and
model HLPR 2850; Wildlife Materials radio) that weighed
no more than 45g. Radios were attached following the
procedures outlined in Boarman et al. (1998). All radio-
telemetered tortoises were tracked approximately every
14 days during the egg production season from April
to July and females were X-radiographed to determine
clutch size for another study. After the egg production
season, tortoises were tracked once monthly for the
remainder of the year while transmitters were still
attached (tortoises generally were not handled unless
they were out of their burrows or easily accessible). While
it is not completely known if G. agassizii burrow fidelity
is negatively affected by human handling interactions at
the burrow, Kahn et al. (2007) did not find a difference
in the number of burrows used by or in home range
size of gopher tortoises (Gopherus polyphemus) that
were handled versus tortoises that were not handled.
We did not observe any obvious changes to behaviour
associated with tortoise handling. As tortoises were
radio-tracked, we noted their position and activity in or
near the burrow, and the number of tortoises occupying
the burrow. Only radio-tracked tortoises were included
in the burrow use study because those tortoises were
each located up to 30 times (Table 1). Rautenstrauch
et al. (2002) suggested that 50 or more locations per
tortoise were needed to eliminate the bias of study
duration time, but we did not have that many locations
for any tortoise. To offset this potential bias, we utilised
a weighted estimate of unique burrows used per tortoise
per time interval. We define a “unique burrow” as a
burrow that is identified belonging to the tortoise(s) that
inhabited it. Since individual tortoises were monitored
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Table 1. Number of unique burrows used per tortoise at each study site during the entire radio-telemetered period. The
identification number (ID) is the unique identifier for individual tortoises. Since the number of days is different for each
tortoise due to later additions to the study and radio failures, a weighted estimate of burrow use was calculated. We
calculated the number of unique burrows used for each individual tortoise every 30 days by dividing the total number of
unique burrows used by the total number of days each tortoise was radio-transmittered, then multiplied that number by
30 days. The number of unique burrows reused is the number of burrows each tortoise used repeatedly non-consecutively.

site D Sex Total # times Total # unique Total # days Unique burrows/ Total # unique
located burrows used radio-telemetered 30 days burrows reused
Cottonwood 1 M 27 14 469 0.896 0
Cottonwood 2 F 29 12 469 0.768 3
Cottonwood 3 F 11 7 469 0.448 1
Cottonwood 7 F 25 9 456 0.592 1
Cottonwood 8 M 24 9 456 0.592 1
Cottonwood 9 F 11 3 100 0.9 1
Cottonwood 10 M 10 4 133 0.902 1
Cottonwood 11 F 25 8 454 0.529 3
Cottonwood 12 F 27 11 452 0.73 4
Cottonwood 13 M 25 12 452 0.796 3
Cottonwood 28 F 7 5 97 1.546 0
Cottonwood 31 F 6 4 81 1.481 0
Orocopia 33 M 30 7 489 0.429 3
Orocopia 34 F 28 11 509 0.648 2
Orocopia 35 M 28 8 476 0.504 2
Orocopia 37 M 24 7 449 0.468 2
Orocopia 39 M 24 7 448 0.469 2
Orocopia 40 F 28 9 531 0.508 2
Orocopia 43 M 20 5 407 0.369 1
Orocopia 45 F 26 9 428 0.631 1
Orocopia 51 F 15 3 263 0.342 1

Table 2. Mean number of burrows used throughout the range of G. agassizii. Tortoises at the Orocopia and Cottonwood
study sites used a similar number of burrows when compared to G. agassizii at other sites. The term “burrows” refers to
all categories of burrow substrate. Mean burrows is the number of burrows that tortoises used during the time frame
specified. Time is the time frame as indicated in each study. Time frame is variable for each study listed as there is little
consistency amongst publications. It is assumed that only burrows found housing a tortoise were used since authors did not
specify otherwise. Burrows were only counted once each season regardless of the number of times a tortoise(s) repeatedly
used a burrow and then counted once again the next season if they were used, unless specified otherwise below.

Citation Location X Burrows Time Additional Notes

Our site | Orocopia site 8.3;9.1 365 Days February—December 2017; January—Au-
gust 2018, Estimated potential mean

Our site | Cottonwood site 7.5;12.5 365 Days March—December 2015; January—July

2016, Estimated potential mean
Rautenstrauch et al. (2002)  Mojave Desert of 11.7 Year Over all years (January 1992—February
Nevada 1995)

Freilich et al. (2000) , Mojave Desert of 5.6;7.9; Year (tortoise activ- Each year respectively (April 1993—May

California 12.6; 3.8 ity season) 1996), a year was considered the tor-

toise activity season of March or April
until May (1994 & 1996 were drought

years)
Duda et al. (1999) Mojave Desert of 6.9/6.2; Year Male/female respectively per year.
California-(MCAGCC) 3.8/3.1 March—December 1995; March—Novem-

ber 1996 (drought year), Marine Corps
Air Ground Combat Center
Duda et al. (1999) , Mojave Desert of 13.8/11.6; Year Male/Female respectively per year.
California-(JTNP) 4.8/4.4 March—December 1995 & 1996 (drought
year), Joshua Tree National Park

,Estimated number of burrows used per individual radio-tracking interval multiplied by 365
, Unspecified if burrows were only counted once yearly despite burrow reuse
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for differing time periods from when they were first
and last outfitted with radio transmitters, we calculated
the weighted estimate of burrow use as the number of
unique burrows used by an individual tortoise divided
by the total number of days each tortoise was radio-
transmittered. We then multiplied that number by 30 or
365 to generate an estimate of the number of individual
burrows used per 30 (Table 1) or 365 days (Table 2),
respectively. The Spearman correlation coefficient was
used to measure the strength of association between
the number of burrows tortoises used with the number
of days each tortoise was monitored since monitoring
duration in days was not normally distributed. The yearly
(365 days) calculation was only used as a comparison
with other studies and represents the potential number
of burrows that each tortoise is capable of using every
year.

At both sites, some burrows were re-occupied by the
same or different tortoises throughout the year. For the
count of unique burrows, each burrow was counted one
time each calendar year even though the tortoise may
have used that burrow two calendar yearsin a row (i.e., if
a tortoise used a burrow repeatedly for two consecutive
calendar years, it was counted as a unique burrow used
once each year). Each year was analysed separately
due to the dramatic difference in precipitation amongst
years. Tortoises at both sites reused burrows, defined
as the repetitive non-consecutive use of a burrow by an
individual (e.g., a tortoise used a unique burrow, left for
another burrow(s), and then returned to the first burrow
one or more times). Since we were not locating tortoises
on a daily basis, we made the assumption that tortoises
located in the same burrow on consecutive trips,
remained in that burrow in between detections. We
compared and contrasted our data with other published
data. While our burrows are all considered to be unique
to the tortoise that inhabits them, other authors do
not specify this criterion, and instead may count the
total number of times tortoises were found in burrows,
potentially counting a unique burrow multiple times; this
is noted as appropriate in our comparisons (Table 2).

All burrows used in this study were given an individual
identification number, marked with an aluminum tag,
and a GPS point was taken using a Garmin Oregon 550T
GPS unit (accurate to +/- 3 m). Only burrows that were
observed to be occupied by radio telemetered tortoises
were included in our analyses. Descriptions of each
burrow were recorded, including the general burrow
location relative to obvious landmarks and burrow type.
Burrow type was not always recorded at every burrow
at the Cottonwood site since the protocol for recording
burrow type was established after the Cottonwood study
had begun for other reasons (e.g., collecting demographic
and reproductive data). Burrow type was classified into
three categories: soil burrow, pallet, or rock shelter. We
define a soil burrow as a burrow that is excavated in a
mostly soil substrate and that is as long or longer than a
tortoise’s shell length. A pallet is a shallow indentation,
often under the canopy of a shrub where a tortoise can
be partially or completely concealed. A rock shelter is
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an opening in or under one or more rocks that form a
“cave”. We use the term “burrow” loosely to represent all
shelter types in this manuscript for simplification unless
noted otherwise. Burrow mouth orientation was noted
at the Orocopia site for each burrow but not always
noted at the Cottonwood site for the reason given above.
Therefore, landscape aspect, slope, and elevation were
determined for each burrow location through geospatial
analysis (ARCGIS 10.5.1) at both sites for consistency.
A 10-metre digital elevation model obtained from the
National Map (U.S. Geological Survey: https://www.usgs.
gov/core-science-systems/national-geospatial-program/
national-map) was first used to create aspect and slope
raster layers prior to extracting terrain values at each
burrow location. Each burrow in the geospatial analysis
was only included once, even though the burrow may
have been used by a tortoise or tortoises many times.
We ran a Watson-Williams F-Test for circular statistics to
compare the landscape aspect vectors determined from
the geospatial analysis.

Brumation events, the ectotherm analogue of
hibernation, were monitored from the end of the spring/
summer activity season until the beginning of the
following spring activity season. The brumation entrance
date was the date tortoises discontinued moving from
one burrow to another and remained in one burrow
until the month they were located either out of their
burrow or in a new burrow in the late winter or spring
season of the following calendar year (i.e., brumation
emergence date; with one exception for a tortoise that
changed burrows in the winter). We hand-measured
brumaculum depth whereas aspect was determined
through geospatial analysis (ARCGIS 10.5.1). Brumaculum
depth was measured from the entrance of the burrow to
the farthest point reached with a flexible tape measure
to the back of the burrow. The tape measure was not
always able to reach the very end of some burrows due
to burrow curves and side tunnels, so measurements
represent a minimum depth. Because the study duration
was less than two full years at each site, we collected one
complete season of winter dormancy data for brumacula
use at each.

RESULTS

Burrow Use

Relocations of radioed tortoises ranged from 6—-30
events over both studies (Table 1). At the Cottonwood
site, tortoises used a range of 3—14 unique burrows each
during the 16-month study, and tortoises at the Orocopia
site occupied a range of 3—11 unique burrows each during
the 19-month study (Table 1) for a total of 164 unique
burrows for all tortoises across both sites. Tortoises at the
Orocopia site used an estimated mean of 0.485 unique
burrows per 30 days over the study duration (Table 1).
Estimated potential mean number of burrows used
at the Orocopia site per 365 days was 8.3 in 2017 and
9.1 in 2018 (Table 2). Tortoises at the Cottonwood site
used an estimated mean of 0.848 unique burrows per 30
days over the study duration and an estimated potential
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mean number of burrows per 365 days of 7.5 in 2015
and 12.5 in 2016 (Tables 1; 2). The Orocopia tortoises
utilised 61 soil burrows, 3 pallets, and 2 rock shelters. The
burrows used by the Cottonwood tortoises included 27
soil burrows, 1 pallet, and 28 rock shelters. The number
of unique burrows occupied by tortoises throughout our
study at both sites combined increased with the number
of days that individual tortoises were monitored (Fig. 2).
Monitoring duration explained 70 % of the variation in
number of unique burrows occupied. At the Orocopia
site, the median estimated number of unique burrows
used per tortoise per 30 days did not differ between the
non-drought (X = 0.7) and drought-affected years (X = 0.7)
of 2017 and 2018 (Mann-Whitney U Test Statistic = 33.0,
P =0.5, Chi-Square approximation = 0.4, df = 1).

sy
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0
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Figure 2. The number of unique burrows used by each
tortoise within the radio-telemetered monitoring period. A
quadratic smoother has been applied to demonstrate that
the increase in the number of burrows occupied is directly
proportional to the number of days that tortoises are radio-
telemetered. A quadratic smoother appears to fit the data
well. Burrow occupancy increases with time.

Topography

Overall, mean burrow landscape aspect vectors between
sites were statistically different (Watson-Williams F-Tests,
F=222.4°,df=1,147 ", p <0.001) based on our geospatial
analyses. The topography at the Orocopia site had a
predominately northerly aspect while the Cottonwood
site had a south-westerly aspect, and that was reflected
in the aspects of burrow locations (Orocopia mean
aspect vector = 356.8° + SD 22.7°, n = 65; Cottonwood
mean aspect vector = 231.1° + SD 63.5°, n = 84; Fig. 3).
Burrows at the Cottonwood site ranged from 588 m—762
m AMSL in elevation (= 663.7 m, SD = 49.0) and a slope
range of 1.9 % — 33.4 % (= 10.7 %, SD = 10.6). Tortoise
burrows at the Orocopia site ranged in elevation from
502 m-574 m AMSL (= 537.6 m, SD = 16.2) with a slope
range of 0.6 %—2.4 % (= 1.6 %, SD = 0.4).
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Burrow Reuse

Each tortoise at the Orocopia site reused previously
inhabited burrows, whereas, some tortoises at the
Cottonwood ssite did not (Table 1). The number of burrows
reused by tortoises increased with the number of days
since radios were attached. For Cottonwood, the Pearson
correlation coefficient between those two variables was
0.53 (P=0.08). The value for Orocopia was 0.67 (P=0.05).
For both sites combined the value was 0.55 (P=0.009). At
the Orocopia site, some tortoises also showed increased
burrow fidelity for extended periods of time. Female
tortoise #51 was located in only three burrows during the
263-day tracking period including one burrow that was
used for 10 months straight (from brumation into the
following summer). Male tortoise #43 was only located
in five burrows during the 407 days he was tracked. The
burrow where he was most often located was used for
eight months leading up to and during brumation (two of
those months were during the summer season).

Cohabitation

Tortoises at both sites used burrows that appeared
to be inhabited only by that individual, but on several
occasions, tortoises used burrows that originally
sheltered a different tortoise. For example, at the
Orocopia site, a burrow was originally found sheltering
male #35. Thereafter, male #33 was found twice in that
burrow, as well as female #40 who was also found twice
in that same burrow (cohabitating each time with either
male #35 or male #33). All the cohabitation events that
occurred over both sites (n = 7) involved male/female
combinations, and five of these events occurred after the
egg production season for the region (Lovich et al., 2018b)
(April-June) between the months of August and October,
while two events occurred in April. At the Orocopia site,
a total of six cohabitation events were recorded. One
event in October involved three tortoises simultaneously
using a burrow (two males [#39 & #50] and one female
[#51]). At the Cottonwood site, there was only one
possible cohabitation event where a marked male
tortoise was sitting on the apron of a radio-telemetered
female tortoises burrow while she was inside. Although
we never saw the male tortoise in the burrow, he could
have been in the burrow before or after our observation.

Brumation

Seven tortoises were included in the brumation data at
the Cottonwood site. Four radio-telemetered tortoises
at the Cottonwood site were not included in the
brumation study either because they were not located
prior to the brumation period or they had a radio failure
prior to the beginning of the brumation period. Eighty-
six percent (n = 6) of the tortoises at the Cottonwood
site entered brumation in November of 2015, and the
earliest brumation entrance date was October 2015 by
one female (#11) (Table 3). Eighty-six percent (n = 6) of
the tortoises also exited brumation in February 2016.
The same female tortoise (#11) that entered brumation
earlier than all other tortoises emerged in March 2016,
later than all other tortoises. Nine tortoises were included
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Table 3. Brumacula data for both the Orocopia and Cottonwood study sites. ID is the individual tortoise identification
number assigned to each tortoise. Depth is the length of the burrow from the mouth to the farthest point reached with
the tape measure at the back of the burrow. One tortoise at the Orocopia site used two burrows during one brumation
season creating an extra burrow for the Orocopia data. Some radio-telemetered tortoises included in the overall burrow
study were not located prior to the brumacula study, accounting for the decreased number of tortoises included in this list.
We were unable to collect burrow depth on tortoises #2 and #8 due to burrow collapse.

Site ID Sex Month/Year of Brumation Duration D(i::)h Mourgeog:i:::)ation Lancaceagprz(is)pect
Cottonwood 1 M November 2015-February 2016 117 170 236
Cottonwood 2 F November 2015-February 2016 180 246
Cottonwood 7 F November 2015-February 2016 35 80 152
Cottonwood 8 M November 2015-February 2016 224 179
Cottonwood 11 F October 2015-March 2016 100 140 236
Cottonwood 12 F November 2015-February 2016 90 280 322
Cottonwood 13 M November 2015-February 2016 84 274 320
Orocopia 33 M November 2017-March 2018 100 55 37
Orocopia 34 F September 2017-February2018 96 230 6
Orocopia 35 M November 2017-March 2018 56 220 41
Orocopia 37 M November 2017-March 2018 107 340 53
Orocopia 39 M November 2017-March 2018 48 90 0.9
Orocopia 40 F November 2017-May 2018 62 250 347
Orocopia 43 M October 2017-March 2018 87 160 253
Orocopia 45 F November 2017-January 2018 140 300 335

January 2018-April 2018 53 155 337
Orocopia 51 F November 2017-May 2018 120 270 323

in the Orocopia brumation study. Seventy-eight percent
of the tortoises (n = 7) entered brumation in November
2017 and fifty-six percent (n = 5) emerged in March 2018
(Table 3). All males entered brumation between October
(n =1) and November (n = 4) in 2017 and emerged in
March 2018. Of the four radio-telemetered female
tortoises at the Orocopia site, three entered brumation
in November 2017 and emerged in April and May of
2018 (Table 3). The fourth female (#34) went into her
brumaculum early in September 2017, and she was also
the earliest to emerge in February 2018. We do know
that females #34 and #40 emerged between February
and March the previous year in 2017, since female
tortoise #34 was originally found basking on 16 February
2017 and female #40 was discovered courting with male
#35 on 15 March 2017. At the Orocopia site, one female
(#45) used two brumation burrows in a single brumation
period. She entered her first brumaculum in November
2017, was found in her second brumaculum in January
2018, and finally emerged from brumation in April 2018
(Table 3). These were both considered brumacula due to
the seasonal timing.

At Cottonwood, brumacula mouth orientation ranged
from 80-280degrees, with ageneral southerly preference
for all tortoises (Fig. 4; Table 3). Fifty-seven percent (n =4)
of the brumacula were soil burrows while the remainder
(n=3) were rock shelters. Brumacula at the Orocopia site
had a burrow mouth orientation ranging from 55-340
degrees, with the greatest number of brumacula mouth
openings (n = 5) facing south-westerly (Fig. 4; Table 3).
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Eight of ten brumacula were in soil burrows (one was
in a caliche layer); the two remaining burrows were a
pallet and a rock shelter. Burrows used for brumation
at both sites tended to have southerly mean burrow
mouth opening orientation vectors (x circular SD; Fig.
4) but sample sizes were too small for further statistical
comparison (Cottonwood mean vector =196.0° £ 72.0°, n
=7; Orocopia mean vector =231.2° £95.0°, n = 10). Mean
depth of brumacula were as follows: Orocopia: 86.9 cm,
range 48-140 cm; Cottonwood: 85.2 cm, range 35-177
cm (Table 3).

DISCUSSION

Burrow Use and Selection

In this study, we documented different aspects of the
burrowing habits (including brumation and cohabitation)
of two proximate but separate populations of G. agassizii
in the Sonoran Desert of California and how they use the
geologicandtopographicterrainwithintheirhomeranges
during varied periods of precipitation. After analysis
of the data, our initial two hypotheses were rejected.
First, while tortoises used similar substrates in which to
construct burrows, burrow types were differentas aresult
of site-specific geologic and topographic characteristics.
Second, tortoises did not use fewer burrows during a year
of greatly decreased precipitation and plant productivity
as expected. Previous research suggests that G. agassizii
actively select burrow and shelter sites based on certain
environmental characteristics (Duda et al., 2002; Lovich
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& Daniels, 2000; Sah et al., 2016). Tortoises at both sites
utilised rock shelters, soil burrows, and/or pallets at
one time or another and used new burrows as well as
previously used burrows, and over a range of elevational
relief.

Traditionally, Agassiz’s desert tortoises (G. agassizii)
have been characterised as occupants of desert flats,
while its congener, Morafka’s desert tortoises (G.
morafkai) prefers rocky, mountainous terrain (Germano
et al., 1994). However, previous studies reveal reciprocal
use of habitats by both species depending on habitat
availability and tortoise preference (Averill-Murray &
Averill-Murray, 2005; Bury et al., 1994; Germano et al.,
1994). Several of the tortoises at Cottonwood exhibited
shelter site use comparable to G. morafkai in Arizona
(Germano et al., 1994; Riedle et al., 2008). Tortoises at
Cottonwood often used granitic boulder rock shelters
on hillsides (when a rocky hill slope was available within
the tortoise’s home range), whereas some utilised soil
burrows on the nearby flat topography, and several
tortoises utilised both forms of burrows within their
home range. At the Orocopia site, we located most of
the tortoises and burrows on the flats and in washes,
possibly due to the rarity of steep boulder-strewn terrain
in the area. Burrow use at the Orocopia site is consistent
with other reports of G. agassizii behaviour in the Mojave
Desert of California (Berry et al., 2002; Ernst & Lovich,
2009; Murphy et al., 2011).

The locations of burrows at both sites tended to match
the overall aspect of the landscape. For example, on the
north-facing Orocopia landscape there were topographic
features (washes and small hills) with aspects facing
other directions but most burrows were located on
north-facing aspects (Fig. 3), even though tortoises had
the option to select otherwise. Alternatively, Cottonwood
tortoises utilised burrows primarily located on a south-
westerly landscape aspect, which was also the overall
aspect of the landscape. Other studies identify landscape
aspects which tortoises tend to utilise most (Anderson
et al., 2000; Bulova, 1994), however, they do not state
the overall landscape aspect of the study site as a
comparison.

Burrow Reuse

Tortoises demonstrate a preference for certain
burrows, returning to these burrows for subsequent
“reuse”, possibly as a means of energy conservation.
It is energetically less expensive to reuse a previous
burrow than to dig a new one. Other studies show that
tortoises have varying levels of burrow fidelity. Burge
(1978) reported that 73 % of tortoises used a burrow
for 2—15 days and 19 % for 16—46 days, while Duda et
al. (1999) noted three tortoises did not move from their
burrows for the entirety of a single season during a
drought year. At the Orocopia site, all tortoises reused
either one or two burrows during the study period. Our
results indicate that, generally, the detection of burrow
reuse increases with time tortoises are monitored.
Due to the intermittent observation of tortoises, it is
assumed that they may reuse burrows more frequently
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Figure 3. Site aspect orientation roses based on data
determined through geospatial analysis (ARCGIS
10.5.1). The mean vector is shown with the associated 95 %
confidence interval. Orocopia tortoises utilised landscapes
with north-facing aspects and Cottonwood tortoises
primarily utilised landscapes with south-western facing
aspects overall throughout radio-telemetered periods.
Burrows at both sites tended to orientate in conformance
with the landscape aspects created by topography.

than documented (Burge, 1978). At Cottonwood, three
tortoises did not reuse any burrow during the study.
Two of the afore-mentioned three tortoises were radio-
transmittered for the shortest duration of time (81 and
97 days), which may account for the lack of subsequent
observed burrow use. However, the third tortoise (male
#1) was the first marked tortoise on the site and had the
longest radio-telemetered duration (469 days) (Table
1). One tortoise (#12) reused four different burrows
during 452 days at the Cottonwood site, which is the
greatest number of burrows reused at either site. In a
previous study on the northern side of the Cottonwood
mountains, in the Pinto basin, tortoises were noted
reusing previous burrows consistently, only adding new
burrows occasionally (Freilich et al., 2000).

Cohabitation

Tortoise cohabitation is documented in the wild;
however, they are more often found individually in
burrows (Bulova, 1996; Burge, 1978). Woodbury & Hardy
(1948) noted that although tortoises have small home
ranges, they often overlap with the home ranges of other
tortoises, increasing the odds of cohabitation. Our study
documents cohabitation during the spring as well as the
summer and fall seasons and involving mostly opposite
sex associations. We did not observe any cohabitations
during the brumation period. Other studies have
documented cohabitation events, especially during
the reproductive season (Bulova, 1994; Burge, 1978).
Woodbury & Hardy (1948) discovered up to 17 tortoises
in one burrow simultaneously during the brumation
period and estimated an average cohabitance of 3.11
tortoises per burrow at a study site in Utah.

Drought
Tortoises can tolerate high concentrations of biological
wastes and conserve water in urinary bladders in times of



Table 4. Number of unique burrows used by radio-
telemetered tortoises per 30 days during each individual
year 2017 and 2018 at the Orocopia site only. The
identification number (ID) is the unique identifier for
individual tortoises. A mean of 0.7 burrows were used
per 30 days each year. The drought year (2018) did not
influence the number of burrows used.

Unique Burrows/30 days

ID Sex 2017 2018
33 M 0.590 0.774
34 F 0.492 1.371
35 M 0.616 0.774
37 M 0.643 0.643
39 M 0.753 0.643
40 F 0.755 0.536
43 M 0.455 0.789
45 F 0.807 0.682
51 F 1.017 0.514

drought (Nagy & Medica, 1986; Peterson, 1996). Burrows
provide a safe refuge and minimise physiologic water loss
through underground moisture content (Bulova, 2002;
Peterson, 1996). During drought years, tortoises can
be very difficult to find, and high-density tortoise areas
can appear to be largely deserted due to these water
conservation mechanisms (Anderson et al., 2000; Freilich
et al., 2000). We experienced this phenomenon during
the 2018 drought year (1.39 cm precipitation) since only
one new tortoise was found and marked that year. The
year 2017 provided good germination for tortoise annual
food plants with the yearly precipitation total of 13.15
cm. However, 2018 had no germination of winter annual
plants. Surprisingly, the mean number of unique burrows
used by tortoises per 30 days between 2017 and 2018
at the Orocopia site were identical (0.7 burrows) (Table
4). Similarly, Rautenstrauch et al. (2002) noted that
tortoises at his study site did not demonstrate a change
in burrow use (the number of burrows used and the
amount of time tortoises spent in their burrows) during
a period of decreased precipitation of 11.7 cm from the
site average of 13.9 cm annually, even though two years
of the five year study had above average precipitation
of 26.9 cm and 26.6 cm. They suggested that perhaps
the precipitation decrease was not dramatic enough for
a behavioural response. However, Duda et al. (1999) and
Freilich et al. (2000) reported a significant decrease in
the number of burrows tortoises used during drought
(1.2 cm winter precipitation and less than 5.5 cm yearly
precipitation, respectively), increasing the amount of
time spent in a particular burrow and decreasing home
range size. With extended periods of time inactive in
burrows and less time above ground, tortoises conserve
energy by reducing their metabolic rates, allowing them
to tolerate poor conditions for longer periods of time
(Henen, 1997; Henen, 2002).

Brumation
We had one complete season of monitored data on
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Figure 4. Orocopia (left) and Cottonwood (right) brumacula
burrow mouth orientation roses. This dataset was
hand-measured in the field with a compass, not with
geospatial analysis software. The mean vector is shown
with the associated 95 % confidence interval. Tortoises
predominantly favoured a south-western mean burrow
mouth orientation vector for brumacula. There was
no obvious relationship between the burrow mouth
orientation vectors and topography aspect at the Orocopia
site, whereas, at the Cottonwood site, burrow mouth
openings tended to orientate in conformance with the
general aspect of the landscape.

brumacula use at each site (Table 3). Our results are
comparable to other brumation data reported. Most
tortoises at other sites have been reported entering
brumation between October — December and are
reported exiting between February and, at the latest,
June (Bailey et al., 1995; Burge, 1978; Nussear et al.,
2007; Rautenstrauch et al., 1998). All tortoises at the
Orocopia site exhibited later emergence in 2018 than
tortoises at the Cottonwood site in 2016 overall (Table
3). Bailey et al. (1995) noted that female G. morafkai
emerged earlier than males at two sites, but we did not
observe this phenomenon at either of our sites. Females
may remain in their burrows for extended periods of
time in the spring during drought conditions to conserve
resources for reproduction (Henen, 1997; Henen, 2002).
Three of the four Orocopia female tortoises emerged
from brumation later than all of the male tortoises, in
April and May of 2018.

Warmer brumacula environments may provide
thermal buffering, providing a physiologic benefit for
reproduction (Averill-Murray et al., 2002a; Bailey et
al., 1995). South-facing slopes tend to have increased
soil temperatures and solar radiation with a decreased
24-hour temperature swing (Bailey et al., 1995; Nobel
& Linton, 1997; Warren, 2008) creating a consistently
warmer brumaculum environment during the winter.
At both of our sites, brumacula openings tended to
orientate toward the south-west even though the general
aspect of the Orocopia landscape is north and overall,
most burrows (including brumacula) at the Orocopia
site had a north facing landscape aspect (Table 3;
Fig. 4). Tortoises at the Cottonwood site predominantly
inhabited brumacula with southerly facing openings on
southerly facing landscape aspects (Fig. 4). Bailey et
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al. (1995) noted that tortoises in the Sonoran Desert
demonstrated a preference for southern facing slopes
during two brumation seasons. Brumacula depth may
also provide some thermal buffer. The deeper the
burrow, the more consistent the ambient temperature is
over a 24-hour period (Mack et al., 2015; Rosenberg et
al., 1983), protecting tortoises from reaching their critical
thermal minimum of 4.4 °C (Averill-Murray et al., 2002a;
Lowe et al., 1971; Woodbury & Hardy, 1948).

The information presented here demonstrates that
G. agassizii utilise habitats differently depending on
the availability of local resources within the geological
and environmental constraints of their home ranges.
Our study provides additional insight to the limited
information for tortoise behaviours in association with
burrowing habits of G. agassizii in the Sonoran Desert
of California. Tortoise burrow use varies due to the
interactions of precipitation, season, and landscape
characteristics, compelling tortoises to adjust to climates
and environmental landscapes, even over small spatial
and temporal scales.
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