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ABSTRACT: Assessing the recovery of the federally listed Mojave population of desert tortoises
Gopherus agassizii requires detecting subtle changes in population size over a period of many years.
The methods that have been employed by the US Fish and Wildlife Service to estimate population
density of desert tortoises are inadequate for detecting modest trends in population density, partly
due to a hidden variance in a parameter (g0) that corrects for the proportion of tortoises that are
inactive and thus unavailable for sampling when population density is being assessed. We used small
dataloggers to record the activity of tortoises throughout their active season, and derived daily estimates of g0, which we compared with the 2004 estimate published by the US Fish and Wildlife Service. Due to the substantial variation in animal activity that we found within and among days during
the active season, we used a daily method to estimate density. We found that this method, while providing a more accurate assessment of g0, translates into estimates of density with coefficients of variation that are 4× larger than previously reported due to the variation in g0 and n (number of animals
encountered). This discrepancy could adversely influence managers’ perceptions of population
recovery for desert tortoises, and could undermine any ability to monitor the efficacy of recovery
actions for populations.
KEY WORDS: Desert tortoise · Gopherus agassizii · Monitoring · Distance · Population trend ·
Abundance · Detection probability · Sampling availability · Biologging
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Desert tortoises Gopherus agassizii are long-lived
terrestrial reptiles that live throughout the Mojave
Desert in parts of Utah, Nevada, Arizona and California, USA (Germano et al. 1994). Due to documented
declines in desert tortoise populations, the Mojave
population (tortoises north and west of the Colorado
River) was emergency listed under the US Endangered
Species Act as endangered in 1989, with a subsequent
listing as threatened in 1990 (US Fish and Wildlife Service 1989, 1990). Desert tortoise populations are characterized by having low potential growth rates that
range from 0.25% to a maximum of 2% yr–1, with a
theoretical mean population growth rate of 0.8 to
1.15% yr–1 (US Fish and Wildlife Service 1994). In

addition to this very low potential growth rate, the density (and size) of desert tortoise populations affects
their time to extinction, such that populations with low
densities are in greater danger of extinction than those
with higher densities (Green & Young 1993, Lande
1993, US Fish and Wildlife Service 1994). Research and
monitoring to assess the status and population dynamics of this species were initiated in the late 1970s using
mark-recapture techniques on a few dozen study plots
(Berry 1984, Germano et al. 1994, US Fish and Wildlife
Service 1994), and continues with the addition of a
range-wide monitoring program using distance sampling methods that were established in 2001 (Anderson
et al. 2001, US Fish and Wildlife Service 2006). Desert
tortoises have continued to show declining numbers,
and in some regions where densities of ≥60 tortoises
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km–2 were once common on study plots (Berry 1984,
Tracy et al. 2004), current estimates range from 1 to 12
tortoises km–2 (US Fish and Wildlife Service 2006).
Measuring recovery of this species requires (among
other things) detecting modest growth in population
density (US Fish and Wildlife Service 1994, 2008). The
current range-wide program that has been implemented to detect population trends relies on knowledge of the behavior of individuals in a population
(Anderson et al. 2001), which can be difficult to attain.
Desert tortoises are cryptically colored and fossorial,
which frequently causes them to be elusive to sampling when they are hidden from view in dense vegetation, in rocky terrain, and in underground burrows
(Nussear & Tracy 2007); thus, individuals are often
missed during surveys (Corn 1994, Germano et al.
1994, Bury & Corn 1995). Because of this, monitoring
desert tortoises requires knowledge of what determines activity patterns in this species (Freilich et al.
2000, Anderson et al. 2001). Extensive research on how
activity patterns of individuals are related to the thermal environment (Zimmerman et al. 1994, Duda et al.
1999, Wilson et al. 1999, Bulova 2002) has shown that
desert tortoises exploit the heterogeneity of their thermal environment to achieve particular body temperatures, and avoid thermal extremes by retreating to
underground burrows and dense vegetation (Woodbury & Hardy 1948, Zimmerman et al. 1994). Although
these behaviors are well documented, few studies
have quantified the effects of this elusive behavior on
estimates of population densities derived from transect
sampling methods.
Transect sampling is currently employed by the US
Fish and Wildlife Service (hereafter FWS) using the
program Distance (Buckland et al. 2001) to estimate
range-wide and regional population densities of desert
tortoises. This method includes 2 parameters intended
to correct density estimates for (1) the decreasing
detectability of tortoises by surveyors at increasing distances from the transect (Pa; Buckland et al. 2001), and
(2) tortoises on the transect that are missed because
they are in locations where they cannot be seen and
sampled, such as in underground burrows (g0; Anderson et al. 2001). Both g0 and Pa are proportions with
finite ranges from 0 to 1. These 2 parameters frequently change in time and space, and impart uncertainty in the estimate of population density (Buckland
et al. 2004).
While methods for estimating Pa (and its error) have
been thoroughly discussed elsewhere (Buckland 1985,
Buckland et al. 2001, 2004), methods for estimating the
g0 parameter have only been briefly addressed
(Thompson 2002, Laake & Borchers 2004), and the g0
parameter is not often used with Distance sampling
(Bächler & Liechti 2007). This parameter and its SE

have been estimated in past years (for desert tortoise
monitoring) by assessing the activity of several small
samples of individuals (groups) in different sampling
localities, which are monitored periodically using VHF
radio-telemetry during the times when transect sampling occurs (US Fish and Wildlife Service 2006). Individuals in each of these small groups are radio-tracked
and observed 10 to 20 times during the transect sampling period (typically 1 April to 1 June, US Fish and
Wildlife Service 2006). A single range-wide estimate of
g0 is derived by taking the mean of each animal’s averaged activity during the entire transect sampling
period, and the SE is estimated by taking the SD of
activity estimates of all radio-tracked individuals (US
Fish and Wildlife Service 2006).
One problem with this approach to estimating g0 is
that the activity of a population of tortoises can be significantly misrepresented when the sample size of
individuals is small (Nussear & Tracy 2007). A sample
size of at least 20 ind. may be needed to assess the
activity in a large population (Nussear & Tracy 2007).
During the first 5 yr of sampling, FWS used several
samples with 8 to 12 ind., resulting in imprecise and
potentially inaccurate estimates of g0. However, while
using larger sample sizes to estimate the activity of
desert tortoises would produce a more realistic estimate of the g0 parameter and its CV, a method that
estimates the variation ‘throughout’ time is likely to be
more important because g0 varies substantially from
day to day and from hour to hour throughout each day
of the sampling period. Unfortunately, the program
Distance (Thomas et al. 2004) is currently not designed
to incorporate daily estimates of g0. Instead, a single
pooled value of g0 has been used by FWS to scale density estimates, and the SE of this parameter is used
(among other sources of variance, such as Pa and n (the
number of animals encountered along transects)) to
estimate the precision of the density estimate (Buckland et al. 2001).
We used a different approach to quantify g0 by measuring the daily activity of 34 tortoises in the Western
Mojave Recovery Unit at short time intervals throughout the sampling season in 2004. Data on the nanoclimates (the climate immediately surrounding the tortoise) experienced by tortoises (as measured using
small sensors and dataloggers attached to the animals)
were used to develop a model that predicted tortoise
activity during the sampling period from interactions
between desert tortoises and their nanoclimates. Using
the predicted activity data from our study animals, we
estimated the g0 parameter and its CV at several time
scales for the entire sampling season. We investigated
whether daily estimates of g0 have a different effect on
the accuracy and precision of density estimates compared to pooled estimates of g0 by implementing an
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estimate of density for the Western Mojave Recovery
Unit; this estimate is calculated from daily estimates of
density with a daily g0 correction being applied.
Finally, we assessed the extent to which previous
methods used by the FWS to estimate g0 may be insufficient in accounting for variation in the behavior of
desert tortoises, and to what extent these methods may
affect the precision of density estimates.

MATERIALS AND METHODS
Field sites. Tortoises were studied at 2 sites located
in the western Mojave Desert in the Superior-Cronese
and Ord-Rodman desert wildlife management areas
(DWMAs) of the Western Mojave Recovery Unit for
desert tortoises. The sites are approximately 16 km
northwest and 64 km southeast of Barstow, California,
respectively. Each site is located in a valley characterized by Mojave Desert scrub (Turner 1982) with only
moderate topographic relief. Populations at these sites
were used to estimate g0 as part of the FWS desert tortoise monitoring program from 1999 to 2008.
Behavioral observations. Thirty-four adult desert
tortoises from the 2 sites described above were previously equipped with radio-transmitters and were
monitored intensively from 1 April to 1 June 2004.
Miniature dataloggers (HOBO H8 Temp/RH/Light,
Onset) were used to record the nanoclimate experienced by each tortoise as it moved among microhabitats. Each logger was 4.5 (l) × 3 (w) × 0.75 (h) cm in size,
and was ~50 g in mass when epoxy was applied
(~0.05% of an individual’s mass). The outer plastic
case of each commercial datalogger was removed and
the circuitry was re-sealed in heat-shrunk tubing to
decrease the volume and mass of the datalogger and to
streamline its shape. Each datalogger recorded light
intensity (lm ft–2), absolute humidity (g m– 3), and temperature (°C) as measured above the tail of the tortoise
(Nussear et al. 2002). The datalogger was attached to
the carapace on either the 5th vertebral, 5th right, or
5th left costal scute, depending on the size and shape
of the animal. This attachment site was chosen to minimize interference with the animal’s behavior, and to
provide maximum exposure of each of the sensors to
the environment. No dataloggers were lost prematurely, and all were recovered at the end of the study.
Each datalogger recorded data at 15 min intervals, and
data were retrieved every 2 wk throughout the study.
An additional datalogger was placed on the ground
surface to measure the surface conditions that a tortoise would experience at each site.
Light intensity from the datalogger on the ground
surface was compared to that from each animal and
was reclassified into a multinomial variable indicating
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whether or not the sensor was exposed to sunlight,
where a value of –1 indicated that the animal was not
exposed to light even though the surface was (e.g. it
was daytime and the animal was in a burrow), a value
of 0 indicated that both the animal and the datalogger
experienced similar light levels (e.g. it was daytime
and the animal was above ground, or it was night time
and the animal was either above or below ground), and
a value of +1 indicated that the animal experienced
light when the datalogger on the ground surface did
not. This last condition was rare and was likely due to
shade obscuring the (surface) datalogger from the
early morning or late evening sunlight.
Behavioral observations of each individual were
taken 2 to 6 times per day during each of the 10 observation periods throughout the study, and each observation period lasted from 1 to 3 d at each site. Each
time an animal was observed, its activity and microhabitat position (above or below ground) was assessed
and recorded. Behavioral observations were made
from the furthest distance possible (usually ranging
from 5 to 15 m) to assess the microhabitat position of
each individual, and animals were observed for < 30 s
at each encounter to minimize the impact of observer
presence. Behavioral observations similar to this
method have been used in several previous studies
with little or no effect on animal behavior (Bulova 1994,
Zimmerman et al. 1994, Nussear & Tracy 2007).
An artificial neural network (NeuroSolutions 5.0,
Neurodimension) was used to classify the nanoclimate experienced by each individual into above or
below ground positions using data pooled from both
sites. A random sample of 40% of all observations
was withheld from the training process of model
development in order to test each model with the
independent data. The Kappa coefficient of agreement was used to measure the overall performance of
the model (Fielding & Bell 1997), and a confusion
matrix was used to identify which of the microhabitats (below ground in a burrow or above ground) was
better predicted by the model . The model was used
to predict tortoise activity (above or below ground)
for each 15 min interval from 05:00 h to 19:00 h
(Pacific daylight saving time, PDST) from 1 April to
1 June, resulting in ~57 predictions d–1 of each tortoise’s microhabitat position.
West Mojave density estimates. We derived an estimate of density, D, for the Western Mojave Recovery
Unit using a modified version of the density equation
developed for sampling desert tortoise populations
(Anderson et al. 2001), where the density estimate was
taken as the average of daily estimates of density calculated with daily estimates of the g0 parameter (g0d),
the number of tortoises encountered each day (nd) and
the length of transect walked each day (ld):
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where N is the total number of days sampled, d1...dN is
the index of unique days over which the mean density
is calculated, w is the effective width of transects, and
Pa is the detection probability. The CV of the density
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where a = activity at each observation (o) for each
study animal (s) on a given day (d). The coefficient of
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where the length of each transect (lt,d), total length of
all transects for each day (Ld), total number of encounters for each day (nd), and total number of transects
surveyed on a given day (kd) were were calculated
from published transect data (US Fish and Wildlife Service 2006).
Differences between our estimate of density for the
2004 sampling year for the Western Mojave Recovery
Unit and that published for the same year (US Fish and
Wildlife Service 2006) were evaluated using a Z-test
for differences among means. Similarly, the differences between the CVs of these estimates of density
were compared using a Z-test for CVs (Miller 1991).
Theoretical variance of g0, n, and Pa. We used Eq. (2)
to calculate the simultaneous influence of the CVs of
g0, n, and Pa on the CV of D by allowing each of the
parameters to vary within an expected range that was
defined by activity data or published values (US Fish
and Wildlife Service 2006) for the first 5 yr of sampling.
The expected range of the CVs of g0 was defined
using the activity data from our study animals to estimate the minimum and maximum CVs that would
result from sampling on consecutive days of varying
lengths. We assumed that sampling could be completed for the West Mojave in 5 to 25 consecutive days
during the active season, and therefore took samples of
our activity data during the months of April and May,
of N days in length to estimate g0, where N ranged
from 5 to 25 d. We used the estimated g0 value (from
Eq. 3) for each day, and the minimum and maximum

CVs of g0 from all sample sizes of N to represent the
minimum and maximum CVs possible under existing
sampling conditions, which ranged from 0.16 to 0.74.
We used published transect and encounter data from
2004 to estimate the CV of n for each day that transect
sampling was conducted; this allowed us to determine
the minimum and maximum CVs of n that were possible under existing sampling conditions. This gave a
range of near 0.1 to 0.6, and therefore we held the CV
of n constant at 3 levels (0.1, 0.4, and 0.7), which
bounded the range of CVs possible when estimating
density.
The upper and lower limits to the expected ranges of
CVs for g0, Pa, and the 3 levels of CV for n were subsequently used to estimate the upper and lower limits of
the precision of density estimates that could be
expected under conditions similar to the first 5 yr of
sampling.
Estimates of density with CVs of < 0.125, 0.25, 0.35,
0.45 or 0.55 were identified previously as the thresholds where distance sampling would show sufficient
precision to identify 1, 2, 3, 4 or 5% annual trends in
desert tortoise population size over a 25 yr period,
respectively (Nussear & Tracy 2007). We used these
thresholds to identify combinations of the CVs of g0
and Pa where distance sampling could detect the same
(1, 2, 3, 4 or 5%) annual trends. However, this method
assumed that the covariance between n, g0 and Pa was
0, and treated each as an independent random variable. While this assumption is probably incorrect (g0,
Pa and n are likely to be linked under certain conditions), few data are available to estimate their covariance across many years and habitat types.

RESULTS
Activity model
An artificial neural network model including body
temperature (Tb; °C), absolute humidity of the nanoclimate of the tortoise (ABSHo; g m– 3), light intensity on
the tortoise (Lo; lm ft–2), and the difference in light
intensity between the surface and the tortoise provided the best fit among the models we investigated;
this model was subsequently used to classify tortoise
nanoclimates for each 15 min interval into above- or
below-ground microhabitat positions (i.e. presence of
the tortoise on the surface of the ground, or in a retreat
site such as a burrow or other place not on the surface)
suitable for estimating g0. The resulting model predicted below-ground and above-ground activity about
equally well (91 and 89% accuracy for below-ground
and above-ground activity, respectively), and had a
Kappa of 0.795.
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Theoretical variance of g0, n, and Pa
We found that the largest influences on the CV
accepted for g0 were the date on which the sampling
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Our estimate of density (Ddaily = 5.27 tortoises km–2,
CV = 53.0%) derived from daily estimates of density for
the Western Mojave Recovery Unit in 2004 was not significantly different (Z2 = 0.015, p = 0.49) from the published estimate of density (5.31 tortoises km–2, CV =
12.5%, US Fish and Wildlife Service 2006). However,
because we estimated density for each day that transect
sampling was conducted, and thus had fewer encounters and fewer kilometers of transects walked in each of
our daily estimates of density than did the pooled estimate used by FWS, the CV of n for each day was higher
than the pooled estimate of n used in the published estimate of density (US Fish and Wildlife Service 2006).
The increased CVs of n and g0 caused our CV for the
estimate of density to be significantly (Z2 = 12.903, p =
0) higher than the CV of the density estimate reported
for the Western Mojave Recovery Unit in 2004 (53.0 vs.
12.5%; US Fish and Wildlife Service 2006).

1.0
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The above-ground activity (interpreted from dataloggers) of tortoises varied throughout the activity season,
with higher levels of surface activity in April than in May.
Daily activity decreased throughout the season until the
end of the study in June (Fig. 1A). In general, activity in
April was greater than in May, with 50 to 90% of animals
assessed as being above the ground during the month of
April. The CVs of g0 generally increased throughout the
sampling period, with the highest CV occurring when
activity was lowest at the end of May (Fig. 1B). In contrast, the CVs of n reported from FWS transect data remained relatively consistent across all days when transect sampling was conducted (Fig. 1C).
Animals were generally not as active during the early
morning and late evening hours (especially in mid to late
May), when seasonal averages of hourly activity were as
low as 20 to 40% being above groundin the early morning (05:00 to 07:00 h) and late evening (17:00 to 19:00 h;
Fig. 2). On days when transect sampling was conducted
by FWS (2–7 April, 12 April, 21–26 April and 2–3 May),
tortoise activity ranged from 50 to 90% of the total population being above ground (Fig. 1A). The pooled and
range-wide value of g0 estimated by the FWS (0.864) was
always higher than the measured values at our sites in
the Western Mojave Desert (Fig. 1A).

% Population above ground

Variation in tortoise activity

0.5

0.0
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Date (mm/dd)
Fig. 1. (A) Daily mean sampling availability (g0, indicated as
% of population above ground; s) for 2 study sites from 1 April
to 1 June during 05:00 h to 19:00 h, and days when transect
sampling was conducted in the Western Mojave Recovery
Unit (d). Error bars: ±1 SE. The dashed line represents the
published estimate of g0 (0.864) for 2004 (US Fish and Wildlife
Service 2006). (B) Daily CVs of g0 for both study sites from
1 April to 1 June. The dashed line represents the published
estimate of the CV of g0 (0.02) for 2004 (US Fish and Wildlife
Service 2006). (C) Daily CVs of n (the number of animals encountered per transect) on days when transect sampling was
conducted in the Western Mojave Recovery Unit in 2004. The
dashed line represents the CV from the range-wide estimate
of g0 (0.021) for 2004 (US Fish and Wildlife Service 2006)

300

Endang Species Res 10: 295–304

1.0

0.7

A

0.6

CV g0

0.8

0.6

5d
15 d
25 d

0.5
0.4

g0

0.3
0.4

0.2
0.1

0.2

04/01

04/15

05/01

05/15

06/01

Date (mm/dd)
0.0
6:00
1.0

8:00 10:00 12:00 14:00 16:00 18:00

Fig. 3. Mean CVs for sampling availability (g0) at 5 (m), 15 ( ),
and 25 d (e) sampling periods for the Western Mojave Recovery Unit in 2004. Each datum represents the CV for the
sampling period starting on the indicated date
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Fig. 2. Mean hourly activity (± 95% CI) in, g0, (A) April and (B)
May from 05:00 h to 19:00 h (N = 57 predictions d–1). The
dashed lines represent the range-wide estimate of g0 (0.864)
for 2004 (US Fish and Wildlife Service 2006). Error bars are
shown with dots when too small for plotting

period(s) started and the length of the sampling
period(s) used to estimate g0. Sampling periods that
were started earlier in the year and were shorter in
duration were more likely to occur on days when the
CV of g0 was low and when g0 was high (Figs. 1B & 3).
In contrast, the g0 for a longer sampling period that
started later in the season was more likely to have a
larger CV due to the substantial downward trend in
activity that we observed throughout the activity season (Fig. 1A).
If sampling had occurred on the 5 consecutive days
with the lowest CVs of g0, the CV for g0 might have
been as low as 0.16 (Fig. 3). Sampling over the 25 consecutive days when g0 was the highest yielded CVs for
g0 near 0.6, although when sampling occurred on 5
consecutive days with very high CVs for g0 (found

towards the end of the active season, Fig. 1B) a CV
above 0.7 could be found. Thus, an expected range for
the CV of g0 of 0.16 to 0.74 was used to bracket the best
and worst sampling conditions.
The CVs of n varied substantially from day to day
depending on the number of animals encountered and
the length of the transect walked. During the 15 d
when sampling was conducted in the Western Mojave
Recovery Unit, the CVs of n ranged from 0.28 to 0.67.
We used 0.1, 0.4, and 0.7 to bracket the best and worst
sampling conditions expected under similar sampling
scenarios. The CVs of Pa from the first 5 yr of transect
sampling ranged from 0.02 to 0.05 (US Fish and
Wildlife Service 2006), and again, this range was used
to bracket the best and worst sampling conditions.
Using the expected ranges of the CVs for g0, Pa, and
n, we calculated a possible range for the CV of the
density estimate of 0.32 to 0.99. Under the best sampling conditions (i.e. g0 is high and not variable, Pa is
high and not variable, and n is high and consistent
among transects), distance sampling as implemented
for the first 5 yr of sampling would have the power to
detect annual trends in population density of 3% or
more (Nussear & Tracy 2007). This would not enable
detection of what is thought to be the highest reasonable growth in desert tortoise populations (i.e. 0.5 to
1% yr–1, US Fish and Wildlife Service 1994), but
instead, would only have the power to detect trends in
population decline that were > 3% yr–1 (Fig. 4). However, under some of the worst sampling scenarios (CV
of density ~0.9), transect sampling would not have the
power to detect any meaningful trend at all.
Because the CVs for Pa are reportedly very low (US
Fish and Wildlife Service 2006), i.e. the maximum published CV is 0.05, it is reasonable to assume that
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obtaining precise estimates of density will require conducting transect sampling during periods of high and
consistent g0. We observed a CV for g0 of 0.26 when
transect sampling in 2004 occurred on 15 nonconsecutive days, in a very wet (and active) sampling season.

DISCUSSION
Mojave Desert tortoise populations have suffered
marked declines throughout their range, and in
response, efforts are being implemented to promote
recovery of the species. Desert tortoises are a long-
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lived species with delayed maturity and iteroparous
reproduction and, as such, population recovery rates
are expected to be slow, with upper estimates of
0.5% yr–1 (US Fish and Wildlife Service 1994), if recovery is at all possible (Doak et al. 1994). Under these circumstances, detecting recovery (i.e. subtle increasing
trends) in desert tortoise populations requires precise
estimates of population density (Nussear & Tracy
2007). Distance sampling is currently employed to estimate density of desert tortoises, and the precision of
the resulting density estimates relies on the precision
of 3 parameters: g0 (availability for sampling), n (number of animals encountered per transect), and Pa (de-

Fig. 4. CVs of the density estimate at different levels of CV of n (the number of animals encountered on transects; (A) 0.1, (B) 0.4,
and (C) 0.7), CVs for g0 (sampling availability) and CVs for Pa (the detectability of tortoises given their availability). The black
contour lines shown at 0.125, 0.25, 0.35, 0.45, and 0.55, correspond with the CVs needed to detect a 1, 2, 3, 4 or 5% linear trend in
population density as given in Nussear & Tracy (2007). The white box represents the expected ranges of the CVs for g0 and
Pa from the minimum and maximum values published (Pa; US Fish and Wildlife 2006) and observed (g0; present study)
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tectability of tortoises given their availability). These
parameters can be estimated using different methods,
all of which impact our ability to obtain precise density
estimates while properly accounting for the observed
variance in behavior, detectability and the numbers of
tortoises encountered in a given sampling area.
Because we observed high daily variation in availability as the sampling season progressed, we chose to
use a daily method to estimate density and its variance.
When comparing the density estimate derived to
account for this daily variation with the density estimate reported by the FWS (US Fish and Wildlife Service 2006), we found the 2 estimates of density to be
similar, but with significantly different CVs. The
reported CV of the density estimate for the Western
Mojave Recovery Unit was substantially lower than the
CV that we calculated, indicating a discrepancy in the
perceived precision of the density estimates from the
published report (US Fish and Wildlife Service 2006),
which reflects reductions in variation when parameter
estimates are pooled for the entire range and season.
The pooled estimates of g0 and its SE (used by FWS)
are derived from observations of radio-tracked tortoises in focal populations throughout the entire range
for the Mojave population of desert tortoises (as
opposed to just the Western Mojave Recovery Unit) for
all days of sampling. The pooled estimate of g0 is calculated as the mean of each focal animal’s availability to
be sampled from the 10 to 20 times it is observed during the entire sampling season, and does not reflect the
variation we observed throughout the sampling
period. In addition, it ignores temporal and spatial differences among populations in different regions,
which we believe is an important source of variability
to account for. In general terms, the pooled estimate of
g0 is a measure of the difference among individuals in
their sampling availability.
It is not enough to know that 1 individual was unlike
another with respect to how much time they were
available to be sampled throughout the sampling
period. Instead, one must know how unlike the first
week of April is from the last week of April or how
unlike 05:00 h is from 13:00 h with respect to the proportion of the population that is available to be sampled. Tortoises are not the only organisms that exhibit
daily or hourly changes in their availability and subsequent detectability, which adds difficulty to sampling
efforts. Other survey methods (e.g. aerial surveys on a
variety of species, ranging from kangaroos to larger
animals including elephants and whales) use behavioral models to predict g0 due to changes in daily or
seasonal temperature or other environmental conditions that relate to sampling availability (Bayliss &
Giles 1985, Jachmann 2002, Skaug et al. 2004). However, these behavioral models are often derived from

small samples or incomplete sampling (Southwell et al.
2008), which likely adds to the uncertainty of the
resulting estimates of density.
In addition, the behavior of individuals is unlikely to
be uniform across the entire range, such that activity in
some regions may be lower than that in other regions.
This adds error to the estimate of density that is not
accounted for when range-wide and pooled estimates
of g0 are used, and should be considered for further
study. Surely, there are interactions between topography, habitat type, climate, region and behavior that
influence the number of animals observed on transects, which have yet to be enumerated or studied.
While we did not find our estimate of density to be different from the published estimate (which used pooled
values), the variance of the estimates differed markedly, and was largely attributable to the increased
variability imparted by the reduced numbers of tortoises encountered on any given day.
The variation in numbers of encounters on transects
can be caused by many factors including spatial aggregation of animals with respect to transects, and temporal clustering of availability as when portions of
transects are walked when tortoises are inactive. Aggregated dispersions of individuals are known to affect
estimates of density in numerous species and sampling
situations (Cochran 1977, Green & Young 1993, Christman 2004) and can certainly violate underlying
assumptions of spatially uniform distributions in the
computation of population density with distance sampling. Clumped species distributions can cause artificially reduced estimates of animal density when the
clumped groups are missed completely during sampling (Thompson 1991, Thompson & Seber 1994). The
degree of spatial clustering in desert tortoises has only
been cursorily investigated in a few localities, but evidence suggests spatial aggregation in desert tortoise
distributions at multiple scales (Duda et al. 2002).
Another difference between the 2 methods used to
estimate g0 is found in the definition of ‘availability’
itself. The FWS defined availability as the visibility of
any tortoise in the open, in vegetation, or even in a burrow (and often with the aid of a light source), because
such as definition increases the total number of potential observations on each transect (thereby increasing
n). Including ‘visible’ animals on each transect certainly increases the precision of the detection function,
but it also introduces an additional error into g0 by confounding the effects of g0 with those of Pa. For example,
tortoises on the surface would likely have different
detectability than tortoise burrows, and certainly different detectability than tortoises within burrows once
burrows are detected. Unfortunately, the lack of data
on the detectability of burrows precludes quantifying
this additional error which is not addressed here.
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While we did not explore different methods to estimate Pa, there are several sources of error that may
influence its estimation and its variance that are worth
discussing. For example, Pa is partly influenced by
vegetation density, such that when vegetation is lush
or dense, Pa is likely to be reduced due to an observer’s
inability to see through or beyond nearby vegetation.
This influences observations of animals and their burrows, which confounds Pa with g0 especially when animals that are below the ground (but visible) are pooled
with those found above the ground. The reported
range-wide Pa for 2005 was the lowest for the 5 yr
period, and also corresponded with the highest winter
precipitation from the year 2000 to 2005. While wet
years may correspond with high g0, they may also correspond with depressed Pa. This may translate into
additional and unmeasured variation in Pa when vegetation density and lushness decline throughout the
sampling period or when vegetation density varies
throughout the sampling area, which is likely to occur
when sampling over large areas such as the Mojave
Desert. There are other factors that add variation to Pa,
such as differences among observer experiences
(Freilich & LaRue 1998), and climate or site differences
(Duda et al. 1999, Freilich et al. 2000), all of which
should be accounted for to derive accurate estimates of
detectability and its error.
We estimated the CV of the density estimate for 2004
in the Western Mojave Recovery Unit to be 0.53. This
would only allow for detection of population trends no
smaller than ~5% yr–1 (and this could only occur as
long as conditions remained the same each year). It is
highly unlikely that sampling conditions better than
those found in 2004 would persist for multiple years
without substantial changes in sampling methods.
However, if changes in sampling methods could
ensure that transect sampling occurred over shorter
periods when g0 was high and less variable, CVs in g0
as low as 0.16 might be possible. When combined with
the lowest variation in Pa and n (this occurs when sampling is conducted on fewer days when g0 is high), estimates of density with CVs as low as 0.32 could result.
This level of precision under an optimal sampling scenario would have sufficient precision to detect population trends of 3% yr–1. Detecting trends of 3% yr–1 may
be as good as transect sampling can ever achieve when
estimates of density require knowledge of the proportion of the population available to be sampled. However, this level of precision provides only a means to
detect population declines, which can occur at very
rapid rates (Berry 1984, US Fish and Wildlife Service
1994, Longshore et al. 2003, Tracy et al. 2004). This is
because even under the best population demographics, trends in desert tortoise population growth are
thought to be <1% (Doak et al. 1994, US Fish and
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Wildlife Service 1994), indicating that if managers
hope to detect positive population growth, density estimates with CVs of < 0.125 are needed. This seems
infeasible using the sampling methods implemented
from 2001 to 2005.
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