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Abstract.— We subjected neonate Desert Tortoises (Gopherus agassizii) that hatched inside fenced,
predator-resistant field enclosures containing natural vegetation to either a natural rainfall regime
or a regime of natural rainfall plus irrigation (supplemental precipitation) over a five-year period, to
test the hypothesis that mimicking an above-average rainfall regime in years of average or low natural
rainfall will improve rates of survival and growth. We also tested the hypothesis that survivorship of
released 1-yr olds will be high, due to a decline in predation susceptibility once the vulnerable nesting
and hatchling phases are completed. Survivorship inside the enclosures during the first year of life was
high (averaging 90%) in both groups, even during a record low rainfall year, but growth rates were
always substantially higher (2 to 16-× greater) in rain-supplemented juveniles. Body condition index
(CI) measurements indicated that first-year juveniles without added rain were able to maintain body
conditions similar to rain-supplemented juveniles during two average rainfall years, but not during
a drought year. Older juveniles without added rain died during the latter part of the 16 mo drought,
suggesting that the high drought survivorship of first-year non-supplemented juveniles may be related
to the yolk they carried after hatching, along with possible behavioral and physiological differences.
Nearly all yearlings that were set free (in autumn) were dead within 6 mo, regardless of whether they
had supplemental rain or not during their first year inside enclosures, and regardless of whether they
were released near the head-start enclosures or a kilometer away. The main cause of mortality was pre-
dation, primarily by ravens. The poor survival of released yearling tortoises and the drought-induced
death of nearly all older captive juveniles raised without added precipitation lead us to recommend
that rain supplementation and delayed release be incorporated in the protocol for head-starting Desert
Tortoises.
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Introduction

Mojave Desert populations of the Desert Tor-
toise (now named Agassiz’s Desert Tortoise, Go-
pherus agassizii; Murphy et al. 2011) were listed
as Threatened in 1990 due to large declines in
population densities (U.S. Fish and Wildlife Ser-
vice 1994). The revised Recovery Plan (U.S. Fish
and Wildlife Service 2008) for the Mojave Desert

population calls for development of protocols and
guidelines for population augmentation, includ-
ing head-starting. The research we report here is
part of a larger effort to evaluate and refine the
head-starting method (Heppell et al. 1996) for the
Desert Tortoise. The primary purpose of head-
starting tortoises is to reduce the large losses
of eggs and young to predators (Morafka 1994;
Morafka et al. 1997). Other goals include reduc-
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ing juvenile mortality from drought and starva-
tion (Nagy et al. 1997), monitoring and possibly
adjusting sex ratios of hatchlings (Baxter et al.
2008), and evaluating possible introduction and
spread of diseases (Jacobson et al. 1991; Brown
et al. 1999; Christopher et al. 2003) in head-start
facilities.

To further the understanding of the use of head-
starting for tortoise survival and conservation, we
conducted three experiments. First, we tested the
effects of supplementing natural rainfall on an-
nual survivorship, growth rates, and on a body
condition index (CI, mainly an indication of hy-
dration level), of tortoises during their first year
of life. One group of juveniles (the control) lived
in pens receiving only natural rainfall, while a
second group (experimental) lived in pens re-
ceiving natural rain plus supplemental artificial
rain. We irrigated just often enough to maintain
the crop of green, growing annual food plants
throughout spring, regardless of the amount of
natural rainfall.

This was done to mimic but not exceed a good
wildflower year in the experimental pens during
every year of the five-year experiment. Second,
we tested whether tortoises that had received pro-
tection from predators for a full year could sub-
sequently survive adequately on their own. In
autumn, we released groups of eight yearling tor-
toises, each carrying a radio transmitter (to enable
tracking) to measure survivorship under four con-
ditions: juveniles released near versus far from
their head-start enclosures, and juveniles from
supplemented versus natural rainfall pens. Third,
we tested the hypothesis that water-supplemented
juveniles had higher growth rates, CIs, and sur-
vivorship than unsupplemented juveniles during
their first five years of life. We followed survivor-
ship, growth, and CI of tortoises hatched in 2003,
and raised in either supplemented or natural rain-
fall pens through autumn 2008, when this study
ended.

Materials andMethods

Study site.—We built three fenced enclosures
in open Mojave Desert habitat inside the
southeastern corner of Edwards Air Force Base,
Los Angeles County, California (34◦46.7’N,
117◦45.4’W). During installation, we took care
to minimize disturbance to the soil and natural
vegetation of Creosote Bush (Larrea tridentata)
and Burro Bush (Ambrosia dumosa) living on
the previously undisturbed site. We constructed
two circular enclosures (10 m radius with a
central pole), and a larger tri-lobed enclosure
(formed by clustering three circular enclosures
together), of cyclone fencing 2 m tall and buried
0.5 m deep. We added a layer of 6 mm-square
mesh screen, buried 0.3 m deep and extending
1.5 m high, to the outside of each enclosure to
exclude small animals, and later, we installed
a layer of shiny metal sheeting 0.5 m high
above the mesh screen to exclude climbing
rodents (Fig. 1). Netting (5 cm mesh) covered
the enclosures to exclude large birds. We divided
the large enclosure into three equal areas using
galvanized metal flashing buried 0.3 m and rising
vertically 0.5 m. We designated one of these
three pens as the added rain pen during 2004
and 2005, then we designated a second added
rain pen in 2006. Both received added rain in
2006, 2007, and 2008. Irrigation to mimic a
rainfall event (supplemental rain) was added in
late winter when seed germination of annual
plants was either sparse (February 2006) or
absent (February 2007), and twice again in
spring when annual plants in the added rain pens
began to show signs of water stress (wilting,
lower leaves turning brown). We sprayed
potable city water from a 19047-l (5,000-gallon)
water truck through sprinklers on a central
portion of each pen until plastic rain gauges
in the pens showed that 25 to 38 mm of water
was added. Peripheral parts of each irrigated
pen remained dry, so that tortoises therein had
a choice of food plants (irrigated and unirrigated).
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Figure 1. Photograph of one of three enclosures at
the head-start facility for Desert Tortoises (Gopherus
agassizii) at Edwards Air Force Base, California,
USA.

Egg procurement.—We fitted wild adult
female tortoises living near the head-start facility
with radio transmitters (model AI-2, Holohil
Systems Ltd., Carp, Ontario, Canada) and we
radio-located them periodically using Lotek
receivers (Newmarket, Ontario, Canada). Fe-
males used as egg donors were clinically healthy
upon field examination and were confirmed
to be sero-negative for Mycoplasma agassizii
antibodies by ELISA tests done on blood
samples by Dr. Mary Brown at the University of
Florida. When field x-rays (MinXray portable
veterinary model HF 8015, Northbrook, Illinois,
USA) indicated that females contained eggs at
mature stages, we moved females into pens to
lay their eggs in prepared burrows, after which
we returned females to their home burrows and
released them. Egg laying events were indicated
by characteristic behaviors and substantial
weight losses by females, and confirmed by
x-rays. We used most females as egg donors
for several years. We surrounded some nests by
low plastic fencing where necessary to be sure
about the identity of the mother of the emergent
hatchlings.

Hatchling and juvenile measurements.—We
determined the number of eggs each female

deposited in enclosures from x-rays taken before
and after laying. We calculated hatching success
as: 100 × (number of hatchlings subsequently
emerging from a nest) / (number of eggs
deposited). We assigned identification numbers
to hatchlings (mother’s number followed by a
dash, then a sequential hatchling number) and
marked hatchlings as soon as they emerged from
nests. The plastron and 5th vertebral scute were
labeled with a permanent ink marker and an
epoxy-covered paper tag was attached to the 3rd
vertebral scute. We recorded body mass (to 0.1
g, portable digital balance), lengths (midline
carapace length or MCL, shell width between
the 4th and 5th marginal scutes, and shell height
at the same plane as the width measurement, in
mm using a digital or analog metric caliper),
and calculated body condition index [CI = 1000
× body mass in g / (MCL × shell width ×
shell height, all in mm); Nagy et al. 2002]. We
repeated these measurements at intervals through
the active season when juveniles were recaptured.
We calculated growth rate as percentage increase
in MCL after a year.

Release experiments.—In early September,
2004, 4–6 weeks before they would be expected
to enter brumation (reptilian hibernation), we
recorded the body masses, shell dimensions and
CIs of eight yearling tortoises from an enclo-
sure receiving only natural rainfall. We then fit-
ted them with small radio transmitters (Holohil R©

model BD-2, weighing 2.1 to 2.3 g; 4.7 to 6.1%
of juvenile body mass), and weighed them again.
We released them just outside their home en-
closure, in an effort to minimize possible prob-
lems due to any homing behavior (Hazard and
Morafka 2002). We designated this experiment
4DN (released in 2004, raised in a dry enclo-
sure, released near their home enclosure). This
nearby release location minimized potential prob-
lems resulting from any homing behavior (Haz-
ard and Morafka 2002). We released the tortoises
at or in burrow entrances we selected from ex-
isting, apparently unused natural burrows (prob-
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ably dug then abandoned by rodents or lizards)
under shrubs, or at new burrows that we dug
beforehand. If a released tortoise did not begin
using a burrow by late afternoon that day, we
placed it in other burrows until it accepted and
used one for that night. We monitored released
yearlings for several days to insure that each had
found a burrow that it used consistently for shel-
ter. In early September 2005, we similarly re-
leased a second group of yearling tortoises (des-
ignated 5DN). In early September 2007, we did
a third release experiment, involving four groups
of eight yearlings each: eight tortoises from rain-
supplemented pens (designated 7WN; W for wet)
and eight more from natural-rain-only pens (des-
ignated 7DN) were released near the enclosures
to evaluate whether adding precipitation affected
survival and growth of released yearlings.

Two more groups of eight yearlings, one from
added-rain pens (7WF; F for far) and one from
natural rain pens (7DF), were released at an
undisturbed site one km south of the head-start
facility, in an area having no nearby Joshua
Trees (Yucca brevifolia) or other high perching
sites where ravens or hawks could sit and
scan for prey. We radio-tracked transmittered
tortoises approximately biweekly during times
of the year they might be active (September
through mid-November, and mid-February
through September), and monthly during
the cold of winter (mid-November through
mid-February). We periodically recaptured them
for measurement of body mass and shell dimen-
sions and for close examination of general health.

Five-year survivorship and growth.—We
compared survivorship, CI and growth in MCL
of the 11 hatchlings emerging in late summer
of 2003 in a pen receiving only natural rainfall
with the nine hatchlings in an adjacent pen that
received both natural and supplemental rain, with
the rain supplementation beginning the following
spring. We continued measuring survivorship, CI,
and growth of these 20 tortoises through Septem-
ber 2008.

Statistics.—Results are reported as means
along with standard deviation (± s) and sample
size (n). Comparisons between treatments were
done using t-tests (two-tailed), assuming either
equal or unequal variances, as appropriate. Sta-
tistical significance was accepted if P ≤ 0.05.

Results

Natural rainfall.—Annual rainfall amounts
were close to the long-term average (105 mm)
during three of the five years of this study:
2003–2004, 2005–2006, and 2007–2008. Rain
during the 2004–2005 season was about three
times higher than average (310 mm), and was a
record high amount for this area. Two years later,
during the 2006–2007 season, rainfall was very
low, less than 25% of average, a new record low
for this area. The total drought period was 16
months long (May 2006 to September 2007).

Hatching success.—We measured nest
hatching success during the six years from
2003 to 2008. Predation on eggs and new
hatchlings by White-tailed Antelope Squirrels
(Ammospermophilus leucurus; in 2004) and
on un-emerged hatchlings by native Fire Ants
(Solenopsis xyloni; mainly in 2005) reduced the
number of observations we could use to evaluate
supplemental rain effects on nest hatching
success. During four years when nests were not
predated, hatching success of clutches laid in
pens having only natural rainfall averaged 76.9%
(± 10.5, n = 7) and hatching success in pens that
received added rain averaged 66.6% (± 12.0, n =

5). These differences are not significant (t = 1.57,
df = 10, P = 0.146). The overall mean hatching
success was 72.6% (± 11.9, n = 12).

Survivorship and body condition of
yearlings.—Heavy predation on hatchlings
(as well as on eggs) by ground squirrels in
summer 2004, before rodent-resistant flashing
was installed on the enclosures, and predation
by the Fire Ants whose population erupted
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following the high rainfall in 2004–2005,
reduced the number of determinations of annual
survivorship we obtained for first-year juveniles.
Annual survivorship in nine pens having natural
rainfall only, over four years, averaged 89.7%
(± 11.7, n = 9), while survivorship in added
precipitation pens averaged 90.3% (± 11.6, n =

6). These mean survivorship values do not differ
significantly (t = -0.915, df = 13, P = 0.915),
and the overall mean was 89.9% (± 11.2, n = 15).
Survivorship of just those first-year juveniles
in three unwatered pens during the drought
year (2006–2007) alone was also high (100%,
100%, and 82%), averaging 94.0% (± 10.4, n
= 3). Condition Index values of tortoises were
usually highest shortly after hatching, and were
significantly lower a year later, especially for
those juveniles that were still in their first year
sometime during the 16-month drought (Table
1). Juveniles living in pens with natural rainfall
only had CI values that were the same as those
for juveniles in rain-supplemented pens during
four of five years. The exception was the drought
year, when CIs were 15% lower in pens without
supplemental rain (Table 1). The overall average
CI of hatchlings was 0.587 (± 0.038, n = 81).

Growth rates of yearlings.—During their first
year, tortoises living in pens receiving only
natural rainfall added 3% to 7% to their shell
length per year when rainfall was at or above
average (Table 2). However, during the drought
year, tortoises that hatched that year in unwa-
tered pens grew little (average 0.8% increase in
MCL/yr), and several individuals actually shrunk.
Tortoises living in adjacent rain-supplemented
pens grew 2–16 times faster (average 6.5).
Even during the record high rainfall year, rain-
supplementation increased growth rates two-fold.

Yearling release experiments.—:4DN:Seven
of eight yearlings released just outside their head-
start enclosures in September 2004 were dead by
the following summer: three from predation and
four from environmental conditions (winter kill

Figure 2. Common Ravens (Corvus corax) perch-
ing on head-start enclosure for Desert Tortoises (Go-
pherus agassizii) with an egg-donor female tortoise
in foreground.

during a sudden, early cold period).
5DN:In September 2005, the one released ani-

mal still alive was combined with seven more
yearlings in a second release experiment that
ended by April 2006 with the death (n = 6) or
disappearance and presumed death (n = 2) of all
releasees. Of the 15 total released tortoises (4DN
and 5DN experiments combined), the probable
cause of death of eight tortoises was predation,
with seven by ravens that lived in the area and one
by a rodent. We did not actually witness deaths,
but there were many sources of evidence that
implicated ravens. The remains of four more re-
leasees were found, and the proximate cause of
their deaths appeared to be freezing, but the ul-
timate cause of death could not be determined.
The other four disappeared under circumstances
consistent with predation. Repeated, thorough
searching proved fruitless, and they were pre-
sumed dead after remaining missing during the
next 2.5 yr that researchers continued to work at
and around the site.

7WF, 7DF, 7WN, 7DN:We reasoned that raven
predation on releasees in 2004 and 2005 was
facilitated by elevated perching sites (telephone
poles, Joshua Trees, and the enclosures them-
selves: Fig. 2) near the release sites. To test the
hypothesis that survivorship of releasees would
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Table 1. Body Condition Index values from 2003 to 2008 for first-year head-started Desert Tortoises (Go-
pherus agassizii) in the rainfall manipulation experiment enclosure. Values are means ± SD, n, along with
probability (P) values from t-tests comparing dry with wet pens and comparing before and after a year within
given pens, or with NS = difference between means is not statistically significant.

Cohort
(yr)

When
Sampled

CI
No Irrigation

CI
With Irrigation

P Annual
Rain

2003 Autumn
2003

0.579 ± 0.048,
11

0.588 ± 0.031,
7

NS 2003 - 2004
Average

Autumn
2004

0.511 ± 0.050,
9

0.520 ± 0.046,
9

NS

P < 0.05 P < 0.05

2004 Autumn
2004

0.585 ± 0.031,
7

none 2004 - 2005
Record High

Autumn
2005

0.543 ± 0.064,
8

none

NS

2005 Autumn
2005

0.606 ± 0.036,
4

0.592 ± 0.042,
9

NS 2005 - 2006
Average

Autumn
2006

0.411 ± 0.029,
4

0.422 ± 0.041,
9

NS 2006 - 2007
Record Low

Autumn
2007

0.491 ± 0.043,
10

0.579 ± 0.029,
18

P < 0.05

P < 0.05 NS

2007 Autumn
2007

none 0.612 ± 0.034,
15

2007 - 2008
Average

Autumn
2008

none 0.515 ± 0.032,
15

P < 0.05
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Table 2. Annual growth rates of yearling Desert Tortoises (Gopherus agassizii) living under natural rainfall
conditions and with supplemental precipitation in field enclosures containing natural vegetation. Growth
was measured as annual percentage increase in midline carapace length (MCL, in mm). Values are means,
with standard deviation and sample size in parentheses. (*2-yr olds: The 2004 cohort of eggs and hatchlings
was heavily predated by ground squirrels, and sample sizes were depleted. Instead, growth rates of the 2003
cohort (in their second year) are shown for the 2004–2005 period.

Cohort
(year
hatched)

Growth rate
% per year
Natural rain

Growth rate
% per year

Added
precipitation

P ≤ Ratio of
Growth rates

Annual
Rain

2003 3.34 ± 1.54, 9 18.43 ± 3.61, 7 0.001 5.5 Average

2004* 6.46 ± 3.35, 5 13.56 ± 2.09, 6 0.005 2.1 Record High

2005 6.74 ± 2.10, 4 12.92 ± 4.64, 9 0.007 1.9 Average

2006 0.83 ± 2.06, 10 13.67 ± 3.45,
18

0.001 16.5 Record Low

Average 4.34 ± 2.80, 4 14.65 ± 2.54, 4 6.5 ± 6.87, 4

be higher if they were released in an area having
few or no tall structures, in September 2007 we
released two groups of yearlings (eight from
watered and eight from unwatered pens) at a
site one km away in an area with no nearby
fences, poles, or Joshua Trees. As controls,
we also released two more groups (eight from
watered and eight from unwatered pens) near
the enclosures. Twelve of these 32 yearlings
were dead within the next three months (Fig. 3).
Mortality was absent over winter, but in March,
eight more died, and by summer, only three
of the 32 releasees remained alive (one 7WN,
one 7DF, one 7WF). Clear evidence of raven
(and possibly hawk) predation accounted for
the deaths of 21 (72%) of the 29 dead releasees.
Evidence of avian predation included (1) carcass

or transmitter found under a perching site, often
inside an enclosure (having fallen through the
bird netting) at the base of a central pole, (2)
bird footprints at or near a preferred burrow of a
tortoise or at a carcass, and (3) shells opened in a
characteristic fashion (hole in middle of plastron
or carapace with shell edges bent up around
the hole edge). One releasee was apparently
killed by a rodent (rodent incisor-shaped tooth
marks around shell hole), one died of exposure
(transmitter antenna caught on vegetation) and
six were missing and presumed dead on the basis
of continued absence despite months of careful
searching in the surrounding areas.

Five-year survivorship and growth.—
Predation by ground squirrels (in 2004) and by
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Figure 3. Survivorship of six groups of eight 1-yr old, head-started Desert Tortoises (Gopherus agassizii) all
released in early September of three different years (2004, 2005 and 2007). Legend indicates group identity,
for example the black line with round symbols represents the 2004 cohort that was raised in a dry pen (natural
rainfall only) and was released near that natal pen.

Fire Ants (2005 and 2006) was not restricted
to eggs and hatchlings. A squirrel was seen
carrying away a yearling tortoise twice in
summer 2004 before aluminum flashing was
added to the sides of enclosures to exclude
rodents. Fire Ants attacked juveniles of all sizes
and killed five of the 2003-cohort juveniles in
autumn of 2006 (four in the rain-supplemented
pen and one in the natural rain pen). The
2003-cohort juveniles that lived under natural
rainfall conditions grew much more slowly that
did those receiving supplemental precipitation
(Fig. 4). After four years, those with natural rain
had increased MCL by only 15%, compared to
a four-year increase of 73% in length by those

having added precipitation. By the fifth year,
added-rain juveniles were 89% longer than they
were at hatching, nearly doubling in length. Both
groups suffered a large decline in body condition
in autumn of 2006, during the drought. But the
added-rain group regained good condition the
following spring despite the drought; whereas,
the body condition of the natural rainfall group
continued to decline, and all of these juveniles
died of apparent dehydration in summer or
autumn of 2007 (Fig. 4).
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Figure 4. Growth (A) and body condition (B) of juvenile Desert Tortoises (Gopherus agassizii) hatched in
2003 and living inside head-start enclosures having either natural rainfall only (red lines and symbols) or
natural rain plus supplemental precipitation in the form of irrigation (blue lines and symbols) during the next
five years. Vertical bars are ± standard deviation and numbers are sample size.
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Discussion

We found no significant difference in nest
hatching success due to irrigation of enclosures.
Unfortunately, a shortage of gravid egg-donor
females led to no clutches being laid in unirri-
gated pens during the drought year (2007), so
we have no estimate of hatching success during
a severe drought. Hatching success of nests in
the two irrigated pens during the drought year
were high, averaging 69% and 86%. The overall
hatching success of 72.6% that we measured is
similar to the values reported from comparable
studies: 81.6% in 1998 and 83.0% in 1999 near
Twentynine Palms (Bjurlin and Bissonette 2004),
and 79% in a head-start facility at Fort Irwin
near Barstow (Baxter et al. 2008). Laboratory-
incubated eggs from captive female tortoises kept
outdoors near Las Vegas had hatching success
ranging from 29 to 96%, depending on incubation
temperature (Spotila et. al. 1994). We conclude
that supplementing natural rainfall judiciously, as
done in this study, did not influence egg hatching
success.

The lack of any significant effect of irrigation
on survivorship of juveniles during their first
year, especially during the severe drought year,
is surprising. Even adult tortoises are known
to succumb to drought (Peterson 1994; Berry
et al. 2002). Field studies of the water balance
of neonate and yearling Desert Tortoises at a
head-start facility in the central Mojave Desert
(Nagy et al. 1997; Wilson et al. 2001) indicated
that a drought year having no available drink-
ing water or green annual plants could be fatal
to these young tortoises. Moreover, our obser-
vations of the juveniles living in the three un-
watered pens during the dry spring and summer
of 2007 led us believe they would not live very
long. Their CI values had dropped to near or be-
low 0.4, indicating severe dehydration and star-
vation (Nagy et al., 2002). Most were lethargic
and unable (or unwilling) to open their eyes or
respond quickly to touch stimuli when encoun-
tered at or near their burrow entrances in early

morning and evening. Substantial rain showers
in early September ended the drought and ap-
parently saved the lives of those first-year juve-
niles in the unwatered pens. They drank rainwa-
ter, recovered reasonably good body condition
by mid-September, and had high annual survivor-
ship (94%). Stored yolk may help confer drought
resistance on first-year tortoises (see discussion
below).

The judicious addition of supplemental precip-
itation had a large effect on growth rates of tor-
toises during their first year. Juveniles in supple-
mented pens grew much faster than those in pens
receiving natural rain only, especially during the
drought year, but even during the very wet year.
During the high rainfall winter of 2004–2005,
germination of annual plants started early due to
the large rain in October 2004, and wildflowers
were beginning to senesce early, by mid-April, in
2005. Thus, the two irrigation events in the wet
pens that spring had a larger than expected effect
on prolonging the availability of succulent food
that year.

Desert Tortoises can achieve unnaturally high
growth rates: up to 176% in their first year (vs.
18% maximum in this study) when fed high qual-
ity food and kept in warm conditions all year
in captivity, which results in shell and reproduc-
tive abnormalities (Jackson et al. 1976). We were
careful to avoid producing unusually high growth
rates. We adjusted our irrigation events to mimic
natural rainfall during an above average rainfall
year, by adding about 25 mm of precipitation
each time, similar to a shower or thunderstorm in
spring, with the number of events per year and the
timing of each event being based on the condition
of the annual vegetation in the pens. When there
was too little rain over winter (2006 and 2007)
to initiate natural germination of wildflowers, we
irrigated in mid-winter to provide food plants in
the supplemented pens. During spring, if food
plants in supplemented pens began to dehydrate
and wilt, we irrigated as necessary to keep some
centrally-located annual plants in each pen green
and growing at least until the beginning of June.
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We did not irrigate after early June because we
did not want to extend the seasonal availability
of green vegetation beyond that which wild tor-
toises would encounter under natural conditions.
Annual plants in the western Mojave Desert nor-
mally dehydrate and die during June, and both
young (Nagy et al. 1997) and adult (Nagy and
Medica 1986) tortoises eat dry vegetation (mainly
grasses) during summer.

We were not able to reduce the predation pres-
sure on the yearling releasees by rearing them
under good growing conditions. The 16 individu-
als from the added precipitation pens that were
relatively large due to faster growth during their
first year did not avoid predation any longer than
those from natural rainfall pens. Juveniles re-
leased in an area with few perching sites for
predatory birds also did not fare any better. We
agree with Heppell et al. (1996) that the release
of head-started tortoises after only one year is
too soon for high survivorship. Their small size
and soft shells make them easy prey for the many
predators in the region, including ravens, hawks,
ground squirrels, and native Fire Ants.

Our observation that the 16-month drought
of 2006–2007 was fatal to all six of the sur-
viving 2003-cohort (4-yr old) juveniles in the
natural-rainfall-only pen is puzzling. The 2006
cohort, which hatched near the mid-point of
that drought, survived the drought well, whether
they lived in a rain-supplemented or a natural
rain pen. We suspect that the large amount of
yolk that hatchlings contain in their bodies
may help account for their drought-durability.
There may also be behavioral differences
(remaining in burrows longer, staying inactive,
withdrawing into shell) and physiological
differences (possible ability to shrink during
drought [Wikelski and Thom 2000]; reduced
water losses via evaporation [Wilson et al. 2001])
between hatchlings and 4-yr olds that influenced
survivorship. To examine this further, we looked
at survivorship of other cohorts living in the
natural-rain-only pens during the drought period.
Drought resistance declined with increasing age:

survivorship through the drought by the 2006
(youngest) cohort was 94%, it was 47% in the
2005 cohort, 50% in the 2004 cohort, and 0 %
in the 2003 cohort. These observations indicate
that an entire age group of juveniles living under
natural rainfall conditions can be killed by a
severe drought if the juveniles are around 3–4-yr
old. Our results from the irrigated pens show
that this can be prevented with supplemental
precipitation. Drought-related deaths have been
reported in free-living adult Desert Tortoises
at two sites in the Mojave Desert of California
(Peterson 1994). That drought lasted 31 mo
(March 1988 to October 1990), about twice
as long as the drought during our study. We
suspect that, had the rain storm of 2–4 September
2007 (21 mm total) not happened, many more
juveniles in our enclosures would have perished.

Conclusions and recommendations.—Head-
starting Desert Tortoises in predator-resistant
field enclosures containing natural vegetation can
greatly reduce juvenile mortality below rates ob-
served outside enclosures. Survivorship of nests
and hatching success of eggs can be high, and
neonate and juvenile survivorship can also be
much higher than they are outside the enclosures.
It is necessary to build enclosures that exclude
ground squirrels, and native Fire Ant nests may
need chemical treatment to reduce above-ground
activity if nests increase in activity and number
during high-rainfall years. We recommend ad-
dition of small amounts of water via sprinklers
(20–30 mm per event) as necessary during late
winter to initiate annual plant germination in dry
winters, and again during spring as needed to
keep a patch of annual plants in each pen green
until early June. Juveniles should be protected
from predators longer than one year before be-
ing set free, to improve the probability of their
survivorship to adulthood.
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