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ABSTRACT. — The desert tortoise, Gopherus agassizii, possesses a “‘Pattern Ia” type of temperature-
dependent sex determination (TSD). Incubation temperatures of approximately 30.5°C or below
produce all males and incubation temperatures of approximately 32.5°C or above produce all
females. The results suggest an estimated pivotal temperature (temperature producing a 1:1 sex
ratio) of approximately 31.3°C. Sex determination appears sensitive to temperature as early as
embryonic stage 15 or before, and as late as stage 21 depending on the specific incubation
temperatures utilized. Sexual differentiation of the gonads becomes histologically noticeable be-
tween stages 18 and 21, and the gonads show distinct sexual dimorphism by stage 23. The chronology
of temperature sensitivity and gonadal differentiation was similar in G. agassizii to that reported for
several other turtles with TSD. The pivotal temperature was relatively high, and may reflect the
relatively warm habitat of G. agassizii. The results also provide a basis for predicting hatchling sex
ratios in natural populations based on incubation temperatures.
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A variety of reptiles possess temperature-dependent sex
determination (TSD) (reviewed by Janzen and Paukstis,
1991), including many endangered or threatened species.
TSD is of significance in the conservation of endangered
reptiles since it can produce highly biased sex ratios (Bull
and Charnov, 1989; Wibbels et al., 1991, 1998; Mrosovsky
and Provancha, 1992; Mrosovsky, 1994; Hanson et al.,
1998) which, in some cases. may not be optimal for the survival
ofaparticular species (Mrosovsky and Y ntema. 1980; Morreale
etal.,, 1982). The optimal management of anendangered reptile
species with TSD should include the monitoring of hatchling
sex ratios produced in a given population (Vogt, 1994; Lovich,
1996). This sort of study is often avoided because it has
required sacrificing hatchlings. However, if certain character-
istics of TSD are known (e.g., thermosensitive period and
pivotal temperature), then hatchling sex ratios can be predicted
by monitoring incubation temperatures.

In addition to its conservation significance. the charac-
terization of TSD can also provide insight into its physiology
and evolution. Forexample, comparison of pivotal tempera-
tures among and between species may suggest how environ-
mental temperature selects for specific pivotal temperatures.
The period of temperature sensitivity has only been exam-
ined in a limited number of reptiles with TSD (reviewed by
Wibbels etal., 1991, 1994), yet this information is essential
for investigating the physiological basis of TSD.

The purpose of the current study was to generate a
general characterization of TSD in the desert tortoise,
Gopherus agassizii. This tortoise is distributed in the south-

western U.S. and northwestern Mexico and is listed as
threatened under the Endangered Species Act (Ernst et al.,
1994). As such. the proper management of this specics
requires an understanding of its reproductive biology. inclu-
sive of TSD. Four species of tortoises have been shown to
possess TSD: Testudo graeca (Pieau, 1972), Testudo
hermanii boertgeri (Eendebak, 1995), Gopherus
polvphemus (Burkeetal., 1996), and G. agassizii (Spotila
etal.. 1994: Lewis-Winokur and Winokur, 1995). Spotila
¢t al. (1994) demonstrated that G. agassizii possesses
TSD but did not address the thermosensitive period or the
period of gonadal differentiation. The current study extends
the findings of Spotila et al. (1994) by 1) determining the
period of temperature sensitivity, 2) examining the chronol-
ogy of gonadal differentiation, and 3) refining the estimation
of the pivotal temperature in G. agassizii.

MATERIALS AND MATERIALS

Eggs and Incubation. — Eggs were oblained as part of
an ongoing reproductive biology study from a group of
desert tortoises maintained at the Desert Tortoise Conserva-
tion Center from 1991 to 1993 as described in Rostal et al.
(1994b). Female reproductive condition and nesting in the
reproductive study group was followed using ultrasonogra-
phy and palpation (Rostal et al.. 1994b). Females were
allowed to nest naturally within their outdoor pens and eggs
were collected within 48 hrs of laying during May and June
1992. Eggs were incubated in Precision environmental cham-
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bers set at 29, 31.3. and 34°C with 0.4% soil moisture as
describedin Spotilaetal. (1994). Incubation temperatures in
the chambers were monitored with thermocouples and BAT-
12 thermocouple readers. Temperatures inside the egg con-
tainers varied + 0.2°C (Spotila et al., 1994). Temperatures
were selected to further refine our estimate of the pivotal
temperature as well as to provide a male-producing tempera-
ture (29°C) and a female-producing temperature (34°C)
based on Spotila et al. (1994). Incubators were accurate to £
0.5 °C. The course of development was monitored for eggs
incubated at 29 and 34°C by dissection of 2 eggs each at
regular intervals. Embryos were staged using a dissecting
microscope according to the criteria previously described
forthe snapping turtle, Chelydra serpentina (Y ntema. 1968).
These criteria proved effective for staging desert totoise
embryos up o stage 21,

Histology of Gonadal Differentiation. — The gonadal
development of embryos incubated at male- and female-
producing temperatures were determined for stages 14-23
and at hatching (stage 26). Reproductive tracts were pre-
served in Bouin's solution (ca. 2-3 embryos per stage per
temperature). Fixed tissues were infiltrated with paraffin,
sectioned at 6-8 um, and stained with PAS/hematoxylin
(Humason, 1972).

Pivotal Temperature and Thermosensitive Period. —
Subsets of eggs were incubated at constant temperatures of
29°C (n=17),31.3°C (n=14), and 34°C (n = 13) throughout
incubation, and hatching success and incubation time were
determined.

The thermosensitive (temperature-sensitive ) period was
determined using a shift experiment design similar to that
described by Wibbels et al. (1991). Eggs incubated at the
male-producing temperature were shifted once to the fe-
male-producing temperature (29 to 34°C). or vice versa (34
to 29°C). Eggs were shifted at embryonic stages ranging
from 14 to 23, except for control eggs which were main-
tained at constant 29 or 34°C throughout incubation.
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Figure 1. Plot of temperature effect on hatchling sex for desert
tortoise (Gopherus agassizii) embryos incubated at constant tem-
peratures. Sample sizes are shown in parentheses adjacent to each
point. Figure combines results from Spotila et al. (1994) and the
present study.

Sex ldentification of Hatchlings. — Hatchlings were
individually marked and raisedona 12:12 LD cycle between
25 and 28° C for approximately 1.5 yrs prior to sexing.
Tortoises were fed processed Zeigler® Iguana Diet (ap-
proximately 20% protein) supplemented with shredded car-
rots. Sex of juvenile tortoises was determined using
laparoscopy as described in Rostal et al. (1994a). Mean body
mass was 216.1 £ 8.58 g and mean straight carapace length
was 102.8 £ 1.66 mm at the time of sexing.

RESULTS

Pivotal Temperature and Thermosensitive Period. —
Results of the constant temperature incubations at 29, 31.3.
and 34°C resulted in 100% males at 29°C (n=7), 50% males
and 50% females at 31.3°C (n = 14), and 100% females at
34°C (n = 12). These results have been combined with the
previous results from Spotila et al (1994) in Fig. 1. The data
from the current study suggest an estimated pivotal tempera-
ture of 31.3°C.

The results of the single shift experiment are shown in
Fig. 2. Embryos shifted from the male-producing tempera-
ture (29°C) to the female-producing temperature (34°C) at
stage 17 or earlier all became females whereas embryos
shifted at stage 18 to 21 resulted in mixed sex ratios (approxi-
mately 30% males) with an increasing tendency Lo become
males with increasing embryonic stage. All embryos shifted
atstage 23 became males. Conversely, embryos shifted tfrom
the female-producing temperature (34°C) to the male-pro-
ducing (29°C) temperature at stage 15 resulted in approxi-
mately 75% males, whereas embryos shifted at stage 16 or
17 resulted in mixed sex ratios with approximately 70%
females combined. All embryos shifted at stage 18 or above
became females.

Gonadal Differentiation. — Genital ridges were evi-
dent on the mesonephrons of the embryos by stage 15 at both
the male-producing temperature (29°C) and the female-
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Figure 2. Temperature-shift experiments in which desert tortoise
embryos were shifted from a male-producing temperature (29°C)
to a female producing temperature (34°C) (or vice versa) once
during their incubation. Sample sizes are shown in parentheses
adjacent to each point.
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Figure 3. Cross sections ol gonads from desert tortoise embryos during various stages of development. Gonads from male-producing
temperature (29°C) are shown in A (developmental stage 17/18), C (stage 21), and E (stage 22/23). Gonads from female-producing
temperature (34°C) are shownin B (stage 17/18). D (stage 21), and F (stag - 22/23). By stage 22/23 sexually dimorphic changes are apparent,
with medullary sex chords (s¢) becoming prominent at male-producing i.imperatures. By stage 22/23 at female-producing temperature the
cortical region (ct) has begun to thicken and germ cells are often associated with the cortex. Developmental staging based on Yntema, 1968.

(ge = germ cell, sc = sex chord. ct = cortex).

producing temperature (34°C). Gonadal development ap-
peared similar at male- and female-producing tempera-
tures up through stage 18 (see Fig. 3). Between stage 18
and 21, sexual differentiation became apparent with the
gonadal cortex proliferating at the female-producing
temperature whereas medullary cord development oc-
curred at the male producing temperature (Fig. 3). These
trends continued through to hatching at which point the
testes had distinct medullary cords and lacked a cortex.
In contrast, the ovary had a distinct cortex and a re-
gressed medulla.

Incubation Temperatures vs. Davs of Incubation and
Percent Hatching Success.— Incubation temperature influ-
enced incubation time (days) as well as percent hatching
success as expected (Fig. 4). Low (26°C) and high (35°C)
incubation temperatures resulted in longer incubation times
and significantly lower survival (Table 1). Incubation tem-

peratures ranging from 28 to 34°C resulted in similar incu-
bation times (68 to 89 days) and high hatching success (90
to 100%).

DISCUSSION

Temperature vs. Sex. — The results of the current study
provide a general characterization of TSD in G. agassizii,
including estimates of the effects of specific temperatures on
sex determination. Constant temperature experiments in the
current study as well as in the study by Spotila et al. (1994)
indicate that G. agassizii possesses a “Pattern Ia” type of
TSD in which relatively cool incubation temperatures pro-
duce males and warm temperatures produce females (Ewert
et al.. 1994), The transitional range of temperatures (at
which the sex ratio shifts from producing 100% males to
100% females: Mrosovsky and Pieau, 1991), extends from
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Figure 4. Rate of development (number of days vs. embryonic
stage) for desert tortoise embryos incubated at a constant male-

producing temperature (29°C) and a constant female-producing
temperature (34°C).

approximately 30.5 to 32.5°C. The pivotal temperature
(producing an approximate 1:1 sex ratio) estimated in the
current study (31.3°C) is slightly lower (by 0.5°C) than that
predicted by Spotilaet al. (1994). However, the estimate by
Spotilaetal. (1994) was projected from temperatures which
produced mostly all males or females, whereas the current
study included a temperature which actually produced a 1:1
sex ratio. Therefore. although pivotal temperature estimates
can vary due to factors such as interclutch variation
(Mrosovsky. 1988: Etchberger et al., 1991: Ewert et al.,
1994; Lang and Andrews, 1994), the estimate from the
current study appears more reliable than that of Spotilaet
al. (1994). This is one of the highest pivotal temperatures
reported for any chelonian (Alho et al., 1985; Ewert et
al., 1994; Mrosovsky. 1994; Wibbels et al., 1998). The
relatively high pivotal temperature estimated for G.
agassizii may relate to its warm xeric environment.
Gopherus polyphemus in the southeast U.S. displays a
pivotal temperature (ca. 29°C) similar to other temperate
turtle species (Burke et al., 1996; Demuth, 2001). As
such, the higher pivotal temperature displayed by G.
agassizii could represent a prime example of how envi-
ronmental temperature may influence a particular pivotal
temperature.

Table 1. Incubation time and hatching success of desert tortoise
(Gopherus agassizii) eggs incubated under controlled conditions at
the Desert Tortoise Conservation Center. Data from Spotila et al.
(1994)* and present study: n = number of eggs set.

Temperature n Incubation % Hatching
(°C) Time (days) Success
26.0% 10 125 50
28.1% 29 89 96
290 7 87 100
30.6* 29 72 93
31.3 14 78 100
32.8% 29 68 93
330 10 73 90
34.0 13 76 93
35.3#% 28 85 29

Thermosensitive Period of Sex Determination. — The
temperature-shift experiment provided an estimate of the
thermosensitive period of sex determination in G. agassizil.
In the case of shifts from female-producing temperature
(34°C) to male-producing temperature (29°C), one embryo
was committed to female sex determination by stage 15, and
all other became committed by stage 18. In contrast, in shifts
from male-producing to female-producing temperature, the
sex of embryos remained labile until at least stage 17 and in
some embryos as late as stage 21. These findings suggest that
temperature sensitivity can begin before stage 15, and de-
pending on the specific temperature-shift regimen. some
embryos remain sensitive to a temperature-shift until at least
stage 21. In general. these findings are similar to the
thermosensitive periods estimated for several other species
of turtles (Yntema. 1979; Bull and Vogt. 1981; Pieau and
Dorizzi, 1981: Yntema and Mrosovsky, 1982; Wibbels et
al.. 1991). However, precise comparisons between studies
are confounded by the fact that the specific temperatures and
shift protocols used in each study can significantly affect the
results (Wibbels et al.. 1991). Therefore, the results should
be considered a general estimate of the thermosensitive
period.

The temperature-shift experiment also revealed that the
sexual fate of embryos incubated at the female-producing
temperature (34°C) becomes irreversible earlier than em-
bryos incubated at the male-producing temperature (29°C).
This finding has been previously reported for several reptiles
with TSD (reviewed by Wibbels et al.. 1991). However, the
opposite case has also been reported for species of turtles in
which the sexual fate of embryos at male-producing tem-
perature becomes irreversible earlier than that of embryos at
female-producing temperatures (Bull and Vogt, 1981; Pieau
and Dorizzi, 1981). Such variation could relate to interspe-
cific differences in TSD, or to differences in the tempera-
tures and protocols used in the various studies.

In regards to the actual days of incubation correspond-
ing to the thermosensitive period, the embryos reached stage
15 by approximately day 15 to 23 of incubation. and stage 21
by approximately 28 to 42 days of incubation, depending on
incubation temperature (34 or 29°C, respectively. in both
cases). Considering that the total length of incubation at
these two temperatures is approximately 87 and 76 days.
respectively, the thermosensitive period occurs during the
approximate second quarter of incubation.

Gonadal Differentiation. — Gonadal differentiation in
G. agassizii was similar in both chronology and morphology
to that reported for other turtles with TSD (Pieau and
Dorizzi, 1981: Wibbels etal.. 1991), with gonads beginning
to show sexual differentiation between stages 18 to 21, and
showing distinct sexual dimorphism by stage 23. Compar-
ing the chronology of gonadal differentiation to the
thermosensitive period indicates that the onset of tempera-
ture sensitivity precedes any obvious sexual differentiation
of the gonads at the temperatures examined (29 and 34°C).
Further, at the female-producing temperature (34°C), the
sexual fate of the embryo became irreversible before any
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obvious sexual differentiation of the gonads. At the male-
producing temperature (29°C), the sexual fate of the em-
bryos became irreversible at a time when the gonads were
already beginning to undergo sexual differentiation. In ref-
erence to the actual days of incubation. the gonads exhibited
distinct sexually differentiation (i.e.. stage 23) by approxi-
mately days 32 or42 of incubation, depending on incubation
temperature (i.e., 34 or 29°C, respectively).

Incubation Temperature, Mortality, and Embrvonic
Development. — Hatching success was high at incubation
temperatures ranging from 28 to 34°C (Table 1). In contrast.
high mortality was encountered at a relatively low incuba-
tion temperature (26°C) and at a relatively high incubation
temperature (35.2°C). These findings are consistent with
those reported previously for G. agassizii (Spotila et al.,
1994), Survival at 34°C was 95% while survival at 35°C was
30%. At temperatures which produced high hatch rates, the
total time of incubation ranged from 68 (32.8°C) to 89
(28.1°C) days. Monitoring of development at 34°C (76 days)
and 29°C (87 days) indicated that embryos developed from
stage | through 23 over a period of approximately 32 or 44
days, respectively, and then required from 44 to 43 days,
respectively, to develop from stage 23 through 26 (i.e..
hatchling). Thus, the last few stages of embryonic devel-
opment encompass a relatively long time period in G.
agassizii.

Predicting Hatchling Sex Ratios. — The results of the
current study provide information which could be used to
predict hatchling sex ratios produced in G. agassizii popula-
tions. For example, the results indicated the incubation
temperature affects sex determination during the second
quarter of the total incubation period. depending on the
specific incubation temperature. Further, the results, to-
gether with those of Spotila et al. (1994), indicated that
temperatures of approximately 32.5°C or higher produce all
females, whereas those of approximately 30.5°C or lower
produce all males, and temperatures between those ranges
produce mixed sex ratios. Such information could poten-
tially be used to predict sex ratios if incubation temperatures
within nests are monitored and if those temperatures fall
within the ranges mentioned above. It should be noted,
however, that the data in the current study as well as those
by Spotila et al. (1994) are based on constant tempera-
tures. Temperatures within natural nests fluctuate, and if
temperatures fluctuate between the male and female
ranges, they may be difficult to interpret. Thus further
studies are needed to address that particular case, how-
ever. in other situations temperatures within nests may
clearly indicate the production of either males or females
(Hanson et al., 1998),
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