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ArsTrRACT. — Young desert tortoises (Gopherus agassizii) which hatched in large fenced enclosures in
their natural habitat were studied during the first two years of their life. We measured rates of
growth (body mass changes) and rates of energy metabolism (CO, production) and water flux (both
by using doubly labeled water) from spring 1992 to spring 1994. We calculated rates of food
consumption from energy budgets, and estimated water intake from the diet and from drinking rain
water. When active, young tortoises used energy and water at rates similar to those expected for
desert reptiles of their size, but they can conserve water and energy very effectively during dry
seasons. They grew during the two-year study, having a 30% increase in body mass each year.
Neonates and 1-year-olds showed substantial variation in rates of physiological processes between
months within seasons, between seasons within years, and between years as well. The primary
environmental factors cueing this variation apparently were temperature, rainfall, and the presence
of green, succulent plant food. Metabolic rates peaked in late spring, and rates of water intake were
highest either when green annual plants were available in spring or when rain fell in summer. During
winter hibernation deep in burrows, tortoises were relatively inert, having very low rates of energy
metabolism and water loss, and they lost little body mass. Rainless periods in summer appeared to
be the most stressful times, as youngsters lost mass rapidly and their Water Economy Index values
indicated a water deficit, even though they reduced their energy and water requirements by
retreating into their burrows. During its first two years of life, a typical young tortoise used a total
of about 175 g (dry matter) of food. equivalent to about 350 g fresh vegetation (3/4 of a pound) while
growing from 34 to 55 g body mass. Neonate and 1-year-old survival may be threatened in dry years,
when few annual plants germinate and summer rains are unavailable. Conservation efforts that
improve availability and abundance of annual plants can benefit young tortoises.

Ry Worps. — Reptilia: Testudines: Testudinidae; Gopherus agassizii; tortoise; physiological
ceology s energetiess food requirements; water balance; behavior; hatchling survival: diet selection;

drinking behavior; doubly labeled water: field metabolic rate: California; USA

[z Mojave Desert populations of the desert tortoise,
cawassizil, are listed as Threatened under the U.S.
1eered Species Act. Presently available popu-

Lanon data for chelonians indicate that neonate survival
cenerallyisvery low (Congdon and Gibbons, 1990: Congdon

ctal. 1993). Among North American tortoises. mortality of

voung gopher tortoises (G. polvphenmus) and Bolson tor-
toises (G. flavomarginatus) can be well above 50% per year
(Moraftka. 1994: Tom. 1994: Wilson et al.. 1994). Mortality
in young desert tortoises is presumed to be high as well
(Germano. 1994 Fish and Wildlife Service, 1994). Al-
though mortality in the egg phase may be relatively low for
desert tortoises (Spotila et al., 1994), nest predation may be
high (Turner et al., 1986). Adult mortality is about 2% per
vear (Fish and Wildlife Service. 1994). Thus. the period
from before hatching to subadulthood seems to incorporate
the most risk. It is important to know the causes of high
voungster mortality in nature, because increases in
survivorship at this stage of life can mean large changes in
the population levels of this long-lived species (Congdon et
al.. 1993), Knowledge of mortality causes can be central to
human efforts to improve neonate survival in the field,

which might be a promising way to conserve and restore this
species.

This study was designed to provide details about the
resource requirements, especially for energy, water, and
food. of neonate (first year) and I-year-old (between one and
two years old) desert tortoises in the field. Neonates that
were born inside a large fenced enclosure located in the
central Mojave Desert were studied during each season 1o
evaluate their physiological ecology through an entire year.
The doubly labeled water method was used to measure rates
of energy metabolism and water gain and loss.

MATERIALS AND METHODS

Study Site.— The 0.46 ha (1 acre) fenced enclosure was
built in an otherwise undisturbed area (35°08'N, 116°30'W)
in the southeast corner of the Fort Irwin National Training
Center (U.S. Army). about 58 km northeast of Barstow. San
Bernardino County. California. The vegetation at this site
near the center of the Mojave Desert comprises a typical
creosote bush ( Larrea reidenrara) and burro bush (Ambrosia
dumosa) association. Ramnfall was measured at a weather
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Fizure L. Young desert tortoise (Gopherus agassizii) at the

e Desert field study site during autumn. The vegetation has

-2t dead and dry for months. a situation commonly encountered
LOUng ortoises.

“ation at Bicycle Dry Lake. about 21 km northeast of the
-2, Measurements were made during spring (March, April)
s summer (July, August) of 1992, during spring (March).
~immer (June. July), and autumn (September) of 1993, and
or winter from September 1993 to March 1994,
Animals. — The young tortoises in the enclosure in
“larch 1992 had hatched the previous autumn from eggs
roduced by gravid females captured locally and placed in
o enclosures for laying. All hatchlings were captured
Jortly after emerging from their nests, and identifying
Jmbers were painted on their carapaces (Fig. 1).

Field Procedures. — Tortoises were captured by hand.
cighed 1o 0.1 g. and given intramuscular injections (in the
relimb) of 0.15 ml of distilled water containing 97 atoms
O per 100 atoms oxygen and 0.33 millicuries (mCi) (equal

17 x 10° Becquerels) of *H per ml. After waiting at least

“wo hours for isotopes to mix completely in body water

Nagy. 1983). blood samples (about 120 ul) were taken from
- ugular vein into heparinized glass capillary tubes, which

cre flame-sealed and placed on ice for transport to the
Cniversity of California, Los Angeles. for analysis. The

rtoises were immediately released where captured. Two
minjected tortoises were sampled to measure natural (back-
cround) abundances of the isotopes. Body water volumes at
1z time of injection were estimated from the dilution prin-
-iple. using the O isotope (Nagy, 1983). Recaptures of
njected tortoises were attempted after 2 to4 weeks. In spring
and summer of 1992 injected tortoises were caught a second
nme. after another 2 to 4 weeks. to evaluate within-season
ariation. When animals were recaptured. their body mass
vas recorded. a urine (preferred) or blood sample was taken.
and they were released again. If we captured a tortoise at the
heginning of a new measurement period that had been
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injected the previous season. we took aurine or blood sample
before reinjecting it so that we could correct for existing
isotopes when calculating body water volume. Fortunately,
some previously injected animals still contained enough
isotope to allow determination of flux rates between sca-
sons, but we had only a small sample size for some seasons.
Laboratory Procedures. — Pure water was distilled
from blood and urine samples under vacuum (Nagy. 1983).
Aliquants were analyzed in duplicate for 'H activity by
liquid scintillation spectrometry. and in triplicate for O
concentration by proton activation analysis (Wood et al..
1975). Body water volumes, necessary for the field meta-
bolicrate (FMR) and water flux calculations. were estimated
for the times of injection from the dilution volumes of
injected ""O (Nagy, 1983). Body water volumes at recapture
were estimated from body mass. assuming individuals mui
tained the same fractional body water content ¢
study. Rates of water influx and efflux were calculut
equations (4) and (6) in Nagy and Costa (19801, which
account for linear change in body mass over measurement
periods (see Appendix for all numbered equations). Field
metabolic rates were calculuted using equation (2) in Nagy
(1980). as modified from Lifson and McClintock (1966).
Rates of CO, production were converted to units of energy
(J or joules) using the relationship 21.7 /ml CO. produced
for a herbivorous diet. and 27.7 I m! CO. for winter per
when tortoises were metabolizing mainly rat (Nagy, [U83),
Feeding rates were calculated from FMR assuming desert
annual plants contain 16.6 I'mg dry matter. of which 51.4¢%
is metabolizable by tortoises  Nugv and Medica. 1986).
Metabolic water production was caleulated from FMR val-
uesassuming 0,637 ml H.O produced perliter CO produce.!
(Nagy and Medica. 19861, Pretormed diss i3 ahe
was calculated from esn 3 3t b
along with the value of 2.2 g water per ¢ dnv matter in the
spring diet. as determined for desert 1ortorses m Nevada
(Nagy and Medica. 19861 The cum of metabolic water
produced plus dietary water consumed wus compared 1o
total water intake measured isotopically to evaluate drinking
waterintake and water vapor exchange. We estimated growth
rates (in kJ/d) from changes in body mass, assuming a body

energy content for growing tortoises ol 23.9 kl/a dry matter
(Nagy and Medica. 1986,

Statistics.—Mean values are given along with standard
deviations. Differences between means or madians were
tested for statistical significance using a rwo-tailed r-t2st

(paired where appropriate . or a Mann-Whitney [ -testwhen
variances were heterogencous, C
ables were evaluated using the method of
regression analysis (Dixon and Massev. 1969 or polyno
mial regression using Sigmus
tific Software) statistical softwure. Analysis of variance
(ANOVA) or Kruskal-Walli< anal
was used to test for differences between three or more
groups, followed by puirwise comparisons via Student-
Newman-Keuls or Dunn’s method. Staustical significance
was accepted at p < 0.03,

elations berween vari-
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version .00 tJandel Scien-
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Table 1. Seasonal changes in body mass. water |
the first two years of life.
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| tield metabolic rate of young desert tortoises (Gopherus agassizii) through

Body Mues Water Influx Rate Field Metabolic Rute

Season or month, year mean, g (SD_in Chungze SD.n) ml HyO/d (5D.) - ml CO5/d (SD.n) kJ/d (SD.n)
SPRING. 1992

(March) 344 (66, 1% 0,62 (0.21.18) 143 (0.59. 18) 131 (53.18) 285 (114 18)

(April) 370 (6.4, 16) 033 1033, 16) .35 (0.53.16) 230 (135, 16) 500 (293, 16)

(March and April) 351 16.1.22) +0.30 1023, 22) 140 (0.56.22) 174 (73.22) 377 (1.58,22)
SUMMER. 1992

tuly) 350 (6.2.11) 0.68 (049, 11) 0.13 (004,11 68 (39.10) 148 (0.85, 10y

(August) 5.0 (6.3, 10) .35 (0.40.10) 042 (0.17.10) 79 (55.8) 170 (L18.8)

{July and August) 405 (143.17) 004 (0.32.17) 0.33 (0.18.17) 71 (54 17) 154 (117,17)
WINTER. 1992

Aueust 92 to March 93) 425 (128.5 +0.06  (0.04, 5) 0.19  (0.06. 5) 21 (7.0.%9) 059 (0.21.5)
SPRING. 1993

March) 438 (10.5.15) +0.64  (0.51.15) 126 (0.94,15) 144 (0,99, 14) 313 (205 14)
SPRING 1o SUMMER. 1993 _

(March to June) 50,1 (19.6,6) +0.24  (0.09.6) 1.25 (0.70.6) 238 (211.6) 516 (4.58,6)
SUMMER. 1993

(June and July) 522 (I11.1.7) -0.22 (027,77 031 (0,10, 7 119 (39.7) 260 (0.84.7)
SUMMER o AUTUMN, 1993

(July 1o Septembers 538 (240604 -0.33 0 (012,44 0,13 (0114 62 (24.4) 1.35 (052, 4)
AUTUMN, 1903

(Seprember) 0.1 (17.8. 1) 039 (013,100 0.16 (011, 10) 97 (68, 10) 200 (148.10)
WINTER, Juu?

Seprember 93t March 94) 547 (6.0, 12) +0.01 (0.07.12) 0.09  (0,06,12) 19 (10,12 053 (0.28,12)

a B o . RESULTS AND DISCUSSION
i T e, . .
2 = — ‘/T Y 1 The mean body masses of the tortoises we sampled
s L. o oo | B . increased from 34 ¢ at the beginning of the study to 55 g two
% ' ‘ years later (Table 1). The individuals comprising each
= seasonal sample were collected opportunistically, so samples
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Figure 2, Monthly, seasonal, and yearly changes in body mass(A),
daily rate of body mass change (B). and mass-specific daily rates
of water influx (C) and CO, production (D) in a cohort of young
desert tortoises (Gopheruy agassizii) living in a large field enclo-
sure during the first two years of life. Symbols indicate means +
95% confidence intervals.

were a mixture of individuals studied previously along with
naive individuals. Thus, the mean body mass values in Table
1 represent the population rather than individuals. The
increase in variability of body mass through time (SD for
mass increased from 6 to near 20; Table 1) was due in part
to recruitment of newly hatched tortoises in summer 1993,
and in part to large variation in the 1992 cohort. Some
frequently recaptured individuals increased their mass nearly
50% per year, while a few others showed no gain or even
mass loss during the entire two years,

Body water volumes, expressed as percent of body
mass, did not change significantly from spring 1992 through
summer 1993, and averaged 82.7% (£ SD = 4.2, n = 44).
However, water volume dropped to 76.6% (£ 2.9%.n=9) in
September 1993.

Young tortoises gained weight most rapidly during
spring of both years, and lost mass during both summers
(Table 1). Interestingly. mass change over winter was neg-
ligible (Fig. 2). Rates of water intake, on a whole-animal
basis. were high in spring and low during summer and
winter. Water influx rate tripled between July and August
1992, in conjunction with rains in August. Field metabolic
rates were highest during late spring and early summer, and
lowest during winter.

Body Size Effects. — Energy and water needs depend on
body size. and body masses of the young tortoises we studied
varied between seasons (Table 1). Thus, before comparing
results for different seasons. it is important to correct for



NaGY E7 ek

sation in body mass. However, the relationsh: L 22N
.;;.md need for energy and water and increwscl <z s

“en onot one-to-one. To determine this relation<hip for

o tortoises, we regressed rates of energy and warer rlux
ole-animal basis, Table 1) on body mass onlog  coordi-
2~ Within each of the 13 study periods listed in Tuble 1.
2 of field metabolic rate (ml CO,/d) was significantly
rrelated with log of body mass (g) in seven cases. Small
nple size was a factor in four of the six non-significant
«o~. Thus, we combined all data for active seasons. and
and a significant regression (Fig. 3), having the relation-
upml COL/d =22 2" (p=0.0003, = 0.40, SE of slope
= 11.27). The slope of this allometric regression does not
trer significantly from 1.0 (a one-to-one relationship),
aich justifies correcting for body mass effects by simply
iding by mass to yield units of ml CO./(kg d) or kJ/(kg d).
~or the water influx rate data, 8 of the 13 study periods
wwlded significant correlations, most of which had slopes
mewhat higher than, but statistically indistinguishable
m. 1.0. Surprisingly, the combined data for all active
~zasons showed no significant correlation (p=0.31. n=80).
However, water influx rate was linearly related to field
ctabolic rate for all data combined (p < 0.0001, = 0.68,
3¢ confidence interval of log-log slope included 1.0).
['hus. we assumed that a slope of 1.0 was also appropriate for
ater influx rate, and corrected these results to units of ml
H.0/(kg d) for subsequent calculations,

Season Effects. — Monthly variation was examined
statistically using paired r-tests on results from tortoises
recaptured in both March and April 1992 and in both July
and August 1992 In spring. significant monthly differences
weurred in mean body mass. rate of mass change. and field
metabolic rate. but not in water influx rate (Fig. 2). During
~ummer, significant monthly differences occurred inrates of
nuss change and water influx, but not in mean mass or field
netabolism. These differences correspond to environmental
ditferences between months. In March. ambient tempera-
tures and metabolic rates were lower than in April. but food
plants were more succulent in March. and tortoises had
ieher water intake rates and grew faster. July was hot and
Aryv. and tortoises had low water intake rates and lost body
mass. but there was rain in August and they had higher rates

'+ water intake and gained mass, apparently because they
Irank rain water. (We have seen neonates in the field place
ieirnoses to the substrate during rains. just as captive desert
tortoises do when offered water in a pan, but we only surmise
that neonates were drinking.) Thus, the physiological re-
<ponses and needs of tortoises can change ona monthly basis
Jepending on the status of their habitat.

Seasonal differences were also evident (Fig. 2). For this
analysis, we used overall results for spring and summer,
shtained by ignoring the data for the recaptures made at the
midpoint of the two-month study intervals and calculating
rates from initial and final samples alone. We did not

combine results by season from the two years because of

significant differences between years (see below). In 1992,
<enificant seasonal differences existed in rates of body mass
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log FIELD METABOLIC RATE, ml CO,/d

1.2 1.4 18 1

log BODY MASS, g

Figure 3. Relationship between whole-animal field metabolic rute
(ml CO,/d) and body mass (£) of voung desert tortoises on logarith-
mic coordinates. The regression (solid line) is significant (p =
0.0003). and has the equation ml CO./d =2.24 ¢'* (r=040; d.I.
= 1.79: SE of the slope = 0.27). The long-dashed lines indicate the
95% confidence intervals of the regression and the short-dash lines
show the 95% confidence intervals of the prediction.

change. water influx. and field metabolism, For all three
parameters, rates during spring were higher than during
summer or winter. The situation in 1993 was similar, with
mass change rate being greater during spring than during
autumn or summer, water influx rate being greater in spring
than in autumn or winter and greater in summer than
winter, and with field metabolic rate bein
than in spring. summer. or autt heseres
tent with expectations bdsed on L}uns:.._ environmental
variables, especially temperature (hot summers and cool
winters). rainfall (rain during winter inactivity periods and
spotty thundershowers in late summer). and food availabil-
ity (spring). Tortoises were active in the warmth of spring,
eating and growing. The summer heat and drought elicited
reduced above-ground diurnal activity and feeding, but
thundershowers provided rain water which many tortoises
drank. Winter cold reduced activity. including feeding, and
tortoises spent most of their time hiding in burrows.

Adult desert tortoises also reduce above-ground activ-
ity during summer droughts. but the arrival of summer
thundershowers triggers increased activity and drinking
behavior (Nagy and Medica. 1986: Peterson, 1996a). Neo-
nates and adults apparently share the ability to perceive the
availability of rainwater in summer (Medica et al., 1980).
Drinking rain water is critically important for adults to
obtain adequate supplies of other nutrients (energy. protein)
during the year (Peterson. 1996a, 1996h).

Variation between years was analyzed by comparing
results for March 1992 with March 1993, results for summer
1992 with summer 1993, and results for “winter™ (actually
autumn and winter) 1992-3 with winter 1993-4. A paired ¢-

> ala-
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test (n=7) indicated that during March of 1992, tortoises had
lower body masses but higher mass-corrected rates of water
influx and energy metabolism than they did in March of the
following year. Similarly. tortoises in summer of 1992 (n =
17) had lower body masses but higher rates of water
influx than did tortoises (n = 7) in summer of 1993, The
only significant difference between means for winter
[992-3 (= 5) and winter 1993-4 (n = 12) was for water
mtlux rate. which was three times higher during 1992-3
than during 1993-4, These differences between years
creclude combining the seasonal data for different years.

1§ ~« i hody mass are expected for growing

fzrences in mass-specific physiologi-
kel due to the differences in rainfall
¢ Dotween vears, with tortoises using more drink-
ater durmmg 1992 (see below).

Comparative Physiology. — The field metabolic rate
expected for a free-living reptile during its activity season
may be estimated using the allometric equation describing
results for iguanid lizards (Nagy, 1982, 1987: see Appen-
dix). For a435 g animal this relationship vields a value of 4.69
KI/d. which for a herbivore is equivalent to 0.216 liter CO,/
d.or4.80liter CO,/(kgd). Thus. the expected metabolic rate
torareptile is virtually identical to the actual field metabolic
rate of young tortoises during spring of 1992 (Fig. 2).
However, neonates and 1-year-olds had energy expendi-
tures that were less than halt of the expected value in summer
1992, and throughout the active season of 1993, Clearly,
voung tortolses can conserve much energy by reducing
metabolic expenditures during spring. summer. and autumn,

mter. field metabolic rates were only about 10% of those
cupected for an active reptile.

Water influx rate can also be predicted from empirical
allometric equations (Nagy and Peterson, 1988: see Appen-
dix), A free-living 45 g reptile would be expected to have an
nflux rate of 23 ml H,O/(kg d). and a desert reptile of the

WATER INFLUX RATE, ml H,Of{kqg day)

45 10 05 00 05 10 15
BODY MASS CHANGE RATE, %/day

Figure 4. Relationship between water influx rate [mass-corrected
units of ml/(kg )] and rate of body mass change (as %/d) in young
desert tortoises. The regression (solid line. p < 0.0001) has the
equation; ml H,O influx/(kg d) = 16.0 + 24.4 (% change/d), with =
0.722: 1. = 1.80: SE of intercept = 1.36. The dush-dot lines indicate
the 95% confidence intervals of the regression and the dashed lines
show the 95% confidence intervals of the prediction.

same body mass has an expected influx rate of 17 ml H,0/
(kg d). Young tortoises in spring of 1992 were obtaining
about twice as much water as expected (Fig. 2) and they also
obtained more water than expected in spring of 1993. This
comparison reveals an important desert adaptation pos-
sessed by young tortoises: the ability to obtain large amounts
of water. They do this by selecting and eating large quantities
of succulent foods in spring and by drinking available rain
water in summer.

Tortoises that are gaining weight might be expected to
have relatively high rates of water influx and energy metabo-
lism due to feeding activities, while those that are losing
weight might be less active and have reduced feeding rates.
These predictions can be tested by regressing rates of water
influx or field metabolism on rates of change in body mass.
A significant relationship would lend support to the hypoth-
esized explanation. Also, the intercept of a statistically
significant regression can serve as an estimate of the rate of
water influx or energy metabolism required by a young
tortoise just to maintain itself with constant weight. The
regression of water influx on body mass change for the
active seasons (Fig. 4) was significant (p < 0.0001) and had
the equation: ml H,O influx/(kg d) = 16 + 24.3 (% mass
change/d). with r = 0.72 and d.f. = 1.79. The intercept
indicates that an active (non-hibernating) neonate or 1-year-
old tortoise needs a water influx rate of 16 ml/(kg d) to
maintain water balance in the field. This 1s a little lower than
the 17.2 ml/(kg d) predicted above for a desert reptile in
general, suggesting that young desert tortoises possess good
water-conserving abilities, as do other desert reptiles. In
fact, the relationship shown in Fig. 4 looks like it would be
better represented by two lines (as is the case for adult
tortoises; Peterson, 1996b) and the zero mass change inter-
cept might be closer to 7 ml/(kg d). If correct. this would
indicate an unusually good ability of young tortoises 1o
conserve water. More data are needed to address this possi-
bility. Large adult males can maintain body mass in the field
in the absence of drinking water with a water influx rate of
only 1.5 ml/(kg d) (Peterson, 1996b).

The regression of metabolic rate on change in mass was
alsosignificant (p<0.0001) and had the equation: liters CO./
(kg d)=2.81+1.79 (% mass change/d), with r=0.43 and d.f.
= 1.79. The intercept of 2.81 liters CO,/(kg d) for a steady-
state young tortoise is only 58% of the rate of 4.80 liters CO,/
(kg d) expected fora45 greptile. Thus. it appears that young
tortoises have unusually low energy requirements. and this
should enhance survivorship in a desert habitat, where plant
productivity is lower than in other habitats.

Water Economy Index. — The ratio of water influx rate
to field metabolic rate indicates the amount of water an
animal uses per unit of energy it processes, and is termed the
water economy index (WEI). A low ratio in an animal that
is maintaining weight (and is assumed to be maintaining
water balance as well) indicates a low water requirement. It
can be calculated that animals with no drinking water, but
maintaining weight while eating green plant matter, should
have a WEI between 0.15 and 0.25 (Nagy and Peterson,
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Figure 5. Seasonal changes in water economy index (WEI = ml

H.O influx per kJ energy metabolized) of young desert tortoises.
~vmbols represent mean + 95% confidence intervals,

1988). The WEI of young tortoises ranged from 0.09 to 0.55
1 H.O/KJ (Fig. 5). with high values occurring during spring
+hen tortoises were gaining weight and low values occur-
~ing when tortoises lost weight. To estimate WEI for young-
~ters maintaining constant body mass. we regressed WEl on
mass change rate using means for each season. The regres-
-1on (Fig. 6) was significant (p = 0.0003). and the equation
ror the line, ml/k) = 0.29 + 0.35 (%/d). (r=0.88. d.f. = 1.9).
mdicates asteady-state WEI value of 0.29 ml/kJ. This is a bit
figher than that for a typical herbivore and is much higher
thun the value of 0.1 ml/kJ for non-drinking adult desert
rortoises (Peterson, 1996b). This indicates two things; that
auby tortoises may select especially succulent foods to eat
and that they may drink rain water when available during
sheiractivity season. Thus, WEI values confirm the ability of
tortoises o obtain much water from their habitat,

Food Reguirements. — The rate at which young tor-
toises consumed metabolizable energy via food was esti-
mated as the sum of energy allocated to metabolism (mea-
sured with doubly labeled water) and energy allocated to
zrowth (estimated from mass changes). For a non-feeding
tortoise, the rate of negative growth (indicating use of stored
“ut) would equal field metabolic rate. We did not observe this
m our results (Fig. 7) for two main reasons. First, our
measurement intervals all included periods when tortoises
ate at least some food. Second. we could not resolve body
mass changes into their component parts (i.e.. change in
water volume, lean body mass. and fat mass) so we lacked
the resolution to permit more detailed analyses of energy
budgets.

These estimates of feeding rates permit compilation of

an energy budget for young tortoises during an entire year.
We chose the period August 1992 to July 1993, during which
we obtained continuous field measurements (Fig. 7). which
corresponds approximately to the second year of life of a
tortoise. During that year., a tortoise having an average body
mass of 43.6 g catabolized 757 kJ of chemical potential
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energy into heat energy. it added 69 kJ of chemical potential
energy to its body substance via growth, and it consumed
826 kJ of metabolizable chemical potential energy in the
form of food to accomplish this. Assuming a food gross
energy content of 16.6 kJ/g dry matter and a digestibility of
51.4%. as for adults (Nagy and Medica, 1986). a youngster
would consume 96.8 g of food (dry matter only) during its
second year of life. Assuming an average diet water content
of about 50%. the fresh food mass consumed in the second
yearof life is about 200 g. or a bit less than 1/2 pound of plant
matter. We estimate that during its first year of life when its
average body mass is about 35 g, a neonate would consume
78 g dry matter, or about 160 g fresh food. Thus. & voung
tortoise consumes an estimated 360 g (about 3/4 pound
desert vegetation during its first two years of life, whil
increasing its body mass by about 60%,

Stress and Adaprarion. — Young tortoises are i 17 ur-
ently stressed by reduced availability of water in late spri
and summer. They lost body mass during those periods in
both years (Fig. 2). and though the energy budget analysis
(Fig. 7) indicated that they were eating. their food plants
were probably too dry by then to permit them to achieve
water balance. Some shrubs «till hud green leaves. but the
ung torises as food were

annual plants accessible 10 1

dead and dried. Young tortoises that are active ubove eround
and feeding in July would be losing waicr by oo
the hot. dry air, as well usin the feces j— fucad

does not contain enouzh w

tortoises will lose body w. nd body weight. ey mIivu:h

they maintainenergy balunce H LINg LTt ises could achieve
water balance under these circumistances by drinkin

water, should it become wvuiluhle '

August 1992 (when no creen
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Figure 6. Relationship between water economy index (in ml H.O
influx per kJ energy metabolized) and daily rate of body mass
change in young desert tortoises. The regression (solid line, p =
0.0003) has the equation: ml/k) = 0.286 + 0.350 (%/d), with »
0.884, d.f. = 1,9, SE of intercept = (.025. The intercept mdm.,ucs
that young tortoises maintaining constant body masses would have
a WEI of 0.286 + 0.050. The dash-dot lines indicate the 95%
confidence intervals of the regression and the dashed lines show the
95% confidence intervals of the prediction.
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in the habitat

. a~ indicated by their increased water influx
mcreasad WEIL(Fig. 5). and gain of body mass

smized water budgets we derived from energy
s o teodconsumption, and diet composition values

Fig. & oate that voung tortoises tripled their intake of

Auzust 1992, compared to the preceding July,

iy by drinking rain water. If no rain falls. tortoises can
reduce their rate of dehydration by not feeding and by
remaining inactive in their burrows. Youngsters apparently
S1dthis o alarge extent during the rainless summer of 1993,

as indicated by their low metabolic and water influx rates
(Fig. 2) and low estimated feeding rates (Fig. 7). As a result.
they lost mass much more slowly than they did during July
of the previous vear. However, the burrows in summer must
be much drier than they are in winter, when the soil is moist
from winter rains. During winter, young tortoises were
apparently able to avoid dehydration and weight loss (Fig. 2)
by staying in humid burrows, as do adults (Nagy and
Medica, 1986). Thus, the main behavioral adaptations of
young desert tortoises seem to be selection of a succulent
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ield metabolic rutes, water intake via the diet was estimated from food consumption calculations (Fig. 7). and drinking water intake was
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Jret. drinking rain water when available during their activity
season, and retreating to burrows to avoid hot. dryv condi-
tons in summer and to a lesser extent cold conditions in
winter.

Conservation Implications

In the long-lived Blanding’s turtle, Congdon et al.
1993) found that population stability was most sensitive to
changes in adult or juvenile survival. It seems likely that
desert tortoise populations are similarly sensitive to adult
and juvenile survival. Although the major cause of mortality
of young desert tortoises is probably predation. our results
indicate that resource shortages, especially water in the form
of rain or succulent vegetation, can be life-threatening as
well. It follows from these conclusions that young tortoises
<hould benefit from any action that increases or prolongs
the availability of growing annual plants in their habitat.
Similarly, their survival may be jeopardized by manage-
mentactions that reduce the standing biomass, or shorten
the period of availability, of annual plants in the tortoise
habitat,

The availability of rain water in the warm seasons
can be quite beneficial to the physiological well-being of
neonates and I-year-olds. Although rainmaking on a
large scale is probably not a reasonable management
option, small-scale efforts (occasional sprinkler irriga-
tion in selected plots) may be feasible. One or two short
periods of drinking water availability per vear can be of
greatl benefit to desert tortoises, both young and adult
alike.

Burrows are clearly critically important for providing
relatively humid and cool microenvironments for young
tortoises. Burrow use reduces daily water requirements
substantially during warm seasons, and during winter, it
permits young tortoises to remain in water balance (maintain
constant weight) for long periods of time. Thus. the avail-
ability of soils that permit burrowing and have the structural
integrity to allow burrows to persist should benefit young
tortoises as well. Activities that disrupt soil structure or alter
the distribution of soil particle sizes may be deleterious.
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APPENDIX

Equations used for calculating body water volumes ¢
equilibrium concentrations of injected isotopes, und
bolic rates and water flux rates from isotope concentrat
along with allometric (scaling) relationships uscd =7 -
rates of energy metabolism and water intake in free-

Total Body Water (W):

where W is in ml; "0, is concentration of "O. in units of atom %
or parts per million (PPM). in the dilution of the injection solution:
"0 .., 1s O concentration in the distilled water used to dilute the
injection solution: V , is volume (ml) of distilled water used 1o
dilute the injection solution: V , is the volume (ml) of the injection
solution in the dilution: V, is the volume of the injection admin-
istered to the animal: O, is the "O concentration in the initial
blood sample (afterequilibration of the injected isotope): and O, _
is "0 concentration in an uninjected animal (natural abundance. or
background) (Nagy. 1983).

Field Metabolic Rate (FMR):

_ 51.86(W,~W,)Ini "O H./"0,H,)

FMR
(M, =N I WAY gt
where FMR is in units of m! CO. (2 b W s body volume
(ml): 'O is concentration n ¢ PPM e ad for
background); *H is tritium specific activity In counis per minute

(CPM) per five pl (correc
@ tis time elapsed in J
subscripts | and 2 represe
S51.86 incorporates conve
in Nagy. 1980. for situation
linearly through time

oundi: M is body mass in
fles natural logarithm: the
tinal values: and the factor

Larious units (equation 2
v owater velume changes

Water Influx Rate (WIR

WIR = 2000 (Wy = W) InCHW /HW 2000 (W. - W)

(M, + Moy InW W M +MT

where WIR isinunits of mI H-O efflux kg dand the factor of 2000
converts from g to kg and is mvolved m caleulating mean body
mass (condensed rom equations <+ and 6 in Nagy and Costa, 1980,
for situations where body water volume changes linearly through
time).

FMR Prediction (FMR,):

FMR = 02240
where FMR,, is in units of KI'd und M is body mass in g (equation
38in Nagy. 1987. the empirical allometric equation describing the
relationship between FMR and body mass measurements in free-
living iguanid hizards).

WIR Prediction (WIR ):

All reptiles: WIR. = (1065 M
Desert reptiles: WIR_ = (L.038 M"™*

where WIR isinunits of ml/day and Misbody massin g (equations
18 and 19 in Nagy and Peterson. 1988, the empirical allometric
equations for measured WIR in free-living reptiles).
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