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ABSTRACT: Desert tortoise (Gopherus agassizii) populations have experienced precipitous de-
clines resulting from the cumulative impact of habitat loss, and human and disease-related mor-
tality. Evaluation of hematologic and biochemical responses of desert tortoises to physiologic and
environmental factors can facilitate the assessment of stress and disease in tortoises and contribute
to management decisions and population recovery. The goal of this study was to obtain and
analyze clinical laboratory data from free-ranging desert tortoises at three sites in the Mojave
Desert (California, USA) between October 1990 and October 1995, to establish reference inter-
vals, and to develop guidelines for the interpretation of laboratory data under a variety of envi-
ronmental and physiologic conditions. Body weight, carapace length, and venous blood samples
for a complete blood count and clinical chemistry profile were obtained from 98 clinically healthy
adult desert tortoises of both sexes at the Desert Tortoise Research Natural area (western Mo-
jave), Goffs (eastern Mojave) and Ivanpah Valley (northeastern Mojave). Samples were obtained
four times per year, in winter (February/March), spring (May/June), summer (July/August), and
fall (October). Years of near-, above- and below-average rainfall were represented in the 5 yr
period. Minimum, maximum and median values, and central 95 percentiles were used as refer-
ence intervals and measures of central tendency for tortoises at each site and/or season. Data
were analyzed using repeated measures analysis of variance for significant (P , 0.01) variation
on the basis of sex, site, season, and interactions between these variables. Significant sex differ-
ences were observed for packed cell volume, hemoglobin concentration, aspartate transaminase
activity, and cholesterol, triglyceride, calcium, and phosphorus concentrations. Marked seasonal
variation was observed in most parameters in conjunction with reproductive cycle, hibernation,
or seasonal rainfall. Year-to-year differences and long-term alterations primarily reflected winter
rainfall amounts. Site differences were minimal, and largely reflected geographic differences in
precipitation patterns, such that results from these studies can be applied to other tortoise pop-
ulations in environments with known rainfall and forage availability patterns.

Key Words: Clinical chemistry, desert tortoise, Gopherus agassizii, hematology, hibernation,
physiology, reference range, reference values.

INTRODUCTION

Desert tortoises (Gopherus agassizii)
have lived for thousands of years in habi-
tats characterized by prolonged drought,
wide temperature fluctuations, and peri-
odic shortages of food and water. Their
survival can be attributed to remarkable
adaptive capabilities and unique physiolog-
ic mechanisms for the conservation of wa-
ter, storage and excretion of nitrogenous

wastes, and protection against high salt
loads (Dantzler and Schmidt-Nielsen,
1966; Minnich, 1977; Nagy and Medica,
1986; Peterson, 1996a). Over the past 25
yr, dramatic declines have been observed
in some desert tortoise populations in the
Mojave and Colorado deserts of the south-
west United States (Fish and Wildlife Ser-
vice, 1994; Berry, 1997). These declines
have been attributed to the cumulative im-
pacts of human intervention, predation,
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habitat loss and degradation, and disease
(Fish and Wildlife Service, 1994). In April
1990, desert tortoise populations in areas
north and west of the Colorado River were
listed as threatened by the U.S. Fish and
Wildlife Service (Fish and Wildlife Ser-
vice, 1994). At about the same time, the
Bureau of Land Management (U.S. De-
partment of the Interior, Washington, DC)
initiated several research projects in re-
sponse to developing disease problems in
desert tortoise populations, including my-
coplasmosis (upper respiratory tract dis-
ease; Jacobson et al., 1991) and shell dis-
ease (Jacobson et al., 1994).

The purpose of this study was to gather,
analyze, and critically interpret accurate
baseline clinical laboratory data from three
populations of free-ranging adult desert
tortoises over a 5 yr period, so that one or
more sets of reference intervals and inter-
pretive guidelines could be developed for
clinically healthy desert tortoises of both
sexes from different geographic sites un-
der a variety of environmental and physi-
ologic conditions. This ‘‘health profile pro-
gram’’ was part of a larger study addressing
water and energy balance and reproduc-
tion (Peterson, 1996a, b; Henen, 1994,
1997), field evaluation protocols, and the
seroepidemiology and clinicopathologic
manifestations of mycoplasmosis (Brown,
et al., 1994, 1998) and shell disease (Ja-
cobson et al., 1994).

Analysis of blood constituents is a use-
ful, widely-used tool that aids in the di-
agnosis and monitoring of animal health
and disease, and the differentiation of
physiologic from pathologic processes (Ja-
cobson, 1987; Bennett et al., 1991; Mau-
tino and Page, 1993). Hematologic and
biochemical analyses have been described
to a limited extent for captive desert tor-
toises (Rosskopf, 1982) and free-ranging
tortoises in the western Mojave Desert (Ja-
cobson et al., 1991; Christopher et al.,
1997), northeastern Mojave Desert (Dick-
inson et al., 1995; Christopher et al., 1994)
and Sonoran Desert (Dickinson et al.,
1996). In some cases, abnormal laboratory

results have helped to identify stressed or
ill tortoises (Jacobson et al., 1991, 1994;
O’Connor et al., 1994; Peterson, 1994;
Christopher et al., 1997). The longitudinal
design of the present study facilitated a
comprehensive interpretation of well-de-
fined sets of laboratory data obtained over
a number of years and at sites and seasons
representative of the ecological diversity of
the Mojave Desert. Because desert tor-
toises may live .50 yr in the wild (Ger-
mano, 1992), a long-term study provides a
more accurate view of changes that may
occur only periodically, that vary with an-
nual precipitation, or which take place
gradually over several years. The results of
this study add new information to our
knowledge of desert tortoise physiology
and provide an important database for vet-
erinarians, scientists, and biologists assess-
ing tortoise medicine, ecology, and surviv-
al.

MATERIALS AND METHODS

Sites and precipitation

Samples were obtained from tortoises at
three sites in the Mojave Desert (California,
USA): the Desert Tortoise Research Natural
Area (DTNA) in the western Mojave Desert
(358109N, 1188109W; elevation 869–945 m);
Goffs/Fenner Valley (referred to hereafter as
Goffs) in the eastern Mojave Desert, at the
boundary with the northern Colorado Desert
(348529N, 1158109E; elevation ;700 m); and
Ivanpah Valley (referred to hereafter as Ivan-
pah), in the western corner of the northeastern
Mojave Desert (358399N, 1158159W; elevation
866–914 m) (Fig. 1).

Precipitation data from 1989 (the year prior
to the study) through 1995 were averaged from
weather stations at Mojave and Randsburg
(California) to quantify rainfall at the DTNA;
from stations at Mitchell Caverns and Needles
(California) to quantify rainfall at Goffs; and
from stations at Searchlight (Nevada, USA) and
Mountain Pass (California) to quantify rainfall
at Ivanpah (NOAA, 1988–1995). Because of
the seasonal precipitation pattern of the Mo-
jave Desert, precipitation by convention is re-
corded by hydrologic year (1 October through
30 September), with subdivision into winter
precipitation (1 October through 31 March)
and summer precipitation (1 July through 30
September). Long-term precipitation means
(1961–1996) obtained from the same weather
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FIGURE 1. Map of the Mojave and Colorado de-
serts of California (USA) indicating the location of
the three study sites (squares) at which desert tor-
toises were sampled. The solid, thick lines indicate
the approximate boundaries of recovery units, which
specify desert tortoise populations with differences in
genetics, morphology, ecology, and behavior for the
purposes of the Endangered Species Act (Fish and
Wildlife Service, 1994).

stations were used to quantify general climatic
patterns for each site and compare measured
data to site means. Rain gauges on study sites
provided ancillary precipitation data.

Animals, sample periods and physical findings

Ten adult males and 10 adult females at each
site were captured and fitted with radio trans-
mitters (Model SB-2, AVM Instrument Co.,
Livermore, California) with 48-cm copper an-
tennae, powered by lithium C-cells (Tadiran
Company, Israel) in 1989. Tortoises were iden-
tified by a combination of letters (site and sex)
and numbers, e.g., D11F was No. 11 (female)
from the DTNA site. Tortoises that died or dis-
appeared were replaced, when possible, with
new tortoises of the same sex, and given se-
quential, new numbers.

Samples were collected from tortoises at all
sites four times per year: (1) winter, at or just
prior to emergence from hibernation (17 Feb-
ruary–20 March); (2) spring, generally the peak
of resource quality and availability, and tortoise
above-ground activity (5 May–5 June); (3) sum-
mer, a hot, dry period when succulent green
food and water were generally unavailable (27

July–29 August); and (4) fall, a cool, dry period
with decreased tortoise activity and preparation
for hibernation (7–31 October). The dates are
the range of actual sampling dates within each
season. Sample times were chosen to reflect
the expected annual extreme variations in tor-
toise body condition. Sample collections from
some tortoises began as early as March 1989 as
a trial period for optimizing sampling protocols,
test methodology and test selection, and in con-
junction with concurrent studies on water bal-
ance and energy flow (Christopher et al., 1992;
Peterson, 1996a, b; Henen, 1997). Only speci-
mens obtained between October 1990 and Oc-
tober 1995 inclusive are reported here. Annual
data were organized by hydrologic year, e.g.,
1990–91 included data from fall 1990, winter
1991, spring 1991, and summer 1991.

Body weight (g; using a top-loading balance,
Ohaus Scale Corp., Florham Park, New Jer-
sey, USA) and carapace length at the midline
(MCL, mm; using an alcohol-sterilized Ar-
chaeologist’s Caliper, C-12, Forestry Suppli-
ers, Inc., Jackson, Mississippi, USA) were
measured each time a tortoise was sampled.
In addition, tortoises were given a complete
physical examination. Field methodology for
evaluating physical and environmental data
will be described elsewhere (K. H. Berry and
M. M. Christopher, unpubl. data). Samples
from tortoises with clinical signs of debilitation
or upper respiratory disease were not included
in our analyses. Some tortoises had minor clin-
ical signs at occasional sampling periods, from
which data were not utilized. Beginning in
winter 1992, all tortoises also were tested for
exposure to Mycoplasma agassizii using an
ELISA test developed and performed at the
University of Florida (Gainesville, Florida,
USA), as detailed by Schumacher et al., 1993.
In addition, nasal flushes were cultured for M.
agassizii using standard techniques (Brown et
al., 1994). Results from tortoises that were cul-
ture positive or seropositive for M. agassizii
were excluded from the analyses herein. Re-
sults from tortoises with clinical and/or sero-
logic evidence of disease will be reported sep-
arately (Brown et al., 1998; M. M. Christopher
et al., unpubl. data).

Blood samples and sample analysis

Sterile technique was used to obtain speci-
mens. Disposable gloves were worn and dis-
carded after each tortoise was processed and
new needles were used for all venipunctures.
Blood (4.0 to 4.7 ml) was taken from the jug-
ular vein using a plastic syringe fitted with a
winged infusion kit (Becton Dickinson, Frank-
lin Lakes, New Jersey; Jacobson et al., 1992).
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A 0.6 ml aliquot of blood was placed in a Mi-
crotainery tube containing lithium heparin gel
(Becton Dickinson) for whole blood analysis.
The remaining blood (about 3.6 ml) was placed
in a Vacutainery tube containing lithium hep-
arin (Becton Dickinson) for separation of plas-
ma. Both tubes were mixed for 2 min and the
Microtainery tube was placed on wet ice.

An air-dried blood smear was made with a
drop of blood from the larger tube and fixed in
methanol for 10 sec. Two microhematocrit
tubes containing ammonium-heparin (Fisher
Scientific, Pittsburgh, Pennsylvania, USA) were
filled with blood and centrifuged for 2 min in
a microhematocrit centrifuge (International
Equipment Co., Boston, Massachussetts, USA)
for determination of packed cell volume (PCV-
field). The remaining blood in the Vacutainery
tube was centrifuged for 5 min at low-speed
(500–10003 g) to separate plasma. Plasma (1.0
ml aliquots) was transferred to plastic tubes and
frozen in liquid nitrogen. Whole blood samples
were kept on ice and transported to a veteri-
nary diagnostic laboratory (APL Laboratories,
Las Vegas, Nevada) within 24 hr for analysis.
Plasma samples were stored in liquid nitrogen
for #10 days before analysis.

Hematologic analyses or complete blood
count (CBC) included packed cell volume
(PCV-lab; microhematocrit centrifugation, In-
ternational Equipment Co.), red blood cell
(RBC) count (hemacytometer, Fisher Scientif-
ic), total white blood cell (WBC) count (he-
macytometer using Nate and Herrick’s solu-
tion), and hemoglobin (Hb; cyanmethemoglo-
bin method preceded by centrifugation of ly-
sate), and were done using the methodology of
Campbell (1988). Mean cell volume (MCV),
mean cell hemoglobin (MCH), and mean cell
hemoglobin concentration (MCHC) were cal-
culated using RBC, PCV, and Hb values by the
method in Duncan et al. (1994). Microscopic
examination of blood smears stained with mod-
ified Wright’s stain included a 100-cell differ-
ential WBC count (heterophils, lymphocytes,
basophils, eosinophils, monocytes and azuro-
phils), and qualitative evaluation of thrombo-
cyte number, WBC and RBC morphology, and
hemoparasites (Alleman et al., 1992).

Between October 1990 and May 1993 (July
1993 for Goffs samples), all plasma biochemical
analyses were done using an Olympus AU5000
automated chemistry analyzer (Olympus, Inc.,
Chicago, Illinois, USA). Plasma obtained dur-
ing and after July 1993 (October 1993 for Goffs
samples) was analyzed using a Hitachi 747-200
automated chemistry analyzer (Boehringer-
Mannheim Corp., Indianapolis, Indiana, USA).
The tests included in the clinical chemistry pro-
file included glucose (hexokinase method),

blood urea nitrogen (BUN; urease method),
creatinine (modified Jaffe method; begun in
May 1993), uric acid (uricase method), total
protein, albumin, calcium, phosphorus, total
bilirubin, direct bilirubin, alkaline phosphatase
(ALP), aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), triglycerides (en-
zymatic method; begun in May 1993) and total
cholesterol. Iron (ferrene method), magnesium
(begun in May 1994), and sodium, potassium,
chloride and total carbon dioxide (TCO2) (in-
direct ion-selective potentiometry) also were
determined on the automated analyzer. Bile ac-
ids were measured spectophotometrically using
an enzymatic method (begun in May 1993).
Globulins, albumin/globulin (A/G) ratio, anion
gap, osmolality, sodium/potassium (Na/K) ratio,
and indirect bilirubin were calculated automat-
ically by the analyzers.

Statistical analysis

All data were hand-entered into a comput-
erized database (StatViewy, Abacus Concepts,
Inc., Berkeley, California) and inspected visu-
ally for accuracy. Missing values, missing data
sets and extreme values were confirmed or cor-
rected based on original laboratory reports.
Data were deleted only for clear cases of tech-
nical problems (based on laboratory or field re-
ports and data inspection) associated with sam-
ple clotting, insufficient sample volume, or in-
strument error attributable to these artifacts.

Data for each analyte for each sex, site and
season, and pooled values from all tortoises
were examined visually using scatterplots, per-
centile graphs and histograms for distribution
and outliers. Outliers were deleted only if the
difference between the outlying value and the
next lowest (or highest) value exceeded one-
third of the total range of values (Burtis and
Ashwood, 1994). This method for detection of
outliers is robust, yet not sensitive to Gaussian
distribution. Remaining extreme values were
deleted only when supported by evidence for
technical error or other laboratory evidence of
disease.

Mean, median, kurtosis, and skewness values
were evaluated to ascertain normality (Abacus
Concepts, Inc.). Most data sets were normally
distributed, with the exception of BUN, ALT,
AST, bile acids, WBC, differential WBC
counts, and total and direct bilirubin, which
were log-transformed prior to statistical analy-
sis. Reference intervals were defined by mini-
mum and maximum values for sex/site/season
groups with ,40 samples, and by central 95
percentiles with .40 samples (Lumsden,
1978). Median values were used as a measure
of central tendency (for normally distributed
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TABLE 1. Annual, winter and summer precipitationa (mm) at three sites in the Mojave Desert (California,
USA) for the 5 yr study period (1990–95) and the preceding year (1989–90). Data were obtained from the
National Oceanic and Atmospheric Administration.

Site Season 1989–90 1990–91 1991–92 1992–93 1993–94 1994–95

Long-Term
Average

(1961–96)

DTNAb Annual
Winter
Summer

42e

29e

7e

162
156f

1e

275f

259f

0e

352f

342f

0e

72e

66e

0e,g

312f

268f

49f

156
127

17

GOFFSc Annual
Winter
Summer

175e

39e

91f

220f

152f

62

347f

316f

15e

311f

277f

23e

89e

74e

7e

271f

235f

19e

192
111

63

IVANPAHd Annual
Winter
Summer

223f

59e

110f

197
114

75

333f

249f

72

313f

265f

32e

105e,h

73e,h

24e

285f

227
68

196
104

71

a Because of the seasonal precipitation pattern in the Mojave Desert, annual precipitation by convention is recorded by
hydrologic year (1 October through 30 September), with subdivision into winter (1 October through 31 March) and summer
(1 July through 30 September) precipitation.

b Average precipitation from weather stations at Mojave and Randsburg (California).
c Average precipitation from weather stations at Mitchell Caverns and Needles (California).
d Average precipitation from weather stations at Searchlight (Nevada) and Mountain Pass (California).
e Rainfall below long-term average.
f Rainfall above long-term average.
g Trace (less than 1 mm).
h Some data missing.

data this was essentially identical to the mean)
(Martin et al., 1975; Lumsden, 1978; Burtis and
Ashwood, 1994). For results that were not sig-
nificantly different between sexes or sites, me-
dian values and mid-95% limits were deter-
mined using pooled values from all tortoises for
each season.

Mean values for each season were calculat-
ed for tortoises with at least one set of data
from each of the four seasons over the 5 yr
period. Repeated measures analysis of vari-
ance (Abacus Concepts, Inc.) was used to test
for significant differences due to the effect of
sex, site, season and the interactions of sex,
site and season. Analysis of variance also was
used to determine year-to-year differences.
Scheffe’s F test was used for post-hoc group
comparisons to identify specific differences
between means. This test is robust to viola-
tions of the assumptions typically associated
with multiple comparison procedures and was
appropriate for the large number of tests an-
alyzed, unequal cell numbers and heteroge-
neous variances. Because of the large number
of analyses, P , 0.01 was used to define sig-
nificant differences. Relationships between
some analytes were analyzed by least squares
linear regression and analysis of covariance
(Abacus Concepts, Inc.).

RESULTS

Rainfall

Typical of the Mojave environment,
most rain fell during winter (October
through March; Table 1). Annual, winter,
and summer rainfall were below-average
in 1993–94 by 46–54%, 30–48% and 66–
100% respectively, at all sites. Annual and
winter precipitation were about 25% of av-
erage at DTNA in 1989–90. Summer rain-
fall was below-average at Goffs and DTNA
most years, but about three times average
at DTNA in 1994–95. Annual precipitation
was above-average by 41–126% (73 6
27%), and winter precipitation was above-
average by 103–185% (138 6 29%) in
1991–92, 1992–93, and 1994–95 at all
sites.

General sampling results

Of the 1,071 blood samples obtained,
111 were seropositive for M. agassizii; 36
were from tortoises with positive nasal cul-
tures for M. agassizii; 216 were from tor-
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toises with clinical signs of illness; and 10
samples were from tortoises with more
than one abnormality. Exclusion of these
353 samples left 719 blood samples from
98 (47 male, 51 female) clinically healthy,
culture-negative, seronegative tortoises.
These comprised 161 samples from 31 tor-
toises (17 males, 14 females) at DTNA;
286 samples from 36 tortoises (14 males,
22 females) at Goffs; and 272 samples
from 31 tortoises (16 males, 15 females) at
Ivanpah. Fifty-five of the 98 tortoises were
sampled 1 to 6 times, 19 tortoises were
sampled 7 to 12 times, 23 tortoises were
sampled 13 to 18 times, and one tortoise
was sampled at each of the 21 sampling
periods during the 5 yr study. Of the 719
samples, 17 chemistry profiles and 41
CBCs were missing or deleted for tech-
nical reasons (e.g., clots, insufficient sam-
ple volume, hemolysis), while 23 samples
yielded only partial CBC results (PCV and
Hb). A substantial alteration in iron and
creatinine values coincided with imple-
mentation of the new chemistry analyzer
in July 1993 (October 1993 for Goffs), so
that data for iron and creatinine obtained
prior to those dates were excluded. Sev-
enty of the tortoises had at least one set of
data from each of the four seasons (winter,
spring, summer, fall) for inclusion in re-
peated measures analysis of variance.

Body weight and MCL

Body weight and MCL were significant-
ly greater (P , 0.0001) in males than fe-
males at all sites all year, with a mean dif-
ference of 1261 g for body weight and 41
mm for MCL (Table 2; Fig. 2). Male tor-
toises at DTNA were smaller (by an av-
erage of 474 g, 18 mm) than males at other
sites, and female tortoises at Goffs were
smaller than other females (by an average
of 227 g, 11 mm) but the differences were
not significant. Body weight increased in
all tortoises between emergence from hi-
bernation (winter) and spring. Spring
weight gain was significantly higher in
1992–93 compared with other years. Mean

body weight decreased significantly be-
tween fall and winter 1993–94.

Body weight (body mass) and MCL fit-
ted a second-order polynomial regression
curve (r 5 0.946; P , 0.0001), described
by the allometric equation logMCL 5 1.276
1 0.325 log(mass), which was rearranged
algebraically to log(mass) 5 3.077 (log
MCL) 2 3.926, and detransformed to
mass 5 0.00012 MCL3.08. The slope of the
regression curve did not differ significantly
between sites, seasons, or years, but did
differ between males and females (P ,
0.01). There was more variation in the re-
lationship between body weight and MCL
in females (r 5 0.819) compared with
males (r 5 0.939).

Hematology

Packed cell volumes determined in the
laboratory (mean 6 SE 5 24.6 6 5.1%)
were more variable and lower than those
determined in the field (26.4 6 4.9%; P ,
0.0001). Males had significantly higher
RBC mass (PCV, RBC, and Hb concentra-
tion) than female tortoises all year (Table
3; Fig. 3). Packed cell volume, Hb, and
RBC changed in concert, and were signif-
icantly higher in summer, although this
varied somewhat with sex and site (Table
4). Female tortoises had more pronounced
seasonal alterations in RBC mass than
males, with a decline during hibernation
and higher values in spring and summer
(Fig. 3). Both male and female tortoises
had lower PCV and Hb concentration in
1990–91; whereas, highest values occurred
in years with above-average rainfall (Table
5). A low number of tortoises had mild
polychromasia. Intracellular RBC parasites
were not observed in any tortoises.
Thrombocytes were clumped or consid-
ered adequate in all specimens.

Total WBC and heterophil numbers
paralleled one another closely and did not
differ significantly on the basis of sex, site,
or season (Fig. 4). Lymphocyte and baso-
phil numbers were significantly lower dur-
ing hibernation, whereas monocyte and
azurophil numbers were highest at this
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FIGURE 2. Seasonal variation in body weight (g)
for male and female tortoises in the Mojave Desert
over a 5 yr period. An average of 16 females and 18
males were sampled each season. There was no sig-
nificant difference in body weight among sites, so
data from the Desert Tortoise Research Natural Area,
Goffs and Ivanpah are combined. Note the increase
in body weight each spring in association with avail-
ability of food and water, particularly in 1992–93, the
second consecutive year of above-average rainfall.
Data are mean 6 SE.

time (Table 4). Tortoises from Ivanpah
tended to have higher basophil counts. To-
tal WBC, heterophil, lymphocyte and ba-
sophil numbers were lower in 1990–91
and higher in 1994–95 (Table 5). Seasonal
lymphocytes peaks were noted in years
with above-average rainfall. Reference in-
tervals based on season were established
for all hematologic analytes; separate in-
tervals for male and female tortoises were
calculated for PCV, RBC and Hb (Table
6).

Clinical chemistry

Cholesterol and triglyceride concentra-
tions were significantly higher in females,
and separate reference intervals were cal-
culated for each sex (Table 3, 7). Tortoises
from Goffs had higher cholesterol concen-
trations, and females from Ivanpah had
lower triglyceride concentrations than oth-
er females. Cholesterol concentration was
significantly lower in winter (Table 4). Tri-
glyceride concentration correlated strongly
and positively with cholesterol concentra-
tion in females (P , 0.0001; r 5 0.620)
and to a lesser extent in males (P , 0.0001;
r 5 0.398).

Calcium and phosphorus concentrations
were significantly higher in females, and
separate reference intervals were calculat-
ed for each sex (Tables 3, 7). Calcium con-

centration was strongly seasonal only in fe-
males, with low concentrations during hi-
bernation and a marked increase in spring
and summer (Table 4; Fig. 5). Females
had higher peak calcium concentrations in
years with above-average precipitation (Ta-
ble 5). Phosphorus concentration was sig-
nificantly lower during hibernation, and
sharply increased to peak levels in spring
in both sexes (Table 4). Peak phosphorus
concentration in males was significantly
lower in 1990–91 and 1993–94. Only fe-
male tortoises had a significant correlation
between calcium and phosphorus concen-
trations (P , 0.0001; r 5 0.551). Magne-
sium concentration tended to be higher in
females, but differences were not signifi-
cant. The limited number of magnesium
measurements precluded conclusions re-
garding seasonal, site, or year-to-year dif-
ferences. Serum iron concentration in-
creased significantly in spring, especially in
tortoises at DTNA.

Plasma AST and ALT activities were sig-
nificantly higher in males than females
(Table 3). Separate reference intervals by
sex were calculated only for AST; the mean
difference between male and female ALT
activity was 1 U/L, less than the coefficient
of variation for the assay. Enzyme activities
were consistently low in winter and higher
in spring (Table 4; Fig. 6). Activity peaked
in spring (AST, ALT) or summer (ALP),
and higher peak AST activity occurred in
years with above-average rainfall (Table 5).
Seasonal differences in ALT activity were
small (61 U/L).

Plasma glucose, total protein, albumin,
and globulin concentrations were low in
fall and winter, increased in spring, and
highest in spring or summer (Table 4).
Mean spring and fall glucose concentra-
tions were lower in 1993–94 (Table 5). To-
tal protein, albumin and globulin concen-
trations were lower at all times of year in
tortoises at DTNA, especially in 1990–91
and 1991–92 (Table 3; Fig. 7). Proportion-
ally lower globulins accounted for higher
A/G ratios in tortoises at DTNA.

Plasma creatinine and total bilirubin
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FIGURE 3. Seasonal variation in packed cell vol-
ume (PCV, obtained in the field) for male and female
tortoises in the Mojave Desert over a 5 yr period. An
average of 16 females and 18 males were sampled
each season. Note the pronounced seasonal changes
in female tortoises compared with males, especially
in years with above-average rainfall (1991–92, 1992–
93, 1994–95). Data are mean 6 SE.

concentrations remained between 0 and
0.4 mg/dl in all tortoises; both increased
significantly in summer, especially 1993–
94, but the magnitude of increase was
small (0.03–0.10 mg/dl). Direct bilirubin
concentration was always negligible. Bile
acids concentration did not differ signifi-
cantly between sexes, sites or seasons, at-
tributable, in part, to the limited number
of measurements. Slightly higher concen-
trations of bile acids in winter and spring
were attributed to higher values in 1993–
94, especially in summer, in tortoises at
Goffs (range 5 0–77.3 mg/dl; median 5 25
mg/dl).

The BUN concentration was high in all
tortoises at emergence from hibernation,
but markedly and significantly decreased
in spring by an average of 10 mg/dl (Table
4; Fig. 8). Variable increases in BUN in
summer and fall were dependent on rain-
fall pattern. A marked increase in BUN
(and osmolality, sodium and chloride) con-
centration occurred in tortoises at Goffs
on three occasions (Fig. 8): summer 1990–
91, when although NOAA records indicat-
ed average summer rainfall, on-site rain
gauges recorded no rainfall since spring;
fall 1992–93 and winter 1993–94, which
were preceded by at least 5 mo with es-
sentially no rainfall (1.5 mm in on-site rain
gauges). Plasma BUN was significantly
lower at Goffs and higher at Ivanpah and
DTNA in fall 1994–95 (Fig. 8). On-site

rain gauges showed 6.6 mm (Goffs), 11.2
mm (Ivanpah) and 3.6 mm (DTNA) of
rain since summer, but no rain at Ivanpah
and DTNA between spring and summer
of that year compared to 13.7 mm of rain
at Goffs. Mean BUN concentration in all
tortoises was significantly higher in 1993–
94 than in 1991–92 (Table 5). Males tend-
ed to have slightly higher BUN values than
females.

Uric acid concentration increased be-
tween winter and spring and decreased in
fall (Table 4; Fig. 8). There was an inverse
relationship between uric acid and BUN
concentration (Fig. 9). Tortoises at DTNA
had significantly lower concentrations of
uric acid, especially in fall (Table 7). A
marked increase in uric acid concentration
occurred in tortoises at Goffs on three oc-
casions: spring 1991–92, when on-site rain
gauges showed that since winter, Goffs had
received less rain (22 mm) than both
DTNA (72 mm) and Ivanpah (175 mm);
spring 1992–93, when on-site rain gauges
showed that since winter, Goffs received
49 mm rain compared to DTNA (56 mm)
and Ivanpah (13 mm); and spring 1994–
95, when on-site rain gauges showed that
since winter, Goffs received more rain (19
mm) than both DTNA (15 mm) and Ivan-
pah (8 mm) (Fig. 8). Tortoises from Goffs
and Ivanpah had significantly higher uric
acid concentrations in 1991–92 compared
to 1993–94 and 1994–95 (Table 5). Male
tortoises had slightly higher uric acid val-
ues than females.

Osmolality, sodium and chloride con-
centrations were closely related and gen-
erally changed in parallel. Concentrations
of these analytes as well as potassium in-
creased significantly in summer, although
variation occurred with site, season and
year (Tables 3, 4, 5). Osmolality, sodium,
chloride, potassium and anion gap concen-
trations were particularly high in tortoises
at Goffs in summer 1990–91, fall 1992–93
and winter 1993–94, concurrent with in-
creased BUN (Fig. 8). Also like BUN, os-
molality, sodium, potassium and chloride
concentrations were lower at Goffs and
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FIGURE 4. Seasonal variation in major blood leu-
kocytes (WBC; cells/ml) in desert tortoises in the Mo-
jave Desert over a 5 yr period. An average of 34 tor-
toises were sampled each season. There were no sig-
nificant differences in WBC numbers on the basis of
sex or site. Mean values for all WBC types indicated
were lower in 1990–91 compared to 1994–95. Data
are mean 6 SE.

higher at Ivanpah and DTNA in fall 1994–
95. Potassium concentration was signifi-
cantly lower in tortoises at DTNA; how-
ever, the mean difference was small (0.4
mmol/L) and resulted largely from lower
concentrations in 1993–94. Potassium con-
centrations were higher in tortoises at
DTNA in 1991–92 compared to 1994–95,
and were higher in tortoises at Ivanpah in
summer 1991–92. Changes in potassium
concentration alone accounted for changes
in Na/K ratio.

Total CO2 concentration was signifi-
cantly lower in summer and higher in win-
ter at all sites (Table 4). Seasonal differ-
ences in anion gap were small, and in-
versely related to TCO2. Seasonal and site
differences in anion gap were exaggerated
by isolated seasons of extreme values in
tortoises at Goffs in summer 1990–91
(range 18–49) and in tortoises at DTNA in
winter 1992–93 (range 211.2–3.8). Be-
cause significant site differences in electro-
lytes resulted from a few, distinct seasonal
episodes rather than from consistent dif-
ferences over the 5 yr period, reference
intervals were annotated to indicate occa-
sional extreme values (Table 7).
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TABLE 5. Hematologic and biochemical analytes for which results differed significantly on the basis of year
in 98 adult desert tortoises in the Mojave Desert (California, USA).

Analyte
1990–

91a
1991–

92b
1992–

93b
1993–

94c
1994–

95b Comments

PCV (%)
Hemoglobin (g/dl)
WBC (/ml)
Heterophils (/ml)
Lymphocytes (/ml)
Basophils (/ml)

Ld

L
L
L
L
L

Hd

H
—
—
—
—

H
H
—
—
H
H

—
—
—
—
—
—

H
H
H
H
H
H

all tortoises (L); females in summer (H)
all tortoises (L); females in summer (H)
—
—
—
—

Eosinophils (/ml)
Monocytes (/ml)
Azurophils (/ml)
Glucose (mg/dl)
BUN (mg/dl)
Creatinine (mg/dl)

—
—
—
—
—
—

—
H
—
—
L
—

H
—
—
—
—
—

—
H
H
L
H
H

—
—
H
—
—
—

spring only
—
—
spring and fall
—
—

Uric Acid (mg/dl)
Total Bilirubin (mg/dl)
Triglycerides (mg/dl)
Total Protein (g/dl)
Albumin (g/dl)
Globulins (g/dl)

—
—
—
—
L
—

H
—
—
H
—
H

H
—
—
H
—
H

L
H
L
—
—
L

H
—
—
—
—
H

Goffs and Ivanpah
summer only
males only
Goffs and Ivanpah
—
Goffs and Ivanpah

ALP (U/L)
ALT (U/L)
AST (U/L)
Calcium (mg/dl)
Phosphorus (mg/dl)
Osmolality (mOsm/kg)

L
—
—
—
L
—

H
H
H
H
—
—

H
H
H
H
—
L

—
—
—
L
L
H

—
H
H
H
—
—

—
peak seasonal activity
peak seasonal activity
female peak seasonal levels
males only
DTNA (H); Goffs and Ivanpah (L)

Sodium (mmol/L)
Potassium (mmol/L)
Chloride (mmol/L)
Total Iron (mg/dl)

—
—
—
—

—
H
—
—

L
—
L
—

H
—
H
L

—
L
—
—

DTNA (H); Goffs and Ivanpah (L)
DTNA only
DTNA (H); Goffs and Ivanpah (L)
Ivanpah only

a A year of average rainfall, preceded by two years of below-average annual and winter rainfall.
b A year of above-average annual and winter rainfall.
c A year of below-average annual, winter and summer rainfall.
d Mean values from years with the same letters were significantly higher (H) or lower (L) than means for other years.

DISCUSSION

Because desert tortoises are capable of
profound physiologic adaptation in con-
junction with extreme variations in habitat
and season, reference intervals for hema-
tologic and biochemical data from free-
ranging tortoises must be obtained under
well-defined conditions to provide mean-
ingful information. In the present study,
we comprehensively analyzed the influenc-
es of sex, geographic location, time of year,
and annual rainfall patterns on laboratory
profiles of clinically healthy adult desert
tortoises. Reference intervals were defined
to reflect the seasonal differences in nearly
all analytes, the sex differences in a limited
number of analytes, and occasional site

differences. Although reference intervals
were calculated using limited repeated de-
terminations, weighting was minimized by
use of minimum, maximum and median
values and because values were from years
with variable rainfall. The central 95 per-
centiles provided the best indication of the
expected range of values, as they excluded
occasional extreme values. Because site
differences were minimal over the 5 yr pe-
riod, the reference intervals are readily ap-
plicable to other desert tortoise popula-
tions provided there is understanding of
the impact of rainfall, forage type, and oth-
er ecological aspects of the desert environ-
ment. Most physiologic variations oc-
curred consistently from year-to-year and
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FIGURE 5. Seasonal variation in plasma calcium
and phosphorus concentrations (mg/dl) in male and
female desert tortoises in the Mojave Desert over a
5 yr period. An average of 16 females and 18 males
were sampled each season. Note the marked increas-
es in spring, and the lower peak values for both an-
alytes in 1993-94, a year of below-average rainfall.
Data are mean 6 SE.

FIGURE 6. Seasonal variation in plasma activity
(U/L) of aspartate aminotransferase (AST) and alka-
line phosphatase (ALP) in desert tortoises in the Mo-
jave Desert. An average of 16 females and 18 males
were sampled each season. Female tortoises had sig-
nificantly lower AST activity than males; ALP activity
did not differ by sex, and data are combined for all
tortoises. Data are mean 6 SE.

were attributable to sex/reproductive cy-
cle, hibernation and the availability of food
and water. The magnitude and direction of
year-to-year changes were dependent on
winter precipitation amounts.

Effects of sample quality

Ensuring high quality samples and op-
timal sample handling was a major chal-
lenge in the desert environment. Jugular
venipuncture avoided contamination or di-
lution of blood with lymph, which can
markedly impact hematologic and bio-
chemical results (Hart et al., 1991; Jacob-
son et al., 1992). Even in the absence of
lymphatic dilution, differences in veni-
puncture site can significantly affect labo-
ratory values (Gottdenker and Jacobson,
1995). Because ethylenediaminetetraacetic
acid (EDTA) causes lysis of chelonian
blood, heparin was used as an anticoagu-
lant, despite problems with thrombocyte
and WBC clumping, and background
staining on blood smears (Jacobson, 1987;
Hawkey and Dennett, 1989; Alleman et
al., 1992). Leukocyte clumping could ac-
count for differences between our total
and differential WBC counts and those of
others in which WBCs were estimated

from smears (Dickinson et al., 1995,
1996).

Clots were the most common problem
in whole blood samples, and may have re-
sulted from difficult venipunctures. In rep-
tiles, clotting times are slow and unpre-
dictable (warranting use of plasma versus
serum) which probably explains why clots
were not usually apparent until the time
of analysis (Dessauer, 1974; Bolten et al.,
1992). Although 24 hr is considered an ac-
ceptable time until whole blood is ana-
lyzed (Jacobson et al., 1992), the differ-
ence and variation in PCV obtained in the
laboratory versus the field suggested RBC
shrinkage or lysis during transport, or op-
erator differences.

Insufficient sample volume, fibrin clots
and other technical problems accounted
for most of the unacceptable plasma spec-
imens. Although heparin is an effective an-
ticoagulant, fibrin sometimes forms in the
separated plasma, which may interfere
with the autoanalyzer (Kaplan and Pesce,
1996). Drastic changes in iron and creati-
nine values coincided with a change in au-
toanalyzer (done as part of a routine lab-
oratory upgrade) which forced us to ex-
clude some early values. The method of
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FIGURE 7. Seasonal variation in total protein, al-
bumin and globulin concentrations (g/dl) in desert
tortoises in the Mojave Desert over a 5 yr period. An
average of 8 tortoises at DTNA, 14 at Goffs and 13
at Ivanpah were sampled each season. Tortoises at
DTNA had significantly lower concentrations of all
proteins compared to tortoises at Goffs and Ivanpah.
Note that globulins decreased in 1993–94, a year of
below-average rainfall. Data are mean 6 SE.

FIGURE 8. Seasonal variation in plasma urea
(BUN) and uric acid concentrations (mg/dl) and os-
molality (mOsm/kg) in desert tortoises in the Mojave
Desert over a 5 yr period. An average of 8 tortoises
at DTNA, 14 at Goffs and 13 at Ivanpah were sam-
pled each season. Tortoises at Goffs (shown separate-
ly from tortoises at DTNA and Ivanpah combined)
had marked, episodic fluctuations in these analytes,
apparently the result of drought (increased BUN and
osmolality) or hydration (increased uric acid). Data
are mean 6 SE.

FIGURE 9. There was an inverse relationship be-
tween blood urea nitrogen (BUN) and uric acid con-
centrations (mg/dl) in 98 desert tortoises in the Mo-
jave Desert sampled over a 5 yr period. Data are
mean 6 SE for all years and tortoises.

analysis and type of autoanalyzer are
known to affect biochemical results (Bol-
ten et al., 1992; Duncan et al., 1994).

Sex differences

Sex differences in body weight and
MCL and the relation between these pa-
rameters were similar to those previously
described for desert tortoises and other
chelonia (Jackson, 1980; Spratt, 1990; Ja-
cobson et al., 1993; Blakey and Kirkwood,
1995). Season, sex, diet and other factors
can influence the relationship between
body weight and length in desert tortoises;
however, the only significant difference we
observed was between female and male
tortoises, which may have related to ovi-
position (Jacobson et al., 1993; Blakey and
Kirkwood, 1995).

A sex difference in RBC mass was pre-
viously noted in desert tortoises
(O’Connor et al., 1994) and other chelonia
(Hart et al., 1991), and was thought to be
consistent with lower female body mass.

However, in desert tortoises in the Mojave
and Sonoran deserts of Utah and Arizona,
sex differences were not observed in PCV
or Hb (Dickinson et al., 1995, 1996), nor
were significant associations observed be-
tween PCV and sex or size in green turtles
(Bolten and Bjorndal, 1992). In this study,
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hormonal, dietary, and hydration influenc-
es also affected RBC mass, as evidenced
by annual seasonal changes (especially in
females), and increased values in years
with above-average rainfall. The RBC
mass in these free-ranging tortoises was
slightly lower than for captive desert tor-
toises (Rosskopf, 1982), but PCV was
slightly higher and Hb was slightly lower
than mean values for free-ranging tortoises
in Utah and Arizona (Dickinson et al.,
1995, 1996).

Considerable variation in MCV and
MCH values (and wide reference limits)
were attributed to the large degree of er-
ror inherent in manual RBC counting,
compounded by the fact that these are cal-
culated values (Duncan et al., 1994). The
RBC count, MCV and MCH also could
have been affected by in vitro RBC
shrinkage, swelling, or lysis; the field PCV,
Hb and MCHC would be least affected by
these artifacts. Erythrocyte parasites have
been observed in some desert tortoises
(Alleman et al., 1992), but were absent in
tortoises in this study and in blood smears
from over 300 captive desert tortoises
(Rosskopf, 1982).

High concentrations of cholesterol, tri-
glycerides, calcium, and phosphorus in fe-
male tortoises were consistent with egg
production and vitellogenesis. In the east-
ern and northeastern Mojave, female tor-
toises ovulate in early spring followed by
deposition and calcification of eggshells
(Turner et al., 1986; Rostal et al., 1994).
The latter coincided with sharp increases
in plasma calcium and phosphorus con-
centrations. Calcium levels remained high
throughout nesting and into summer. Plas-
ma lipid concentrations increased in late
summer and early fall, coinciding with fol-
licular growth and vitellogenesis (Rostal et
al., 1994). We observed no biochemical
difference in reproductive cycling between
tortoises in the eastern and western Mo-
jave, although females at Ivanpah had low-
er triglyceride concentrations, which may
reflect lower fat stores, less fat mobiliza-

tion, less dietary fat, or differences in vi-
tellogenin composition.

High concentrations of the plasma pro-
tein vitellogenin can markedly impact plas-
ma concentrations of calcium, lipids and
total protein in egg-producing females
(Dessauer, 1977). High plasma lipid and/
or total protein concentrations were ob-
served in captive, gravid female Testudo
graeca and T. hermanni (Lawrence, 1987),
free-ranging desert tortoises in the Son-
oran Desert (Dickinson et al., 1996), and
female Gopherus polyphemus (Taylor and
Jacobson, 1982). Although lipids were
higher in females in this study, total pro-
tein concentration was not significantly dif-
ferent from that of males.

Effects of hibernation

Hibernation was associated with the
greatest number and magnitude of hema-
tologic and biochemical changes, which
were categorized as (1) decreased immune
function, (2) production and retention of
nitrogenous wastes, (3) decreased food in-
take, and (4) decreased metabolic activity.

Decreased immune stimulation was ev-
idenced by decreased numbers of lympho-
cytes (lymphopenia) and low globulin con-
centration. Hibernation lymphopenia (and
sometimes heteropenia) has been ob-
served in other reptiles (Saad and El Ridi,
1988) and other species of tortoises
(Lawrence and Hawkey, 1986). Lympho-
penia is considered evidence of sup-
pressed immune function and antibody
production, secondary to low ambient
temperature, change in photoperiod, and
elevation in plasma cortisol level (Saad,
1988; Montali, 1988; Lance, 1994). Be-
cause lymphocytes synthesize immuno-
globulins, the main component of plasma
globulins, globulin (and sometimes, total
protein) concentration is subsequently af-
fected. Immunoglobulins and antibody re-
sponses are greatest in spring and summer
(Dessauer, 1977; Lance, 1994).

The decrease in basophils during hiber-
nation may also be indicative of decreased
immune function or absence of antigenic
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stimulation, but the exact function of these
cells in reptiles is unknown. Basophils are
thought to play a prominent role in host
defense in birds and reptiles, since circu-
lating numbers are considerably higher
than in mammals (Montali, 1988). In
agreement with a previous study, hetero-
phils (analogous to mammalian neutro-
phils) were the predominant WBC in de-
sert tortoises (Alleman et al., 1992).

Unlike lymphocytes and basophils,
monocytes and azurophils increased dur-
ing hibernation. In Gopherus polyphemus,
monocytes also were increased in spring
(Taylor and Jacobson, 1982). After leaving
the blood, monocytes differentiate into
macrophages and contribute to the inflam-
matory response. Desert tortoise azuro-
phils contain peroxidase-positive granules
similar to mammalian monocytes and are
morphologically distinct from azurophils
observed in snakes and alligators (Alleman,
1992). Although commonly observed in
chelonia and squamata, the function of
azurophils remains unknown.

Altered WBC numbers during hiberna-
tion suggest a shift in the way tortoises
process antigens, or changes in WBC pro-
duction, circulation or sequestration. Fur-
ther investigation into desert tortoise
WBC and immune function is essential for
better understanding seasonal variations
and their potential impact on response to
disease. Eosinophil numbers did not
change during hibernation, but decreased
in fall, an opposite effect from that ob-
served in captive Testudo spp. in fall
(Lawrence and Hawkey, 1986). While an
eosinophil response to internal parasites
has been reported (Rosskopf, 1982), it is
not a consistent finding in reptiles (Mon-
tali, 1988).

During hibernation, tortoises store ni-
trogenous wastes (urea and uric acid) in
their bladder, increasing the osmolality of
urine (Peterson, 1996a). Uric acid precip-
itates out as potassium salts, which are vis-
ible as a gelatinous sludge or silt in the
urine, and which prevent accumulation of
toxic plasma levels of potassium. Urea con-

centration gradually increases in urine
during hibernation. Because urea can dif-
fuse passively across the bladder wall, in-
creased urine urea eventually leads to in-
creased blood urea (BUN), which in turn
leads to increased plasma osmolality (Baze
and Horne, 1970). Some increase in BUN
may be caused by protein catabolism,
since proteins may serve as an energy
source during hibernation (Baze and
Horne, 1970; Christopher et al., 1994; He-
nen, 1997). If protein was catabolized, it
had no apparent effect on body weight,
but could have accounted for part of the
decrease in albumin and total protein.
Body weight decreased during hibernation
in 1993–94, the year of below-average
rainfall. Because hydration (particularly
bladder water) is a major determinant of
body weight, it is likely that tortoises en-
tered hibernation that year with less stored
urinary water, probably because of dry fall
conditions (Peterson, 1996a).

The desert tortoise bladder is an effec-
tive water reservoir during hibernation
(and drought) (Dantzler and Schmidt-
Nielsen, 1966; Baze and Horne, 1970;
Nagy and Medica, 1986; Peterson, 1996a).
Stored water from the bladder (and to a
lesser extent the gastrointestinal tract)
shifts into the circulatory system, and to-
gether with decreased tortoise activity, hu-
mid and cool burrows, cool ambient tem-
perature, and decreased metabolic and re-
spiratory rates, serves to limit increases in
osmolality and sodium concentration. A
transient increase in MCV in hibernating
Mediterranean tortoises was thought to re-
sult from an intravascular water shift and
subsequent RBC swelling (Gilles-Ballien,
1973; Lawrence and Hawkey, 1986). This
was not observed in desert tortoises; how-
ever, a temporary shift easily could have
been missed since blood was obtained only
at the beginning and end of hibernation.
A fluid shift may have contributed to
slightly lower PCV and protein values.
Both hemodilution and hemoconcentra-
tion have been reported during hiberna-
tion in other reptiles (Gilles-Ballien,
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1973), which may reflect variation in tech-
nique or blood handling.

Hibernation also was characterized by
lower concentrations of cholesterol, glu-
cose, total protein, albumin, phosphorus,
iron, and, in females, calcium, consistent
with decreased nutrient intake. Because a
portion of calcium is protein-bound, de-
creased protein may have contributed to
decreased calcium; however, no effect was
observed in male tortoises. Glucose con-
centration sometimes increased between
fall and the emergence from hibernation,
suggesting that some tortoises may have al-
ready emerged from their burrows and
eaten prior to the winter sampling. Glu-
coneogenesis also may have occurred, and
contributed to arousal of tortoises from hi-
bernation (Lawrence, 1987). Lawrence
(1987) suggested that when nutrients are
available, hepatic glycogen stores peak in
summer and fall for use during hiberna-
tion. In this study, glucose peaked in sum-
mer but decreased by fall, suggesting that
glycogen depletion occurred prior to hi-
bernation, i.e., was used as fuel during the
dry, late summer. High summer glucose
concentration in tortoises in the Las Vegas
Valley (northeastern Mojave) was followed
by increased plasma ketones, suggesting
that lipid catabolism may take over as an
energy source as tortoises enter hiberna-
tion (Christopher et al., 1994). The large
digestive capacity and slow transit time of
intestinal vegetation also may provide en-
ergy in fall (Meienberger et al., 1993; Bar-
boza, 1995).

Decreased metabolic activity during hi-
bernation was indicated by low plasma en-
zyme activities. The sex difference in AST
has been described previously (O’Connor
et al., 1994; Dickinson et al., 1996), but
the tissue origin of plasma AST in desert
tortoises remains unknown. In most spe-
cies, large amounts of AST are found in
liver, skeletal muscle, and erythrocytes,
and ALT is found primarily in liver (Dun-
can et al., 1994). Although differences in
methods limit comparison of enzyme ac-
tivities with those reported in other stud-

ies, ALT activity is consistently low in de-
sert tortoises (Gottdenker and Jacobson,
1995; Dickinson et al., 1995, 1996) and
other tortoise species (Samour et al.,
1986).

Increased TCO2 (and decreased anion
gap) during hibernation may be attributed
to renal retention of bicarbonate in com-
pensation for decreased respiration (Chris-
topher et al., 1994). Total CO2, equivalent
to plasma bicarbonate concentration, is
generally higher in tortoises because of
their herbivorous nature (Samour et al.,
1986). Gut fermentation probably halts
during hibernation, however, so that fer-
mentation is an unlikely source of in-
creased TCO2 (Woodbury and Hardy,
1948). Decreased albumin (an anion) also
may have contributed to decreased anion
gap.

Effects of hydration and food intake

The time between emergence from hi-
bernation (late winter) and spring was
marked by increased body weight, and
biochemical changes associated with hy-
dration (decreased BUN, increased uric
acid), ingestion of nutrients (increased glu-
cose, total protein, albumin, phosphorus,
cholesterol, iron, and potassium concen-
trations) and increased metabolic activity
(increased ALP, AST and ALT activities).
Male fighting behavior with subsequent
muscle or tissue injury is another possible
cause of high spring AST activity. Winter
precipitation at all three sites is crucial for
growth and germination of succulent,
green, winter and spring annuals; herba-
ceous perennials and cacti; and ephemeral
forbs and grasses which flower and set
seed the following spring. All of these are
important edible forage for desert tortoises
(Burge and Bradley, 1976; Turner and
Randall, 1989; Jennings, 1993; Henen,
1994).

The BUN concentration was the most
sensitive indicator of availability of water
and green forage, with uniformly low val-
ues in hydrated tortoises in spring and
high concentrations in dry seasons. Upon
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eating and drinking in the spring, tortoises
produce dilute urine, which is quickly
voided to clear the bladder of wastes ac-
cumulated during hibernation (Minnich,
1977; Nagy and Medica, 1986; Christo-
pher et al., 1994; Peterson 1996a). De-
creased urea synthesis also occurs, concur-
rent with increased uric acid production
(Dantzler and Schmidt-Neilsen, 1966).
Stimulation of uric acid synthesis by po-
tassium-rich plant ingestion ensures effec-
tive precipitation of potassium in the urine
as urate salts (Oftedal et al., 1996). Direct
dietary effects on uric acid are also possi-
ble, but uric acid concentration did not in-
crease as much as in captive tortoises fed
diets supplemented with concentrated an-
imal protein (Mautino and Page, 1993).

Seasons of relative drought (usually
summer or fall) were characterized by in-
creased BUN, osmolality, electrolytes, and
anion gap, and decreased body weight and
TCO2, consistent with dehydration. Of the
electrolytes, chloride concentrations
changed most consistently in response to
hydration. Changes in potassium concen-
tration were least consistent, probably be-
cause of dietary influences and close reg-
ulation by precipitation with uric acid in
the urine. Dehydration had a minimal ef-
fect on total protein and albumin concen-
trations, and RBC mass. The very low con-
centrations of creatinine, and total and di-
rect bilirubin, despite increases in dry sea-
sons, made them less sensitive indicators
of dehydration (Taylor and Jacobson, 1982;
Samour et al., 1986; Dickinson et al.,
1996).

Overall, the degree of change in labo-
ratory values during drought was usually
small, probably because of efficient water
retention. This concurred with findings in
one study, in which free-ranging tortoises
without available water had water, salt and
nutrient levels that closely matched water-
supplemented captive tortoises (O’Connor
et al., 1994). Dilute urine stored in the
bladder provides a source of body water
during drought, just as it does during hi-
bernation. Only when urine osmolality

reaches 300 mOsm/kg does plasma osmo-
lality (and BUN concentration) begin to
rise (Dantzler and Schmidt-Neilsen, 1966;
Peterson, 1996a). Compared with captive
(Rosskopf, 1982), and free-ranging desert
tortoises in the Mojave and Sonoran de-
serts in Utah and Arizona (Dickinson et
al., 1995, 1996), tortoises in this study had
higher average values for BUN, osmolality,
and electrolytes, especially in summer and
fall. This suggests greater environmental
extremes and a more arid environment in
the eastern and western Mojave Desert.

Effects of rainfall patterns and geographic site

Winter precipitation, which tends to be
widespread, long in duration and evenly
distributed, is more representative of long-
term environmental conditions than sum-
mer rainfall and can be a more sensitive
measure of drought than annual precipi-
tation (Rowlands, 1995). Laboratory values
for several analytes differed in those years
with above-average winter rainfall (1991–
92, 1992–93 and 1994–95) compared to a
year of below-average rainfall (1993–94).
These included analytes affected by avail-
able forage (phosphorus, glucose, uric
acid, iron, triglycerides), which were lower
in 1993–94, and indicators of dehydration
(BUN, osmolality, electrolytes), which
were higher. The year 1990–91 had aver-
age to slightly above-average rainfall but
had been preceded by two years of low
winter rainfall at all three sites, possibly
accounting for lower values of blood cells,
albumin and phosphorus (Peterson, 1994,
1996a). Enhanced metabolic and repro-
ductive activities during wetter years were
indicated by higher PCV and calcium val-
ues in females and increased ALP, AST
and ALT activities in all tortoises. In ad-
dition, lymphocyte and globulin concen-
trations increased in years with above-av-
erage rainfall, consistent with enhanced
immune function and less physiologic
stress (Lance, 1994).

Residual or long-term effects of in-
creased rainfall were suggested by more
prominent changes in laboratory values in
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the second consecutive year of above-av-
erage rainfall (1992–93) compared with
the first (1991–92). For example, spring
weight gains were highest in 1992–93.
Long-term effects may be physiologic, or
related to regional forage growth. Patterns
of change in laboratory data during drier
years were similar to those observed dur-
ing hibernation, confirming the similarity
in physiologic responses to drought and
dormancy, including decreased tortoise ac-
tivity and food intake; retention of water,
urine and nitrogenous wastes; precipita-
tion of urate salts; and decreased immune
function. Body weight was maintained in
drier years, consistent with minimal water
loss and slowed metabolism (Peterson,
1994, 1996a; Henen, 1997).

In contrast to the broad impact of win-
ter rainfall, summer precipitation (or lack
thereof) resulted in sporadic, transient,
site-specific alterations in laboratory val-
ues. Summer rainfall is brief, patchy and
localized, so that measurements at mod-
erately distant weather stations may not
accurately reflect conditions on study
plots. In this regard, on-site rain gauges
were particularly useful in interpreting the
effects of summer rainfall. Eastern and
northeastern Mojave sites tend to have the
most summer rain, which although sporad-
ic and below-average some years, may pro-
vide tortoises with free drinking water as
well as a separate summer flora (Medica
et al., 1980; Peterson, 1996b; Henen,
1997). Summer precipitation in 1991–92
at Ivanpah probably resulted in availability
and ingestion of summer annuals, causing
the increased plasma potassium concentra-
tion in those tortoises. Conversely, even
though rainfall was recorded in the gauge
at Ivanpah in summer 1994–95, high BUN
values the ensuing fall suggested rain did
not fall directly on the study plot.

Tortoises at Goffs, the hottest of the
three sites, experienced the most extreme
environmental and physiologic alterations
in relation to drought, e.g., the sharp in-
crease in electrolytes, osmolality, BUN,
and anion gap in summer 1990–91. Al-

though average amounts of rain fell at
Goffs that summer, it either fell late in
summer (after sampling), or at a time or
place that did not benefit the tortoises.
The high anion gap pointed to an increase
in endogenous anions (e.g., ketones or
uremic acids). Similar episodes of drought
occurred in fall 1992–93 and winter 1993–
94. In contrast, based on low BUN values,
tortoises at Goffs were more hydrated than
other tortoises in fall 1994–95, probably
because considerably more rain fell the
previous spring and summer. Dramatic
peaks in spring uric acid concentration in
tortoises at Goffs were not associated with
abundant recent rain, but did follow win-
ters with above-normal precipitation.

Interestingly, tortoises at DTNA and
Ivanpah did not respond similarly to abun-
dant winter precipitation, nor did they ex-
perience the dramatic changes in labora-
tory values seen in tortoises at Goffs with
dehydration, despite experiencing equally
or more severe periods of drought. Per-
haps there are physiologic differences,
e.g., in efficiency of water retention, in tor-
toises in the eastern Mojave. Also, the
western Mojave, although drier in summer
and fall, has far greater variety and bio-
mass in its winter-spring flora than the
eastern or northeastern Mojave (Jennings,
1993). Tortoises at DTNA may be able to
eat more in the spring, and subsequently
undergo less dramatic alterations in drier
months.

Summer rain at DTNA, the driest site,
was very low over the long-term and rare
during the study period (except 1994–95),
restricting tortoise above-ground activity
to spring months. Summer flora is usually
absent at DTNA, and cacti as well as pe-
rennial grasses largely have been depleted
by historical cattle and sheep grazing. It is
likely that the particularly dry summer and
fall conditions of the western Mojave, and
subsequent decline in availability of nutri-
tients, contributed to lower potassium,
protein, and uric acid concentrations in
tortoises at DTNA (Minnich, 1977; Jacob-
son et al., 1991; Bolten and Bjorndal,
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1992). Total protein concentrations in tor-
toises at Goffs and Ivanpah were not only
higher, but were similar to those observed
in captive desert tortoises (Rosskopf,
1982). Regional plant composition and
diet also may have contributed to site dif-
ferences in cholesterol (Goffs) and iron
(DTNA) concentrations (Burge and Brad-
ley, 1976; Turner and Randall, 1989; Jen-
nings, 1993). Plasma iron concentration at
all three sites exceeded previously report-
ed values of 0–150 mg/dl for six chelonian
species (Dessauer, 1977). Differences in
the nutritional contribution of Mojave De-
sert forage is also suggested by the lower
glucose, total protein, albumin, phospho-
rus and uric acid concentrations in these
tortoises compared to free-ranging tortois-
es in the Sonoran Desert (Dickinson et al.,
1996).

In summary, seasonal effects on labora-
tory values resulting from hibernation and
the availability of food and water were
marked and consistent from year-to-year
so that seasonal reference intervals must
be used in interpretation of most labora-
tory values in desert tortoises. In addition,
sex-specific reference intervals must be
used for some analytes. The reference in-
tervals provided here are directly applica-
ble to desert tortoises in the western and
eastern Mojave Desert, but may be ap-
plied to other tortoise populations provid-
ed there is understanding of the impact of
regional forage and precipitation patterns.
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