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hormone concentration in plasma. At the end of the 5 months acclimation, oryx continued to mobilize fatty acids to fuel metabolism, and did not use protein breakdown as a major source of gluconeogenesis. Oryx in the experimental group reduced their water intake by 70% and maintained constant plasma osmolality. They adjusted their water budget by reducing mass-speciﬁc TEWL, increasing urine osmolality and reducing urine volume by 40%, and excreting feces with 50 kg) because they cannot escape the extremes of daytime heat as do small mammals and because they require large quantities of vegetation to meet their daily energy and water requirements. Yet, as old world deserts developed in the Miocene, species of artiodactyls radiated to ﬁll these niches. Currently two species of large wild ungulate can
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be found in deserts of northern Africa, the addax (Addax nasomaculatus) and the scimitar-horned oryx (Oryx dammah), and one species in the Arabian Peninsula, the Arabian oryx (Oryx leucoryx). All three species are endangered and near extinction in the wild (Mallon and Kingswood 2001). Early European explorers reported that the Arabian oryx ranged over most of the deserts of the Arabian Peninsula and Mesopotamia (Harrison and Bates 1991), but with the development of motorized vehicles, hunters eradicated the species from the wild in early 1970 s (Henderson 1974). From a genetically diverse collection of captive animals, the national wildlife research center (NWRC), Taif, Saudi Arabia reintroduced Arabian oryx into a 2,244 km2 desert reserve called Mahazat as-Sayd in 1990. Now numbering nearly 700 animals, the population is the only self-sustaining herd of Arabian oryx in the World (Ostrowski et al. 1998; Gorman 1999). The free-living herd in Mahazat and the captive herd maintained by the NWRC oﬀer a unique opportunity to study the ecological physiology of a large ungulate that has evolved the capacity to survive long periods in hot deserts without drinking (Williams et al. 2001; Ostrowski et al. 2002, 2003). Oryx live in deserts that are characterized by long periods of drought, sometimes lasting 4–6 months, and high Tas, punctuated by brief periods of rain that can fall anytime in winter or spring (Fisher and Membery 1998). After rain, oryx have access to green vegetation, but throughout summer, intense heat steadily depletes the water and nutritional content of vegetation (Spalton 1999). Given this pattern of long periods of increasingly poorer quality food, one might predict that oryx have evolved the capability to adjust their physiology depending on resource abundance. However, whether they alter their physiology, and if they do, the magnitude of these changes, relative to variation in environment, is poorly known. Free-living Arabian oryx can survive indeﬁnitely without access to drinking water in the desert of Arabia (Williams et al. 2001; Ostrowski et al. 2002). Using doubly labeled water, Williams et al. (2001) reported that oryx decreased their ﬁeld metabolic rate (FMR) from 22 mJ/day in spring to 11 mJ/day in summer, and their water inﬂux rate (WIR) from 3.4 to 1.3 l/day; decline in FMR was among the largest reported for a eutherian mammal. Protein and water content of vegetation steadily declined throughout summer. We thought that oryx would increase their digestive eﬃciency in response to food shortage enabling them to obtain more energy from a given quantity of food as do Bedouin goats (Capra hircus; Brosh et al. 1986). Because water is in short supply in deserts, one can envision selective pressures that enhance water conservation. Total evaporative water loss (TEWL), the sum of respiratory and cutaneous water loss, is the primary avenue of water loss in wild desert ungulates, exceeding losses in feces and urine combined (Wilson 1989). Adjustments in TEWL during periods of food and water



restriction may have a major eﬀect on water balance of oryx and ultimately their survival. Monitoring concentrations of organic molecules in the blood and urine can reveal homeostatic mechanisms used by animals to cope with food and water stress (Kaneko et al. 1997). White-tailed deer (Odocoileus virginianus) in North America can lose 30% of their mass during severe winters (DelGiudice et al. 1992). As forage quality and quantity progressively deteriorated during harsh winters, plasma protein and sometimes glucose concentration decreased, whereas plasma urea increased. Urinary urea/creatinine ratios increased indicating that deer were mobilizing tissue protein as an energy source (DelGiudice et al. 1987, 1992). When in negative energy balance, ruminants shift to lipid catabolism to fuel oxidative phosphorylation, resulting in increased formation of ketone bodies such as b-OH butyrate (Chilliard et al. 1998). Triglycerides in adipose cells are broken down to non-esteriﬁed fatty acids (NEFA) that are released into the bloodstream and then used in other organs for production of acetylcoenzyme A (Jungermann and Barth 1996). Changes in hormone concentration in plasma can signal initiation of homeostatic control such as increase in glucocorticoids to promote gluconeogenesis, a decrease in thyroid hormone production to reduce metabolic rate (Heimberg et al. 1985; DelGiudice et al. 1992; Chilliard et al. 1998), and a decrease in leptin production, a hormone of adipocytes that orchestrates a number of neural and hormonal responses to starvation (Ahima et al. 1996; Chilliard et al. 2001). In this study, the ﬁrst long-term acclimation experiment in a non-domesticated desert-adapted ungulate, we adopted an integrated approach to investigate the mechanisms used by Arabian oryx to adjust their physiology to progressive food and water restriction over 5 months, an experimental regimen and time course chosen to mimic what they typically experience between spring and late summer in Saudi Arabia. We hypothesized that oryx would decrease their resting metabolic rate (RMR), as governed by decrease in thyroid and leptin hormone concentrations in plasma, in response to restriction of food and water decreased by 15% every 3 weeks, and that digestive eﬃciency would increase. Further, we predicted that oryx would decrease their TEWL to promote conservation of water. After 5 months of progressive food restriction, we thought that oryx would have depleted their fat reserves forcing them to rely more on structural proteins as an energy source.



Materials and methods Animals and experimental design We conducted this study at the NWRC, Taif, Saudi Arabia (2117¢N, 4040¢E) between April and August 2003. After selecting 14 adult non-pregnant Arabian
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oryx females, we randomly assigned them either to a control group (CTROL; n=7) or an experimental group (EXPT; n=7). Oryx had similar body masses in both groups (93.6±7.2 kg for CTROL, 92.5±4.0 kg for EXPT, t=0.35, P=0.73) and similar tarsus length (41.6±1.4 and 41.3±0.4 cm for CTROL and EXPT, respectively, t=0.52, P=0.61). During the experiment, oryx were kept individually in 40 m2-outdoor pens with shade available and weighed (±0.2 kg) every sixth day on a platform scale (Mod. 561 SG, GIM, Beaupraut, France). For 5 months, oryx in CTROL were provided with 2.0 kg/day of hay (Rhodes Grass, 17.2 mJ/kg dry matter and 9–10% crude protein) and 4.5 l/day of H2O, quantities 10–15% above their average daily requirements (S. Ostrowski, unpublished). For the EXPT group, we gradually reduced their food and water by 15% every 3 weeks from CTROL levels down to 0.8 kg/ day and 1.2 l/day, about a 60–70% reduction. The ﬁnal ration of food provided the same metabolizable energy that we had calculated for the consumption of food by free-ranging oryx in summer, and the ﬁnal allotment of water equaled that which free-living oryx obtained from their food in summer (Williams et al. 2001; Ostrowski et al. 2002). We waited 3.5 week after the ﬁnal level of food and water was reached before taking measurements. Metabolism and evaporative water loss We measured minimum RMR and TEWL for oryx in both groups during the day, their resting phase, at the beginning and end of the acclimation period, using standard ﬂow-through respirometry and hygrometry methods (Williams et al. 2001). Because of residual microbial activity in the rumen after 2 days of fasting, measurements of true basal metabolism may be diﬃcult to achieve in ruminants (Blaxter 1989). Prior to measurements, we deprived oryx of food for 50 h, an appropriate fasting interval to achieve stable values of RMR (Williams et al. 2001). Experimental apparatuses and equations for calculation of oxygen consumption and evaporative water loss are detailed elsewhere (Williams and Tieleman 2000; Williams et al. 2001). Brieﬂy, we constructed a respirometry chamber (142·180·45 cm) with sheets of galvanized steel welded to angle iron. In the chamber oryx stood on a steel-mesh ﬂoor, below which we positioned a tray containing a layer of mineral oil into which feces and urine fell, excluding both as a source of evaporative water. The chamber had a door ﬁtted with a rubber gasket which, when bolted shut, rendered the system airtight. It was thermostatically controlled at 26±1C, a temperature within the thermoneutral zone of many tropical ungulates (Parker and Robbins 1985); Ta within the chamber was monitored with a 28-gauge thermocouple and a data logger. During measurement of O2 consumption and TEWL, air under positive pressure



from a compressor coursed through two large (100·21 cm) drying columns containing Drierite (W. A. Hammond Drierite Company, Xenia, OH, USA), through a mass-ﬂow controller set at 120 l/min (Model 2925 V, Tylan General Inc., San Diego, CA, USA, calibrated against a primary standard traceable to the NIST by Flow Dynamics Inc., Scottsdale, AZ, USA prior to measurements), then into the chamber. Exiting air was sampled by a pump, which routed air to a dewpoint hygrometer (Model M4-DP, General Eastern, Wilmington, MA, USA; calibrated following Mun˜ozGarcia and Williams 2005) and then to columns of silica gel, Ascarite, and silica gel (Thomas Scientiﬁc, Swedesboro, NJ, USA) before entering the O2-analyzer (Model S3A-II, Applied Electrochemistry, Pittsburgh, PA, USA). Dry inlet air was assumed to be 20.95% oxygen. Outlet air had a relative humidity that was always below 25%. We allowed oryx to remain inside the chamber for 5–6 h before initiating our recording of fractional oxygen concentration and dew point at 1-min intervals onto a data logger (Model 21X, Campbell Scientiﬁc, Logan, UT, USA). When traces of O2 consumption were stable, we recorded data for at least 15 min and used them for calculations. Oxygen consumption was calculated using Eq. 4 of Hill (1972) and converted to heat production using 20.08 J/ml O2 (Schmidt-Nielsen 1990). The TEWL (g/day) was calculated from measurements of dew point of incoming and outgoing air using the equations of Williams and Tieleman (2000) and Williams et al. (2001) assuming a respiratory quotient of 0.71 (Robbins 1993). After respirometry measurements, we measured rectal temperature (Tb) of oryx with a thermometer (Omega Engineering, Stanford, CT, USA) and a plastic coated 28-gauge thermocouple. Parameters in blood and urine At the beginning and end of the acclimation period, we collected blood from oryx between the hours of 6.00 and 6.30 A.M., prior to feeding them. Blood was drawn from the jugular vein, within 2 min after entering the oryx’s pen, into glass tubes containing lithium-heparin and ﬂuoride/oxalate (for glucose determination) (Vacutainer, Becton Dickinson, Franklin Lakes, NJ, USA). Blood was centrifuged for 15 min at 2,500 rpm within 30 min of collection. Half of the plasma was frozen at 70C for determination of concentrations of hormones, of non-esteriﬁed fatty acids (NEFA) (Oliver et al. 1995) and of b-OH butyrate (McMurray et al. 1984). We made measurements of plasma concentration of total proteins, glucose, urea, and creatinine in duplicate within 2 h of collection (Vettest 8008, Idexx Laboratories Ltd., Chalfont St Peter, UK). Leptin concentrations in plasma were determined with a competitive enzyme immunoassay previously validated in domestic herbivores (Sauerwein et al. 2004). Intra- and inter-assay variability was 6.3 and 13.9%, respectively (Sauerwein et al. 2004). Cortisol and corti-
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costerone were extracted from plasma with diethylether and concentrations determined with an enzyme immunoassay validated for sheep and other herbivores (Palme and Mo¨stl 1997; Dehnhard et al. 2001). Intra- and interassay variation was 
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