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From 1991 to 1994, we assessed physiological responses in field urine osmolality (Uosm)

of an insectivorous marsupial (Thylamys elegans) of semiarid Chile faced with a complete

cycle of El Niño Southern Oscillation (ENSO). El Niño phase of ENSO determined the

initial 2 wet years at the study site, while La Niña phase determined the 2 subsequent

dry years. The marsupial showed marked temporal fluctuations in field Uosm values,

with both seasonal and between-year patterns of physiological variability. Indeed,

Uosm values during wet years were: 2.7197405 mOsm/kg in summer versus

2.2467209 mOsm/kg in winter. During dry years in summer, Uosm values were:

3.3407384 mOsm/kg versus 2.4817293 mOsm/kg during winter. There were signifi-

cant effects of dry versus wet years and between dry and wet seasons on Uosm values,

as well as a statistical interaction year� season. We discuss how the integration of

flexible physiological mechanisms enable an insectivorous marsupial to cope with

seasonal and yearly water variability in a semidesert, and also the importance of using

ENSO climate effects as a proxy for the study of future climate change in natural

communities and its subsequent impact on field physiological performance of desert

mammals.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Fluctuations in the tropical and subtropical Pacific sea surface temperature are related to the occurrence of El Niño
Southern Oscillation (ENSO), during which the equatorial surface waters warm up, from the International Date Line to the
western coast of South America (Aceituno, 1992). Recently, ENSO has been associated with large-scale climate and
ecological changes that occur every few years on the western fringe of South America (Jaksic, 2001). When the warm phase
of ENSO occurs, coastal waters warm up considerably during winter months, and the Pacific anticyclone weakens, thereby
allowing the intrusion of moist Pacific air masses onto the western fringe of South America, thus bringing rain to that
desert area (Jaksic, 2001; Meserve et al., 2003). The ecological effects of ENSO in terrestrial ecosystems of western South
America are intense. Indeed, long-term ecological studies have documented that periodic ENSO events cause multiple
changes in ecological processes and patterns both at the population (Lima et al., 1999b, 2002) and community levels
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(Jaksic et al., 1997; Meserve et al., 1995, 1999, 2003). These changes occur because ENSO cycles between El Niño and La Niña
phases, which determine the existence of wet and dry years, respectively (Lima et al., 1999a, b).

Bozinovic et al. (2007a) assessed the putative effects of ENSO at the physiological level among five rodent species of
semiarid Chile. They live under conditions where the spatial and temporal availability of free water is limited, thus facing
water conservation problems (Degen, 1997; McNab, 2002; Schmidt-Nielsen, 1979; Walsberg, 2000). The physiology of
water regulation among those rodents shows remarkable flexibility in both time and space (Bozinovic and Gallardo, 2006;
Bozinovic et al., 2003; Cortés et al., 1994). Nevertheless, current understanding of the physiological variability of
water economy relies heavily on short-term, laboratory-oriented experiments. Indeed, multi-year physiological studies
under field conditions are scarce, mostly on rodents, and restricted to a few species from Northern hemisphere deserts
(Bozinovic and Gallardo, 2006).

The environmental modification of an organism’s physiology in the field, or acclimatization allows organisms to adjust
to changing environmental conditions through increases in performance (Garland and Carter, 1994; Huey and Berrigan,
1996; Willmer et al., 2000). Among the physiological specializations in desert mammals is their high capacity to
concentrate urine. This capacity is measured in the laboratory to determine the kidney’s efficiency to conserve body water
(McNab, 2002). To gauge water balance (urine osmolality ¼ Uosm in mOsm/kg) of mammals in natural environments, it is
necessary first to determine the kidney maximum capacity to concentrate urine under water deprivation and dry diets in
laboratory conditions (Cortés et al., 1994). Such studies on water regulation of rodents from semiarid Chile (Bozinovic and
Gallardo, 2006) show that they have morphological and physiological traits related to the renal via (maximum capacity to
concentrate 44000 mOsm/kg). Thus, the capacity to concentrate urine in the laboratory may be compared with Uosm
values obtained in the field.

We studied seasonal and yearly acclimatization in urine osmolality of the insectivorous marsupial Thylamys elegans

(Didelphidae) in a semiarid Chilean locality, with large inter-annual rainfall variability, where high rainfall periods
(El Niño years) are typically followed by intervening 2–3-year periods of low rainfall (La Niña years). Our field study was
carried out during 2 wet and 2 consecutive dry years. The hypotheses we tested were: (1) during wet years, the water
balance in the field should have a marked seasonal cyclic rhythm, showing moderate urine osmolality values during the dry
seasons of the year (late spring and summer); (2) during dry years, the seasonal cyclic rhythm should disappear and/or
show higher levels of water economy (higher values of urine osmolality) the year round.

2. Material and methods

2.1. Study site

The study on water economy stages of the insectivorous marsupial T. elegans was carried out in Quebrada de Las Vacas
(301380S, 711400W, 240 m elevation), Fray Jorge National Park, north-central Chile, located 100 km south of La Serena and
400 km north of Santiago, during 2 wet (1991–1992) and 2 dry years (1993–1994). An El Niño event in 1991–1992 resulted
in 233 and 229 mm rainfall, respectively. Annual rainfall during La Niña phase of 1993 and 1994 was 77 and 35 mm,
respectively. The climate of the study site is Mediterranean, with hot dry summers and wetter cooler winters, with high
inter-annual variability determined by oscillations of ENSO (Jaksic et al., 1997; Lima et al., 1999a, b). The plant community
is characterized by spiny drought-deciduous and evergreen shrubs 2–3 m in height, with an herbaceous understory. This
vegetation is called Porlieria chilensis-Adesmia bedwellii-Proustia pungens association (Gutiérrez et al., 1993). A complete
account of the biotic and abiotic conditions of study site is provided by Meserve et al. (2003).

2.2. Live trapping and determination of urine osmolality

Live trapping of the marsupial was done using standard (75�85�240 mm) Sherman traps, in two 10�3 grids, two
traps by station (60 traps per grid), at intervals of 10 m, encompassing an area of 0.30 ha, considering 5 m border strips.
Trapping was carried out for 5 consecutive days, using oats as bait. Captured marsupials over the 4 years (n ¼ 70 different
individuals, mean body mass ¼ 23.877.9 g, range ¼ 12.0–49.0 g) were marked with ear tags to avoid duplication of urine
samples during the seasonal period. Traps were checked early in the morning and all animals were measured only once.
The abdomen of each individual was gently pushed until a drop of urine was obtained, then urine samples were collected in
microhematocrit tubes and measured instantly. In the urine samples, the total concentration of solids (S ¼ g/100 g) was
measured, using a field refractometer AO TS Meter/Scientific Instruments. Total solids are the fraction of solid in a
liquid medium. These data allowed us to estimate the urine osmolality (Uosm) in mOsm/kg, through the equation: Uosm
(mOsm/kg) ¼ 140S0.984. For methodological details and calibration methods, see Cortés and Rosenmann (1989).

2.3. Statistical analyses

We tested the effects of year and season on Uosm values using an analysis of variance (ANOVA) model in which the
years and seasons were taken as factor variables influencing the Uosm values. We used generalized linear model
procedures in StatSoft (2001) with year and season as factors in a two-way ANOVA model. We also tested for interaction
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terms (year� season). The post-hoc Tukey’s test for multiple comparisons was used to determine whether any significant
difference existed between responses to the treatments (year and season). Values reported are mean71 S.D. Thus, we
observed high Uosm values during spring–summer and low values during autumn–winter, which was more noticeable
during El Niño-driven wet years. Also, during La Niña-driven dry years there was an increase in autumn–winter and
summer Uosm values.
3. Results

Depending on environmental water availability, mean annual values of field Uosm in T. elegans ranged from
2.5847376 mOsm/kg to 2.8697476 mOsm/kg (n ¼ 70; see Fig. 1). In summer and during dry years, this insectivorous
marsupial showed higher water economy expressed by the highest Uosm values. Also during summer, Uosm values were
higher in comparison to winter (wet years: 2.7197405 mOsm/kg in summer versus 2.2467209 mOsm/kg in winter; dry
years: 3.3407384 mOsm/kg in summer versus 2.4817293 mOsm/kg in winter (Fig. 2). Similar results have been reported
for sympatric rodents (Bozinovic and Gallardo, 2006). On the other hand, there were significant effects of year and season
on Uosm values, as well as interaction year� season (Table 1). Table 2 shows the results of the a posteriori Tukey’s pairwise
comparisons test.
4. Discussion

The multitude of mechanisms by which animals regulate their water economy in face of spatial and temporal
fluctuations in environmental conditions supports the importance of physiological flexibility studies in the field (McNab,
2002). Here, we illustrate the physiological responses of a desert species—the marsupial T. elegans—to changing
environmental conditions in water availability during El Niño and La Niña events.

As Goldstein and Pinshow (2006) pointed out, quantifying organismal responses to changing environments provides a
bridge between mechanistic physiology, ecology and evolutionary biology. Although uncontrolled factors in natural
conditions may hinder our capacity to determine accurately causal relationships among variables, field studies provide
opportunities not available under laboratory conditions. Thus, Costa and Sinervo (2004) called for a new approach to
ecological physiology, denominated field physiology. These authors advocate field physiology as a discipline founded on an
understanding of natural environments and natural history of organisms to develop hypotheses on the types of
physiological problems faced by animals in the field. By studying organisms in this context, researchers may be able to
identify the actual mechanisms necessary for survival, to evaluate the role of natural selection in determining the evolution
of physiological traits, and to gauge the impacts of climate change on phenotypic traits (Bozinovic et al., 2007c; Cortés
et al., 2000). Thus, an individual’s physiological condition in the field can be viewed in the context of the range of responses
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Fig. 1. Multi-annual dynamics of urine osmolality (left ordinate in mOsm/kg) of an insectivorous marsupial in semiarid Chile during consecutive El Niño

wet years (closed circles) and La Niña dry years (open circles), with seasonal rainfall bars (right ordinate in mm). Au: autumn, Wi: winter, Sp: Spring,

Su: summer.
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Fig. 2. Interaction plots between seasons and years for urine osmolality (mOsm/kg) of an insectivorous marsupial in semiarid Chile. Segmented line ¼ El

Niño wet years, solid line: La Niña dry years, Au: autumn, Wi: winter, Sp: Spring, Su: summer.

Table 1
Two-way model analysis of variance of field urine osmolality of an insectivorous marsupial in semiarid Chile

Effects d.f. F P

Year 1 8.16 0.006

Season 1 13.88 o0.0001

Season�year 3 3.69 0.002

Residuals 62

Table 2
Tukey’s pairwise comparisons test of urine osmolality (Uosm) for wet and dry conditions by season and year

Variables Uosm (mOsm/kg) Homogeneous groups

Condition/season

Dry/summer 3.3407384 a

Wet/spring 2.7647388 b

Wet/summer 2.7197405 b

Dry/autumn 2.6717365 bc

Dry/spring 2.6457277 bc

Dry/winter 2.4817293 bc

Wet/autumn 2.4767211 bc

Wet/winter 2.2467209 c

Condition/year

Dry year 2.7847338 a

Wet year 2.5517307 b

Season

Summer 3.0297251 a

Spring 2.7047276 b

Autumn 2.5737344 bc

Winter 2.3647306 c

Same letters indicate that means are not significantly different.

C. Tirado et al. / Journal of Arid Environments 72 (2008) 2011–20162014
established under controlled laboratory conditions. Here, we illustrate the physiological responses of animals to changing
environmental conditions in water availability.

The insectivorous marsupial studied showed important temporal fluctuations in its field Uosm values, demonstrating
seasonal and between-year patterns of physiological variability (Fig. 1; see also Diaz et al., 2001, 2006). There was a clear
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seasonal pattern of water economy characterized by high Uosm values during spring–summer and low values during
autumn–winter, which was more marked during El Niño-driven wet years. During La Niña-driven dry years, there was an
increase in autumn–winter and summer Uosm values. Bozinovic et al. (2007a) assessed physiological responses in Uosm of
five rodent species in the same study area and they all showed similar seasonal and between-year patterns of physiological
variability. The seasonal rhythm of water economy of these Chilean mammals during wet years is consistent with that
observed among North American desert heteromyds (MacMillen, 1972; MacMillen and Grubbs, 1976), but differs from that
of Indian desert gerbils (Goyal, 1988).

The trends of seasonal Uosm values during contrasting years (wet and dry years) may be a consequence of associated
changes in abundance of plants and insects, because they constitute the major sources of food and water for mammals in
the study site (Bozinovic et al., 2003; Meserve, 1981). The productivity of plants and insects there is determined by the
amount of rainfall (Gutiérrez, 2001; Gutiérrez et al., 1993). The insectivorous habits of T. elegans allow a larger water intake
during wet seasons or years but it also implicates a higher excretion of nitrogen products such as urea. This increases
osmotic diuresis, which can be compensated by an increase in Uosm. In addition, this species is able to compensate for low
water availability by the use of torpor. Bozinovic et al. (2005, 2007b) showed that the frequency and depth of torpor in T.

elegans varies with food availability: food amounts exceeding daily energy requirements resulted in individuals rarely
becoming torpid as opposed to those confronting lower food availability. We hypothesize the same pattern with changes in
water availability, with individuals likely minimizing water deficits by becoming torpid.

Finally, this study illustrates that longer-term (multi-year) physiological studies are necessary to elucidate the
relationship between physiological conditions and climatic fluctuations, and to determine the acclimatization responses
over more meaningful time spans. Our results contribute to understand the sensibility of semidesert ecosystems and their
inhabitants to climate change, considering that El Niño and La Niña phases of ENSO determine the existence of wet and dry
years, respectively (Lima et al., 1999a, b). More advantage should be taken of this climatic oscillatory phenomenon to
predict the physiological responses and adaptability of animals facing future drier conditions (Jaksic, 2001).
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