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Abstract According to the “barrel model”, an organism
may be represented by a container, with input energy con-
straints (foraging, digestion, and absorption) symbolized by
funnels connected in tandem, and energy outputs (mainte-
nance, growth, and reproduction) symbolized by a series of
spouts arranged in parallel. Animals can respond to changes
in environmental conditions, through adjustments in the
size of the funnels, the Xuid stored inside the barrel, or the
output Xow through the spouts. In the present study, we
investigate the interplay among these processes through the
analysis of seasonal changes in organ size and metabolic
rate in a lizard species (Liolaemus bellii) that inhabits
extremely seasonal environments in the Andes range. We
found that digestive organ size showed the greatest values
during spring and summer, that is, during the foraging sea-
sons. Energy reserves were larger during summer and
autumn, and then decreased through winter and spring,
which was correlated with overwintering maintenance and
reproductive costs. Standard metabolic rate was greater
during the high-activity seasons (spring and summer), but
this increase was only noticeable at higher environmental
temperatures. The ability of many lizard species to reduce
their maintenance cost during the cold months of the year,
beyond what is expected from temperature decrease, is

probably related to their success in coping with highly Xuc-
tuating environments. Here, we demonstrate that this ability
is correlated with high physiological Xexibility, which
allows animals to adjust energy acquisition, storing and
expenditure processes according to current environmental
conditions.

Keywords Annual cycles · Fat bodies · Gut · 
Metabolism · Phenotypic plasticity

Abbreviations
BCI Body condition index
mb Body mass
SMR Standard metabolic rate
SVL Snout to vent length
TL Total length
VCO2 CO2 production

Introduction

As an attempt to understand how animals respond, at diVer-
ent phenotypic levels, to diverse environmental scenarios in
time and space, Weiner (1992) proposed the “barrel
model”. In this model, an organism is represented by a bar-
rel, with input energy constraints—foraging, digestion and
absorption—symbolized by funnels connected in tandem,
and energy outputs—maintenance, growth, and reproduc-
tion—symbolized by a series of spouts arranged in parallel.
Accordingly, when environmental conditions change,
organisms are able to respond by adjusting the size of the
funnels, the Xuid stored inside the barrel, or the output Xow
through the spouts.

Adjustments of digestive features may be considered the
classical physiological “funnels” in which phenotypic
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Xexibility has been analyzed (see Starck 1999; McWilliams
and Karasov 2001; Naya and Bozinovic 2004; Naya et al.
2007a). This is not surprising given that the digestive tract
represents the functional link between energy intake and
the energy available to fulWll all the vital functions (Kara-
sov 1990; Bozinovic 1993; Secor 2001). In addition, it
comprises one of the most costly tissues to maintain (Cant
et al. 1996), and thus, adjusting digestive tract size to func-
tional demands could represent an important energy-saving
mechanism (Dietz and Piersma 2007).

On the other hand, when environmental conditions
change, animals can also modify the “amount of Xuid stored
inside the barrel”, that is, the amount of energy stored in their
tissues. In vertebrates, the most widespread and usually the
most important energy storage organ is the adipose tissue,
which is metabolically specialized for lipid deposition (Pond
1978). Among lizards, lipids are mainly stored in the abdom-
inal fat bodies and along the tail (Smith 1968; Pond 1978),
and available data indicate that the amount of lipid in these
organs is correlated with the organism’s overall lipid reserves
(e.g., Derickson 1976; Loumbourdis 1987). In these animals,
energy reserves have been reported to change with several
factors, like food availability (e.g., Bustard 1967; Gist 1972;
Naya and Bozinovic 2006), reproductive demands (e.g.,
Hahn and Tinkle 1965; Smith 1968; Telford 1970; Lin
1979), wet and dry seasons (e.g., Sexton et al. 1971), and
hibernation (e.g., Dessauer 1955; Derickson 1974).

Finally, during periods of nutritional bottlenecks or
enhanced energetic demands, organisms may regulate the
energy expenditure processes. In this sense, depression of
metabolic rate in response to diVerent environmental
demands has been recorded for virtually all major animal
phyla (see Guppy and Withers 1999; Makarieva et al.
2006). In ectothermal vertebrates, the standard metabolic
rate (SMR) has been chosen as a good indicator of the ener-
getic cost of maintenance (Ashby 1998), and thus, analysis
of this variable is essential for determining whether ecto-
thermic animals modulate their maintenance costs in
response to diVerent environmental conditions (Chown and
Gaston 1999). SMR has been reported to change in
response to diverse factors, such as food quantity (e.g.,
Anderson 1993) and quality (e.g., Zanotto et al. 1997;
Simandle et al. 2001), reproductive state (e.g., Angilletta
and Sears 2000; Finkler and Cullum 2002; Finkler 2006),
and seasonality (e.g., Abe 1995; Christian et al.1999).

Animals inhabiting highly variable environments usually
exhibit a large amount of physiological Xexibility to cope
with these changes. Accordingly, they represent an excel-
lent model to advance our understanding of the interplay
between processes of energy acquisition, storage, and
expenditure. In the present study, we examined the seasonal
variation in the size of several organs and SMR in a lizard
species (Liolaemus bellii = L. altissimus bellii), which

inhabits high-altitude habitats in the Andes range. These
environments are characterized by snowy winter months of
low temperatures and warm and dry summers, a thermal
seasonal change that is related to the variation in many
other physical and biotic conditions (Bozinovic et al. 1990).

Materials and methods

Model species, study site and specimen collection

Liolaeumus bellii is a middle-sized, viviparous and omniv-
orous lizard that inhabits high-altitude environments of
central Chile (from 2,000 to 3,000 m above sea level) in the
Andes range (Veloso and Navarro 1988; Mella 2005). In
our study site (Farellones, 33°30�S–70°25�W, 2,800 m
above sea level), animals are highly active during spring
and summer months (i.e., October to March), and this activ-
ity is greatly reduced from the middle of autumn (i.e., April
and May). In this sense, laboratory data indicate that forag-
ing activity stops at the end of March regardless of food
availability (D.E. Naya unpublished data). During winter
months (i.e., June to September) the site is covered by more
than 2 m of snow and individuals are forced to hibernate in
subnivean habitats; animals emerge from hibernation with
the onset of the spring (i.e., late September to early Octo-
ber). Regarding the reproductive cycle, it is known that
birth occurs during the late spring and early summer and
that gestation period is about 60 days (Leyton and Valencia
1992). L. bellii produces between four and six oVspring (in
a single litter) per year, whose body mass at birth ranges
from 0.6 to 0.9 g (D.E. Naya unpublished data).

Sixty-four adult individuals of L. belli were hand col-
lected throughout 1 year—early summer 1 (January 2006,
n = 15), early autumn (April 2006, n = 15), late winter
(September 2006, n = 8), middle spring (November 2006,
n = 15), and early summer 2 (January 2007, n = 11)—in
Farellones, central Chile. Specimens were transferred to the
laboratory on the same day of capture, housed in individual
plastic cages (15 £ 30 £ 20 cm), and kept in a room at
ambient temperature and natural photoperiod. Body mass
(mb) of each individual was measured using an electronic
balance (§0.1 g; Sartorious GMBH, Germany), while
snout-to-vent length (SVL) and total length (TL) were mea-
sured using a plastic ruler (§1 mm). For each animal a
body condition index was estimated as: BCI (g cm¡3) =
(mb/SVL3) £ (103) (see Laurie 1989).

Metabolic rate measurements

After capture, animals were fasted for 2 days and then their
metabolic rate was assessed. CO2 production (VCO2) was
measured in a computerized (Datacan V) open-Xow
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respirometry system (Sable Systems, NV, USA) previously
calibrated with certiWed gases. VCO2 was measured in a
plexiglass metabolic chamber of 0.25 L, at ambient temper-
atures of 20 and 30°C. To avoid a potential bias due to a
setup acclimation eVect, half of the sample was Wrst mea-
sured at 20°C and the other half was Wrst measured at 30°C.
The metabolic chamber received dried air at a rate of
200 ml min¡1 from mass Xow controllers (Sierra Instru-
ments, CA, USA), and the air was passed through CO2

absorbent granules (Baralyme®) before entering the cham-
ber. Lizards stay in the chamber for 5 min before measure-
ments. CO2 production was monitored two times per
second during 1 h. Each record was automatically trans-
formed and recorded in ExpeData software (Sable Sys-
tems). Standard metabolic rate was estimated as the mean
value of the lowest 3-min samples recorded during the
period of recording. Animal activity inside the metabolic
chamber was determined directly by visual observation.
Before and after each measurement, mb was recorded in an
electronic balance (§0.1 g).

Morphological determination

The next morning after VCO2 measurements, lizards were
cooled by decreasing ambient temperature to 4°C, and then
killed through decapitation. Animals were then dissected
and internal organs—stomach, small intestine, large intes-
tine, liver, kidneys, heart, lungs, abdominal fat bodies and
gonads—were removed and washed with Ringer’s solution.
Small and large intestine were completely empty of mate-
rial and their length was measured with a ruler (§0.5 mm).
Small intestine width was measured in three sections (prox-
imal, medium, and distal) with a digital caliper (§0.01 mm;
Mitutoyo, IL, USA). Small intestine nominal area was cal-
culated as mean intestinal width £ length £ 2. Internal
organs were dried to constant mass (1 week) in an oven at
60°C and then weighed (§0.0001 g; Chyo JK-180, Japan).
Animals’ carcasses were dried to constant mass (10 days)
in an oven at 60°C and then weighed (§0.0001 g). Since
the tail is an energy storage organ in L. bellii (Naya et al.
2007b), we determined the tail energy density for Wve ran-
domly chosen specimens in each collection period. This
variable was assessed in a Parr 1261 computerized calorim-
eter (Parr Instruments, IL, USA) on a dry basis.

Statistical analyses

DiVerences between seasons in body size (i.e., mb, SVL,
TL), body condition and tail energy density were evaluated
separately using one-way ANOVAs. DiVerences in all the
remaining dependent variables were evaluated separately
through one-way ANCOVAs. In these analyses we used the
following variables as covariates: (1) SVL for linear mea-

sures of digestive organs and small intestine area, (2) car-
cass dry mass for organ dry mass, and (3) body mass for
SMR. The eVect of organ dry mass on SMR was evaluated
using Pearson product–moment correlation coeYcients. To
remove the eVect of body size on both variables we used
the residuals of SMR with respect to body mass, and the
residuals of each organ’s mass with respect to carcass dry
mass. The assumptions of normality and homogeneity of
variance were examined using Kolmogorov–Smirnov and
Levene tests, respectively. When necessary to meet
assumptions, variables were log transformed (e.g., dry mass
of several organs). Interactions between covariates and fac-
tors were checked using a parallelism test, and a separate
slopes ANCOVA model was used when necessary (e.g.,
liver dry mass). DiVerences among sampling periods (post
hoc comparisons) were evaluated by Tukey unequal-N
HSD tests. Statistical signiWcance was established at the
0.05 level. A signiWcant interaction term between seasons
and sex was observed only for gonad dry mass, and conse-
quently, in this case analyses of covariance were conducted
separately for each sex. All the analyses were performed
using the statistical package STATISTICA® version 6.0
(StatSoft, OK, USA).

Results

We did not Wnd diVerences in body size or body condition
among seasons (Table 1). Small and large intestine lengths
and large intestine dry mass showed larger values during
summer and autumn; however, small intestine nominal area
and small intestine dry mass—i.e., those variables more rel-
evant from a digestive perspective—reached greater values
during summer and spring (Fig. 1a, Table 2).

Regarding energy storage, liver and fat body mass
decreased from summer to winter, and then did not change
from winter to spring (except for the case of males’ fat bod-
ies which were further reduced); in both sexes, the size of
these organs was greatly increased during the next summer
(Fig. 1b, c). Tail energy density was higher during summer
months, did not change between summer and autumn, and
then continuously decreased from autumn to spring (Fig. 1d).

By contrast, the weight of gonads reached a maximum
value during winter (males) or during winter and spring
months (females), and then a conspicuous decrease during
the following months was observed (Fig. 2). The largest
mass of females’ gonads in winter and spring was associ-
ated with the presence of ovulatory follicles or oviducal
eggs (mean number = 6.1 § 0.5), which were observed in
all of the examined females (n = 10) during these seasons.
Kidney dry mass also reached greater values during winter
months, while lungs appear to follows an inverse trend
(Table 2). Stomach and heart did not appear to follow a
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clear pattern of variation through the annual cycle
(Table 2).

Standard metabolic rate at 30°C changed during the year,
with the highest values observed during summer and spring,
and the lowest during autumn and winter (Fig. 3a). How-
ever, this diVerence in SMR between high- and low-activity
seasons was much lower when measured at 20°C, and addi-
tional data collected by us (see Fig. 3 footnote for a method-
ological clariWcation) indicate that it disappears completely
at 10°C (Fig. 3b). Residuals of SMR did not correlate with
residuals of organ dry mass either at 30 or at 20°C.

Discussion

Reversible changes in an organism’s traits in response to
changing environmental conditions are often hypothesized

to be a response that increases biological Wtness (Scheiner
1993, 2002; Pigliucci 2001, 2005; Ghalambor et al. 2007).
In what follows, we discuss the seasonal adjustments
observed in Liolaemus bellii within this framework of phe-
notypic Xexibility. We begin by analyzing changes in
digestive and other central organs, then in energy-storage
related organs, and Wnally with the standard metabolic rate.

Food processing organs

Changes in digestive organ features have been thoroughly
investigated during the last century, and nowadays, pheno-
typic Xexibility at this level is recognized as one of the most
relevant physiological adjustments to environmental chang-
ing conditions (Piersma and Lindstrom 1997; Pennisi 2005;
Naya et al. 2007a). Nevertheless, most of our knowledge on
this topic has come from the analysis of adjustments in

Table 1 Body mass (mb), 
snout-vent length (SVL), total 
length (TL), and body condition 
index (BCI) for each sampling 
period

Season Summer 1 
(n = 15)

Autumn 
(n = 15)

Winter 
(n = 8)

Spring 
(n = 15)

Summer 2 
(n = 11)

F and P values

mb (g) 12.1 11.1 10.5 12.1 10.3 F4,59 = 1.59

(§0.6) (§0.6) (§0.8) (§0.6) (§0.7) P < 0.19

SVL (cm) 7.3 7.1 7.1 7.3 7.0 F4,59 = 1.04

(§0.1) (§0.1) (§0.2) (§0.1) (§0.1) P < 0.40

TL (cm) 15.4 17.7 17.6 17.9 16.6 F4,59 = 1.71

(§0.8) (§0.8) (§1.0) (§0.8) (§0.9) P < 0.16

BCI (g cm¡3) 31.5 30.3 28.9 30.8 30.1 F4,59 = 0.50

(§1.2) (§1.2) (§1.6) (§1.2) (§1.4) P < 0.74Values presented are absolute 
means § 1 SE. n Sample size

Fig. 1 Seasonal changes in a 
small intestine dry mass, b liver 
dry mass, c fat bodies dry mass, 
and d tail energy density. Values 
are least square adjusted 
means § 1SE for organ dry 
masses (covariate: carcass dry 
mass = 2.6 g) or absolute 
means § 1SE for tail energy 
density. DiVerent letters indicate 
signiWcant diVerences between 
means

D
ry

 m
as

s 
(g

)

-0,05

0,00

0,05

0,10

0,15

0,20

0,25

Males
Females

(C) Fat bodies (F4,58 = 5.3, P < 0.001) 

a

a,b

b,c

a,b

c

D
ry

 m
as

s 
(g

)

0,00

0,01

0,02

0,03

0,04

0,05

Males
Females

(A) Small intestine (F4,58 = 14.5, P < 0.001) 

a

a,b
b

b

a

D
ry

 m
as

s 
(g

)

0,04

0,06

0,08

0,10

0,12

0,14

0,16

Males
Females

(B) Liver (F4,54 = 3.9, P < 0.01) 

a

a,b

c c,d

b,d

E
ne

rg
y 

de
ns

ity
 (

J 
g-

1 )

21000

22000

23000

24000

25000

26000

Both sexes pooled

(D) Tail energy density (F4,20 = 6.3, P < 0.002) 

a,c
a,c

a,b

c

b

D J F  M   A   M   J J A   S   O N D  J F

D  J F M A M J J   A  S  O  N  D J   F

D J F  M   A   M   J J A   S   O N D  J F

Summer1                Winter     Summer2

Autumn              Spring

D J F  M   A   M   J J A   S   O N D  J F

Summer1                Winter     Summer2

Autumn                Spring
123



J Comp Physiol B (2008) 178:1007–1015 1011
small endotherms (see Karasov and Diamond 1983;
McWilliams and Karasov 2001; Dietz and Piersma 2007)
or large ectotherms (see Secor et al. 1994; Secor and
Diamond 2000; Starck et al. 2004; Ott and Secor 2007). In
this sense, data from lizard species are very scarce, and, to
our knowledge, are restricted to studies of seasonal changes
in sugar and amino acid transport in the small intestine of
Uromastryx hardwickii (Latif et al. 1967; Qadri et al. 1970)
and in brush-border uptake rates and gut morphology in
Sauromalous obesus (Tracy and Diamond 2005), and to the
eVect of food availability in gut morphology of Liolaemus
nitidus (Naya and Bozinovic 2006).

Here we found that L. bellii is able to adjust the size of
its digestive organs through the annual cycle of activity.
SpeciWcally, we observed an increase in the small intestine

dry mass ranging between 50% (summer 2 vs. winter) and
100% (summer 1 vs. winter) from cold to warm months.
After comparing our results with other small ectotherms,
we observed that this value is similar to those recorded in
hibernating and non-aestivating anuran and lizard species
(Naya et al. 2005; Secor 2005; Tracy and Diamond 2005),
but noticeably lower than those observed in aestivating
anuran species (Cramp and Franklin 2003, 2005; Cramp
et al. 2005; Secor 2005). In this sense, Bustard (1967) noted
that in the case of fat stores, a greater amount of Xexibility
should be expected in species that aestivate than in species
that hibernate. This is because in the former, inactivity
occurs during warmer months, and thus, during a period of
higher temperature-induced metabolic demand. Thus, it
appears that Bustard’s idea on seasonal Xexibility not only
applies to energy storage organs, but also to organs with
high-metabolic costs, such as digestive organs.

Other central organs

Heart mass did not change during the year, which is in
agreement with what is known for S. obesus (Tracy and
Diamond 2005) and also with small ectothermal species
that aestivate (Secor 2005). The lack of regulation in this
organ is probably related to the fact that cardiac perfor-
mance must be maintained during the period of inactivity
(Loveridge and Wither 1981; Secor 2005). On the other
hand, kidney size reached the highest value during winter
months, a result that is coincident with observations in
other hibernating lizards, such as S. obesus (Tracy and Dia-
mond 2005) and Liolaemus nigroviridis (D. E. Naya
unpublished data), but for which we do not have a clear
explanation.

Energy storage and reproductive organs

In contrast to digestive organs, there is a myriad of papers
that analyze seasonal changes in the size of energy storage
and reproductive organs. Indeed, given the early suggestion
that ovarian hormones exert some regulatory inXuence on
lipid mobilization (Hahn and Tinkle 1965; Smith 1968;
Greenberg and Gist 1985), in most of the cases, changes in
gonads and fat bodies have been analyzed simultaneously
(e.g., Goldberg 1974; Jameson and Allison 1976; Lin 1979;
Etheridge et al. 1986; Huang 1998). These studies indicated
that, in temperate lizard species, lipid storage occurs largely
during late summer or early autumn, and these reserves are
mainly used during winter and spring for maintenance,
gamete production and other reproductive activities (e.g.,
Guillette and Casas 1981; Selcer 1987; Mendez et al.
1988). Regarding the reproductive cycle, it is accepted
that—with some exceptions, such as some Mexican
(Ramirez et al. 1998) and South American lizard species

Fig. 2 Seasonal changes in gonad dry mass for a males, and b fe-
males. Values are least square adjusted means § 1 SE (covariate: car-
cass dry mass = 2.6 g). DiVerent letters indicate signiWcant diVerences
between means. Gonadal activity periods (according to Leyton and
Valencia 1992) are presented. Note gonads include the testes and epi-
didymides in males and ovaries, oviducts and oviducal eggs (when
present) in females
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(Ramirez 1991) that exhibit reproduction in autumn—
gonadal regression is complete before the dormancy period,
recrudescence occurs during autumn and winter months,
and the maximum development is reached before spring or
summer (e.g., James and Shine 1985; Etheridge et al. 1986;
Huang 1998).

The pattern of seasonal variation that we found for
energy storage and gonads of L. bellii agrees, in general
terms, with what is known for other temperate species. Spe-
ciWcally, the main changes observed can be summarized as
follows:

1. From summer to autumn (January–April): fat bodies
and liver size, which have reached a peak value during
summer, decreased. This reduction probably is related
to the use of lipid reserves for maintenance, since, as
we mentioned above, foraging activity of L. bellii in
the laboratory endogenously stops at the end of March.
Moreover, the use of fat bodies in early autumn, before
the beginning of hibernation and when food is still
abundant has been previously reported in reptiles (see
Gregory 1982). Gonads of both sexes are at rest during
summer and early autumn.

2. From autumn to winter (April–September): the mass of
fat bodies and liver, as well as the energy density of the
tail, are reduced. This may be related to the costs of
maintenance and gamete synthesis. In this sense,
gonads of both sexes appear to begin recrudescence in
late autumn, reaching a peak value during September.
Gonads of females were, due to the presence of ovula-
tory follicles or oviducal eggs, an order of magnitude

greater than those of males. Given that the size of
energy storage organs is reduced during winter in both
sexes to a similar extent, and that gamete synthesis cost
is much cheaper in males, it follows that (1) females
are using energy reserves from other body sites (e.g.,
carcass), or (2) maintenance cost of males at this time
is much higher than those of females. A previous study
that analyzed changes in energy reserves—fat bodies,
liver and the whole carcass—showed that males use fat
three to four times faster during hibernation than do
females (Jameson and Allison 1976).

3. From winter to spring (September–November): fat
bodies and liver did not change in size, except for the
case of males’ fat bodies that are further reduced. We
suspect that this decrease is related to males’ reproduc-
tive activities (e.g., courtship, home range patrolling,
and territorial defense), an association that has been
observed in several other lizard species (e.g., Mendez
et al. 1988; Castilla and Bauwens 1990). It should be
noted that females’ gonad size is practically the same
in winter as in spring, which suggests that energy trans-
fer into eggs is completed before the onset of spring.

4. From spring to summer (November–January): fat body,
liver and tail energy density are greatly increased.
Gonads of males remain at rest, while those of females
undergo a period of regression. It should be noted that
in the Weld we found some females near to parturition
in January, but we did not work with these individuals.
This means that in the present study all females col-
lected at this time of the year were post-reproductive.

Table 2 Small and large intesti-
nal length (in cm), small intes-
tine nominal area (in cm2), and 
organ dry masses (in mg) for 
each sampling period

Season Summer 1 
(n = 15)

Autumn 
(n = 15)

Winter 
(n = 8)

Spring 
(n = 15)

Summer 2 
(n = 11)

F and P values

Lengths

Small intestine 8.1 7.7 5.4 6.7 7.2 F4,58 = 5.4

(§0.4)a (§0.4)a (§0.5)b (§0.4)a,b (§0.4)a,b P < 0.001

Large intestine 2.0 2.0 1.2 1.4 2.0 F4,58 = 9.1

(§0.1)a (§0.1)a (§0.2)b (§0.1)b,c (§0.1)a,c P < 0.001

Small intestine 
nominal area

4.3 2.2 1.7 3.6 3.4 F4,58 = 9.8

(§0.3)a (§0.3)b (§0.4)b (§0.3)a (§0.4)a P < 0.001

Dry masses

Stomach 36.0 30.9 29.7 33.8 36.7 F4,58 = 1.9

(§1.8) (§2.0) (§2.5) (§1.8) (§2.2) P = 0.13

Large intestine 21.1 17.2 10.6 14.0 20.3 F4,58 = 5.3

(§1.6)a (§1.8)a (§2.2)b (§1.6)b,c (§1.9)a,c P < 0.001

Kidneys 11.2 13.8 25.1 17.7 11.7 F4,58 = 2.8

(§1.6)a (§1.7)a,b (§2.2)b (§1.6)a,b (§1.8)a P < 0.05

Heart 5.6 5.7 4.4 5.9 5.1 F4,58 = 1.4

(§0.7) (§0.8) (§1.0) (§0.7) (§0.8) P = 0.23

Lungs 17.8 15,6 13.9 16.8 14.6 F4,58 = 2.9

(§0.8)a (§0.9)a,b (§1.1)b (§0.8)a,b (§1.0)a,b P < 0.05

Values presented are least 
square adjusted means § 1 
SE—covariate for intestinal 
lengths and area: snout-to-vent 
length (overall mean 
value = 7.2 cm); covariate for 
organ dry masses: carcass dry 
mass (overall mean value: 2.6 g) 
DiVerent letters denote signiW-
cant diVerence between means. n 
Sample size
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In the Weld, the post-reproductive state may be reached
by some females later in the season (i.e., February).

Standard metabolic rate

The SMR of L. bellii measured at 30°C was noticeably
greater during the high-activity seasons than during autumn
and winter months. In this sense, a reduction in SMR dur-
ing the low-activity periods has been previously recorded
for other lizards that hibernate (Moberley 1963; Patterson
and Davies 1978; Toledo et al. 2008) and also for species
that aestivate (Abe 1995; see also Fig. 2 in Christian et al.

2003). Moreover, a quantitative analysis of our data indi-
cates that metabolic depression during hibernation is about
50% of the maximum, a value that is in agreement with
data for other reptiles (see Guppy and Whiters 1999). Inter-
estingly, the seasonal pattern of variation in SMR was not
evident at temperatures lower than 30°C, and diVerences in
SMR between high- and low-activity periods were not
observed at 20 or 10°C. This indicates that the temperature
sensitivity (Q10) of SMR is lower during cold seasons, a
result that may be related to an organism’s ability for phys-
iological compensation at lower temperature (Seymour
1973; Lanciani et al. 1990; Burlando et al. 1992, but also
see Clarke 1993; Pörtner et al. 2006).

With regard to the proximal causes of variation in SMR,
it has been proposed that changes in body composition—
mainly in the size of the organs with high metabolic rates,
such as heart, kidney, gut and liver—are of chief impor-
tance in determining the magnitude of SMR (Kornazewski
and Diamond 1995; Cant et al. 1996). In our case, changes
in organ mass were poor predictors of the observed changes
in SMR. Thus, it appears that other mechanisms, such as a
change in the speciWc metabolic activity of body tissues
(e.g., muscle, heart, kidney, liver), are responsible for the
variation in SMR (see Vezina and Williams 2002). In this
vein, it is known that speciWc activity of digestive and asso-
ciated organs is greatly reduced during periods of inactivity
in small hibernating ectotherms (e.g., Latif et al. 1967;
Qadri et al. 1970; Pasanen and Koskela 1974; Tracy and
Diamond 2005). In any event, if a seasonal change in tis-
sue-speciWc activity holds for L. bellii a remaining question
is: why this diVerence is expressed at 30°C, but not at 20 or
10°C? One potential explanation could be that the chemical
composition of organs changes during the year (e.g.,
enzymes vs. anti-freeze compounds), and that this variation
determines a change in metabolic rate only at higher tem-
peratures. Indeed, an increase in SMR, and its thermal
dependence, correlated with a rise in protein concentration
during the warm season has been previously reported in
ectotherms (Burlando et al.1992).

Conclusion

Hibernation—i.e., the ability to reduce metabolic cost of
maintenance beyond the expected depression from a physi-
cal–chemical temperature dependent reduction alone—
comprises a large part of the life cycle of many temperate
lizard species. This ability is related to the geographical
distribution of these animals (Bartlett 1976) and, more gen-
erally, with the evolutionary success of small ectotherm
vertebrates (Pinder et al. 1992). Here, we demonstrate that
hibernation is correlated with a great physiological Xexibil-
ity that allows animals to adjust energy acquisition, storage

Fig. 3 a Standard metabolic rate (SMR) measured at 30°C for each
season. b Pooled SMR for high activity seasons (spring and summers)
and low activity seasons (autumn and winter) measured at 10, 20 and
30°C. Values are least square adjusted means § 1SE for organs’ dry
masses (covariate: body mass = 11.3 g). An asterisk indicates statisti-
cal diVerences with the other groups. Note: SMR measurements at
10°C comprise a small number of individuals recorded by the authors
during the summer (January, n = 17) and winter (July, n = 12) of 2005.
The methodology followed to obtain these data was the same as de-
scribed in the main text
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and expenditure processes according to current environ-
mental conditions.
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