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ABSTRACT One of the most fundamental questions in organismal ecology is how animals work
in a continuously changing environment. In order to contribute to the current understanding of this
question, this study evaluated seasonal changes in digestive enzymes activities, organs size, and
energy reserves in Liolaemus nigroviridis, a medium-size lizard that inhabit extreme environments
in the Andes range. We found that digestive enzymes (trehalase, maltase, and aminopeptidase-N)
hydrolytic activities, dry masses of digestive organs and liver, and energy reserve (dry mass of fat
bodies and tail energy density) were greater during summer than during winter months. By
contrast, dry mass of the kidneys, lungs, heart, and gonads were greater during winter (though
significance was reach only for the last two organs). In summary, obtained results reinforce the idea
that hibernation is connected with phenotypic adjustments at different organizational levels, which
in turn, potentially affects rates of energy acquisition and expenditure, organisms’ fitness, and,
ultimately, ecological and evolutionary success of species living in highly seasonal environments. We
suggest that, owing to the pressing need to explain and predict the impact of climatic change on the
biota, more studies destined to determine the levels and limits of physiological flexibility are
necessary. J. Exp. Zool. 311A:270–277, 2009. r 2009 Wiley-Liss, Inc.
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One of the most fundamental questions in
organismal ecology is how animals work in a
continuously changing environment (McNab,
2002; Chown and Nicolson, 2004; Karasov and
Martinez del Rio, 2007). In 1992, January
Weiner’s (1992) made a seminal contribution in
this regard, by posing that an organism can be
visualized as a barrel with energy input constraint
(i.e. foraging, digestion, and absorption) symbo-
lized by funnels connected in tandem, and energy
outputs (i.e. thermoregulation, external work,
tissue production) symbolized by a series of spouts
arranged in parallel. Given the simplicity of this
representation, the barrel analogy is very useful to
think about the interplay among environmental
variability, phenotypic flexibility, and energy (and
nutrients) flows through an organism. Specifically,
from this model it is possible to think that
animals’ responses to environmental variation

are constrained to some combination of three
major kinds of phenotypic adjustments. First,
animals can modify their energy entries through
changing their foraging strategies (Pyke, ’84;
Perry and Pianka, ’97) or by adjusting their
digestive features (Karasov and Diamond, ’83;
Starck, ’99; McWilliams and Karasov, 2001).
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Second, animals can change their energy expendi-
ture, by modifying their activity levels or schedule
(Bozinovic et al., 2004; Smith et al., 2008),
changing the amount of energy allocated to
maintenance (Chown and Gaston, ’99; Guppy
and Withers, ’99), or altering the amount of
energy allocated to production process, such as
growth and reproduction (Stearns, ’92; Roff,
2002). Third, animals can use, if exist, the energy
stored in their bodies, by changes in the size of
some tissues, such as the adipose tissue that is
metabolically specialized for lipid deposition
(Bustard, ’67; Pond, ’77; Weber and Hedenstrom,
2001; Srivastava and Krishna, 2008).

However, organisms are more complex than
barrels, and Weiner’s model do not explicitly
consider that each of three broad categories (i.e.
energy entries, expenditures, and storage) inte-
grate several particular processes. This implies
that adjustments in each category can be reached
by regulation of a myriad of different pathways,
which in most of the cases (if not in all) are
interconnected among them (Ricklefs, ’91). This
fact results in a high degree of complexity beyond
the simple original question of how animals face
environmental changes. Just to give an example,
digestive adjustments to cope with a change in
food quality can comprise changes in digesta
retention time (e.g. Derting and Bogue, ’93;
Lopez-Calleja et al., ’97), food distribution along
the digestive chambers (e.g. Levey and Duke, ’92;
Naya et al., 2005), enzymes and brush-border
transporter activities (e.g. Karasov et al., ’83;
Martinez del Rio et al., ’95; Sabat et al., 2005;
Secor, 2005a), and intestinal morphology (e.g.
Secor and Diamond, 2000; Starck and Beese,
2001; Naya et al., 2008a). In turn, most of these
adjustments are energetically expensive, resulting
in an increase of animals’ maintenance costs (Cant
et al., ’96), and thus, affecting the overall energy
budget.

Within this framework, this study was aimed to
evaluate seasonal changes in digestive enzymes,
organs size, and energy reserves in one of the
Andean species of lizard, Liolaemus nigroviridis.
This species inhabit the Andes range, which is
characterized by winter months of extremely low
temperatures and warms and dry summers. In
addition, this seasonal change in climatic condi-
tions is related with the variation in many other
physical and biotic factors (Bozinovic et al., ’90),
and during winter time animals are forced to
hibernate at the subnivean microhabitat.
Thus, from this large seasonal variability in

environmental conditions we hypothesized a high
degree of phenotypic flexibility for our focal
species (Naya and Bozinovic, 2004). More specifi-
cally, we expected that L. nigroviridis individuals
show higher levels of intestinal hydrolase activ-
ities, and have greater digestive organ masses and
energy reserves during summer than during
winter months.

MATERIAL AND METHODS

Study area and specimen collection

L. nigroviridis is a medium-size (ca. 10 g),
viviparous lizard that mainly predates on insects
(Mella, 2005). Average body temperature of field
active L. nigroviridis is 35.3 (72.3)1C, whereas
preferred body temperature in the laboratory is
36.3 (70.3)1C (Labra et al., 2008). Adult males of
L. nigroviridis were collected by hand under the
snow in winter (September 2006, n 5 14) and
under stones and crevices in summer (January
2007, n 5 14) in the locality of Farellones (331 300

S, 701 250 W; 2,400 m above sea level), in the
Andean range of Central Chile. In our study site,
animals are highly active during spring and
summer months (i.e. October–March) with activ-
ity decreasing by mid autumn (i.e. April and May).
During winter months (i.e. June–September) the
site is covered by snow and individuals hibernate
in subnivean habitats. Lizards emerge from
hibernation at the beginning of spring (i.e. late
September–early October).

Specimens were transferred to the laboratory on
the same day of capture, housed in individual
cages (15� 30�20 cm), and maintained in a room
at an ambient temperature of 41C (during winter)
or 201C (during summer) under natural photo-
period. Body mass (mb) of each individual was
measured using an electronic balance (Sartorious;
70.1 g), and snout-to-vent length (SVL), and total
length (TL) were measured using a plastic ruler
(71 mm). For each animal, a body condition index
(BCI) was estimated as: BCI 5 (mb/SVL3)*(103)
(see Laurie, ’89).

Morphological determinations

The day after collection, lizards were cooled by
decreasing ambient temperature (01C), and then
sacrificed through decapitation. After that, ani-
mals were dissected and internal organs (stomach,
small intestine, large intestine, liver, kidneys,
heart, lungs, abdominal fat bodies and testes)
were removed. Stomach and intestines were
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aligned along a ruler and their lengths were
measured (71 mm). All organs were washed with
0.9% NaCl solution, dried together with the
animal’s carcass at 601C for 1 week, and weighed
(70.0001 g; JK-180, Chyo, Kyoto). For five ran-
domly selected individuals in each sampling
period, one 1 cm sections from the middle portion
of the small intestine was cut and immediately
frozen in liquid nitrogen for enzyme activity
measurements. In addition, for this group of ten
animals we estimated tail energy density (in
kJ g�1 dry mass). Tails were cut at ca. 2 cm from
the vent, dried at 601C for 1 week, and grinded
with a mortar and pestle. Energy values were
determined by combusting two samples per speci-
men in a Parr 1261 bomb calorimeter (Parr
Instruments, Moline, IL).

Enzyme activity determinations

For enzyme analysis the small intestine tissues
were thawed and homogenized (30 sec in an
ULTRA TURRAX T25 (Janke & Kunkel,
Breisgau, Germany) homogenizer at maximum
setting) in 20 volumes of 0.9 % NaCl solution. We
used disaccharidases (maltase and trehalase) and
aminopeptidase-N as indicators of digestive capa-
city of carbohydrates and proteins, respectively
(Vonk and Western, ’84). Disaccharidase activity
was determined according to the method described
by Martinez del Rio et al. (’95). Briefly, 35mL of
tissue homogenates were incubated at 251C with
35mL of 56 mmol L–1 sugar solutions (maltase or
trehalase) in 0.1 M maleate/NaOH buffer, pH 6.5.
After 5 min of incubation, reactions were stopped
by adding 3 mL of a stop/develop Glucose-Trinder
(one bottle of GOD-PAD reagent (Valtek, Chile) in
250 mL 0.1 mol L�1 TRIS/HCl, pH 7 and 250 mL of
0.5 mol L�1 NaH2PO4, pH 7). Absorbance was
measured at 505 nm with a Spectronic 21D
spectrophotometer (Bausch & Lomb, Rochester,
NY) after 18 min at 201C. Glucose standards
(0–0.5 ug uL�1 in 70mL of 0.1 M sodium maleate
buffer, pH 6.5) were also reacted with the Glucose
Trinder reagent. Based on a standard curve for
glucose, we calculated maltose and sucrose activity
in micromoles hydrolyzed per gram of wet tissue.
Aminopeptidase-N assays were undertaken using
L-alanine-p-nitroanilide as a substrate. Briefly,
50mL of homogenate was diluted with 50 mL of
0.9% NaCl solution and mixed with 1 mL of assay
mix (2.04 mmol L�1

L-alanine-p-nitroanilide in
0.2 mol L�1 NaH2PO4/Na2HPO4, pH 7). The
reaction was incubated at 251C and stopped after

10 min with 3 mL of ice-cold 2 N acetic acid. We
calculated the liberated amount of p-nitroanilide
from the absorbance at 384 nm, and then, we
estimated the aminopeptidase-N activity by using
a standard curve constructed for p-nitroanilide.
Enzyme activities were quantified as mmoles of
substrate liberated per minute of incubation per
gram of intestinal wet tissue (mmol min�1 g�1).

Statistical analysis

Differences between seasons in body size (mb,
SLV and TL), BCI, enzymes activities, and tail
energy density were evaluated by one-way analysis
of variances . Differences in digestive organ lengths
and organs dry masses were evaluated separately
by one-way analysis of covariances (ANCOVAs),
using SVL or carcass dry mass as covariates. In
addition, to reach a better understanding of the
pattern of variation in organ masses, a principal
component analysis (PCA) was conducted. This
multivariate technique reduces the number of
correlated variables to a smaller number of
uncorrelated variables (PCA-axes) that usually
have a more intuitive interpretation (Manly, ’86).
Before each statistical analysis, data were exam-
ined for assumptions of normality and homogene-
ity of variance, using Kolmogorov–Smirnov and
Levene tests, respectively. When necessary to meet
assumptions, variables were transformed to loga-
rithm (e.g. gonads dry mass). Interactions between
covariates and factors were checked using a
parallelism test, and separate slopes ANCOVA
model was used in those cases where the slope
differ between groups (e.g. small intestine length,
stomach, and gonads dry masses). Statistical
significance was established at the 0.05 level. All
the analyses were performed using the statistical
package, STATISTICAs (2001) version 6.0 for the
Windowss operating system.

RESULTS

Body size, and BCI did not differ between winter
and summer collected lizards (Table 1). Small and
large intestine lengths were longer for summer
lizards, but there was no difference between
seasons in stomach lengths (Table 2). Dry mass
of all digestive organs and liver were also greater
for summer lizards (Table 2). Abdominal fat
bodies on average were heavier for summer
lizards, but the difference was not significant
(Table 2). We found tail energy (kJ g�1) to be
17.5% greater for summer lizards (Table 2). In
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contrast, dry mass of kidneys, lungs, heart, and
testes on average were greater for winter lizards,
but differences were only statistically significant
for the heart and testes (Table 2). Thus, according
to the observed differences in dry mass, organs can
be grouped between those that reach a greater
average mass during the summer (i.e. digestive
and energy storage organs) and those that average
heavier during the winter (i.e. nondigestive cen-
tral organs and testes, Fig. 1).

Mass-specific levels of activity varied among the
three hydrolases, as maltase activity was 10–15
times greater than either trehalase or aminopep-
tidase-N activity for both sets of lizards. For each
intestinal hydrolase, activity was significantly
greater (�two-fold) for summer-caught lizards
compared with winter-collected lizards (Fig. 2).

DISCUSSION

Ecologists and physiologists have long been
interested in how organisms react to the changing
of the seasons (Clarke, ’93). Here, we found that

TABLE 1. Body mass (mb), snout to vent length (SVL), total length (TL), and body condition index (BCI) for each sampled season

Winter (n 5 14) Summer (n 5 14) F and P-values

mb (g) 10.770.5 11.470.9 F1,26 5 0.51, P 5 0.48
SVL (cm) 7.170.1 7.170.2 F1,26 5 0.001, P 5 0.99
TL (cm) 16.570.6 16.170.6 F1,26 5 0.25, P 5 0.62
BIC (g cm�3) 30.271.0 31.671.0 F1,26 5 0.79, P 5 0.39

Values presented are absolute means71 SEM. n 5 sample size.

TABLE 2. Digestive organs length, organs dry masses and tail energy density for each season. n 5 sample size. Values presented

are adjusted means71 SEM (covariates: SVL 5 7.1 cm, carcass dry mass 5 2.68 g)

Winter (n 5 14) Summer (n 5 14) F and P-values

Lengths (cm)
Stomach 2.770.1 2.670.1 F1,25 5 0.58, P 5 0.46
Small intestine 4.870.2 6.070.2 F1,24 5 6.94, P 5 0.02
Large intestine 2.070.1 2.570.1 F1,25 5 16.6, P 5 0.001
Dry masses (g)
Stomach 0.03370.001 0.03670.001 F1,24 5 5.39, P 5 0.03
Small intestine1 0.02470.001 0.04370.001 F1,15 5 204.7, P 5 0.0001
Large intestine 0.02070.001 0.02370.001 F1,25 5 13.2, P 5 0.005
Liver 0.07370.004 0.09970.004 F1,25 5 17.2, P 5 0.001
Fat bodies 0.05670.013 0.07970.013 F1,25 5 1.75, P 5 0.2
Kidneys 0.013870.0004 0.012970.0004 F1,25 5 2.35, P 5 0.14
Lungs 0.011970.0004 0.011270.0004 F1,25 5 1.81, P 5 0.20
Heart 0.005470.0002 0.004670.0002 F1,25 5 6.40, P 5 0.02
Gonads 0.05270.001 0.00670.001 F1,24 5 134.1, P 5 0.0001
Tail energy density (kJ g�1) 22.370.6 26.270.4 F1,8 5 29.7, P 5 0.001

1Sample size for small intestine dry mass comparison was 18.

Fig. 1. Graphical representation of the principal compo-
nent analysis for organs dries masses. Note that differences
between seasons for fat bodies, lungs, and kidneys did not
reach a statistical significance.
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hibernation in L. nigroviridis is accompanied with
several phenotypic changes, mainly related with
digestive adjustments. Specifically, we found that
digestive changes occur, at least, at two different
organizational levels. First, hibernating indivi-
duals showed lower hydrolytic activities than
summer animals for all the three digestive
enzymes analyzed. This result agree with early
studies on lizards’ digestive physiology, which
reported lower rates of sugar and aminoacids
transport across the intestinal wall during hiber-
nation (Latif et al., ’67; Qadri et al., ’70), and also
with recent studies in amphibians and reptiles
that found a noticeable decrease in nutrients
uptakes rates during fasting periods (Secor,
2001, 2005b; Cox and Secor, 2008). Given that in
all these works enzymatic and transporters activ-
ities were standardized to tissue wet mass, a
change in intestine water content cannot be
discarded as an explanation for the observed
pattern of variation. However, histological data
shows that a decrease in mucosa thickness, in
relation to serosa and muscularis layers, usually
occurs during long-term fasting in several verte-
brate phyla (e.g. fishes: Domeneghini et al., 2002;
amphibians: Cramp and Franklin, 2005; Secor,
2005a; reptiles: Christel et al., 2007; Starck et al.,
2007; mammals: Carey, ’90; Carey, 2005). Thus,
we strongly suspect that observed seasonal varia-
tion in enzymes standardized activities is more
related with a change in the relative contribution
of different intestinal layers to the overall tissue
sample than with a change in tissue water content.
Second, digestive organ length and dry mass were
reduced during hibernation, a finding also ob-
served for other hibernating or aestivating verte-

brates (amphibians: Juszczyk et al., ’66; rodents:
Ferraris and Carey, 2000; Cramp and Franklin,
2003; Carey, 2005; Secor, 2005a; lizards: Tracy
and Diamond, 2005; Hume et al., 2002; Naya et al.,
2008b). Moreover, observed changes in small
intestine length—taken as the difference between
group means expressed in units of pooled standard
deviation–from summer to winter is coincident
with previous reports on lizards’ intestinal down-
regulation during long-term fasting (Table 3).

It has been proposed that heart and lung size
should not change during hibernation as cardiac
and pulmonary performance must be maintained
during dormancy (Loveridge and Wither, ’81;
Secor, 2005a). This finding was recently observed
for Sauromalus obesus (Tracy and Diamond,
2005), but not for L. bellii (Naya et al., 2008b).
For the latter species, lung dry mass was greater
for summer active lizards (Naya et al., 2008b). In
contrast for L. nigroviridis, heart dry mass was
significantly greater for hibernating lizards. Thus,
the scarcity of data and the disparity of observed
results preclude us from concluding that there are
seasonal changes in the size of these two central
organs. Interestingly, kidney dry mass averaged
greater for hibernating L. nigroviridis (thought
not significantly so), as well as for hibernating
S. obesus (Tracy and Diamond, 2005) and L. bellii
(Naya et al., 2008b). Hence, variation in kidney
mass appears to be more congruent among
studies, although a clear explanation for a greater
kidney mass during winter is lacking.

In contrast to digestive and other central organs,
there are several studies that have analyzed
seasonal changes of energy storage (mainly at
the level of fat bodies) and reproductive organs
(Dessauer, ’55; Hahn and Tinkle, ’65; Greenberg
and Gist, ’85). Briefly, research conducted on
temperate lizard species shows that: (1) lipid build
up 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
(Guillette and Casas, ’81; Selcer, ’87; Mendez
et al., ’88; Naya et al., 2008b), and (2) with the
exceptions of some species that exhibit autumn
reproduction (e.g. Ramirez et al., ’98), gonadal
regression is complete before the dormancy peri-
od, recrudescence occurs during autumn and
winter months, and the maximum development
is reached before spring or summer (e.g. James
and Shine, ’85; Etheridge et al., ’86; Huang, ’98;
Naya et al., 2008b). Thus, data obtained for
L. nigroviridis in respect to energy storage and

Fig. 2. Standardized hydrolitic activity of digestive en-
zymes for each season. Error bars 5 1 SEM. Note: trehalase
activity cannot be determined for one specimen in the winter
group.
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reproductive organs—i.e. greater values of fat
bodies dry masses and tail energy density during
summer and the inverse result for the testes dry
masses—are coincident with the annual cycle of
variation expected for temperate lizards’ species.

In summary, this work reinforces the idea that
hibernation is connected with phenotypic adjust-
ments at different organizational levels, which
potentially affects rates of energy acquisition and
expenditure, organisms’ fitness, and, ultimately,
ecological and evolutionary success in a highly
seasonal environments. We suggest that, owing to
the pressing need to explain and predict the
impact of climatic change on the biota, more
studies destined to determine the levels and limits
of physiological flexibility are necessary. In this
sense, physiological mechanisms and its flexibility
are at the base of ecological patterns of biodiver-
sity in time and space, although their importance
has been underestimated within the biodiversity
paradigm (but see Spicer and Gaston, ’99; Pörtner
et al., 2006). In this regard, as Tracy et al. (2006)
recently suggested, the field of physiological
ecology is pivotally important in understanding
species response to global environmental change.
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