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Abstract A major area of interest in comparative phys-
iology has been to understand how animals cope with
changing environmental demands in time and space. The
digestive system has been identified as one of the more
sensitive systems to changes in environmental condi-
tions. However, most research on this topic has evalu-
ated these effects during peak energetic demands, which
do not allow for evaluation of the dynamics of the
digestive response along a more natural continuous
gradient of environmental conditions. We examined
phenotypic flexibility in digestive responses of the leaf-
eared mouse Phyllotis darwini to increments in total
energy demands (via sequential exposure to 26, 12 and
0�C). Additionally, we evaluated the effect of a moderate
energy demand (12�C) over three different time periods
(7, 17 and 27 days) on digestive traits. Moderate in-
creases in energy demand were associated with changes
in the distribution of digesta in the gut, whereas higher
increases in energy demand involved increases in the
tissue mass of digestive organs. Time-course analysis
showed that at 12�C practically all digestive variables
reached stable values within 7 days, which is in agree-
ment with empirical data and theoretical deductions
from cellular turnover rates. We conclude that although
the input of energy and nutrients into the digestive tract
is typically periodic, many aspects of digestive physiol-
ogy are likely to be flexible in response to environmental
variability over both short-term (daily) and long-term
(seasonal) time scales.

Keywords Digestive system Æ Gastrointestinal tract Æ
Gut morphology Æ Phenotypic flexibility Æ Phyllotis
darwini

Abbreviations DDMI: Digestible dry-matter intake Æ
DM: Dry mass Æ DMD: Apparent dry-matter
digestibility Æ E: Faecal output Æ HD: High demand Æ
I: Food intake Æ MD:Moderate demand Æ N: Nitrogen Æ
RCC: Relative amount of digesta in a digestive
organ Æ T: Thermoneutrality Æ Ta: Ambient
temperature Æ TT: Turnover time Æ V: Total amount
of digesta in the gut

Introduction

Studies of phenotypic flexibility are central to under-
standing contemporary evolutionary physiology. Theo-
retically, flexibility is heritable and appears to evolve
through natural selection (Scheiner 2002). A working
example is reversible phenotypic flexibility (sensu
Stearns 1989), which is the ability to modulate organis-
mal traits in response to environmental conditions (Pi-
ersma and Drent 2003). Thus, the environmental
modification of an organism’s physiology and mor-
phology is often hypothesized to be a response to
changing conditions, which increases biological perfor-
mance. These adjustments may include changes in the
rates of energy acquisition (e.g. foraging, digestion and
absorption), and energy expenditure (e.g. metabolic heat
production and tissue growth) (Bacigalupe and Bozi-
novic 2002).

Over the last two decades, digestive phenotypic flex-
ibility has been extensively investigated in many verte-
brate species (for reviews, see Piersma and Lindstrom
1997; Starck 1999; McWilliams and Karasov 2001; Naya
and Bozinovic 2004). These studies demonstrated that:
(1) A particular genotype has the potential to produce
different digestive phenotypes in response to variation in
food quality, quantity and/or to the energetic demands
of organisms (Piersma and Lindstrom 1997; Starck
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1999); (2) There is a trade-off between the benefits of
processing food through a digestive system with specific
attributes (e.g. gut mass or length), and the cost of
maintaining and carrying it (Moss 1974; Sibly 1981;
Diamond and Karasov 1983; Toloza et al. 1991); (3)
Digestive phenotypic flexibility can arise at different
organizational levels (from molecules to organs),
namely, hydrolytic enzyme activity (Martı́nez del Rı́o
et al. 1995; Sabat et al. 1995; Sabat and Bozinovic 2000),
brush-border nutrient transport density and activity
(Karasov et al. 1983; Toloza et al. 1991; Konarzewski
and Diamond 1994) and gut surface area, mass and
length (Gross et al. 1985; Green and Millar 1987; Bo-
zinovic et al. 1988; Hammond and Wunder 1991; Toloza
et al. 1991; Sabat and Bozinovic 2000). In addition,
flexibility can also imply changes in food-retention time
(Derting and Bogue 1993; Lopez-Calleja et al. 1997;
Levey and Martinez del Rı́o 1999) and food distribution
in digestive regions (Loeb et al. 1991; Dykstra and Ka-
rasov 1992; Levey and Duke 1992); (4) Although re-
sponses at different levels can interact in complex ways,
current information supports the idea of a sequence of
compensatory digestive changes (Derting and Bogue
1993; Nagy and Negus 1993).

Studies conducted in small mammals have demon-
strated that cold acclimation results in higher rates of
food intake, and hypertrophy of food processing organs
(Toloza et al. 1991; McDevitt and Speakman 1994;
Hammond and Wunder 1995). However, most research
on this topic has evaluated these effects at two highly
contrasting temperatures, usually under extreme condi-
tions (but see Green and Millar 1987; Hammond et al.
1999). The use of extreme experimental settings does not
allow for the evaluation of the dynamics of the digestive
response of animals as they cope with moderate de-
mands along a more natural continuous gradient of
environmental conditions. In the present work, we
examined phenotypic flexibility in digestive responses of
the leaf-eared mouse, Phyllotis darwini, to increments in
total energy demands. For this purpose, we sequentially
exposed individuals to 26, 12 and 0�C, and analysed
changes in food processing (i.e. transit time and the
distribution of digesta along the gastrointestinal tract)
and digestive organ tissue mass. We hypothesized, fol-

lowing the economy principle of Sibly (1981), that
moderate demands can be met by changes in food pro-
cessing, while at higher energetic demands additional
changes in digestive organ tissue mass are necessary.

Materials and methods

Animals and experimental design

The leaf-eared mouse, P. darwini (Sigmodontinae), is a
nocturnal rodent that feeds primarily on seeds, but also
consumes insects and grasses (Meserve 1981). It inhabits
semi-arid and Mediterranean ecosystems of northern
and central Chile, from the Pacific Ocean coast to the
Andes Mountains (ca. 2,000 m above sea level). These
environments are characterized by marked seasonal
variation (warm dry summers, cold wet winters), and
also by daily fluctuation in abiotic conditions (Nespolo
et al. 2001). Thus, P. darwini regularly experiences
changes in food intake and quality on both daily and
seasonal time scales, which makes this species a good
choice for studying how the digestive system of a small
mammal responds to changes in food intake over dif-
ferent time scales.

Fifty newborn P. darwini (27 males and 23 females)
were selected from a captive population that we had
maintained for 2 years. All animals were maintained at
an ambient temperature (Ta) of 26±2�C, with a pho-
toperiod of 14L:10D. Individuals were fed commercial
rabbit pellets (Champion) and water ad libitum for
3 months (i.e. until adulthood). Diet pellets were anal-
ysed at the Institute of Nutrition and Food Technology,
Universidad de Chile, following proximate chemical
analysis methods (Horwitz 1980). The average chemical
composition was: dry matter 90.6%, ash 10.8%, crude
fibre 16.5%, neutral detergent fibre 37.8%, acid-deter-
gent fibre 19.8%, lipid 3.0%, protein (N·6.25) 20.0,
available carbohydrate 40.3% and gross energy content
18.4±0.5 kJ g�1 (n=3).

The experimental design is shown in Fig. 1. The
experiment began with 50 individuals, which were
sequentially exposed to a decrease in environmental
temperature (26, 12 and 0�C). On different days (see
Fig. 1), ten individuals randomly assigned were sepa-
rated from the rest to generate one of the following
experimental treatments: (1) T (thermoneutrality),
7 days at Ta=26±2�C; (2) MD1 (moderate demand),
7 days at Ta=12±2�C; (3) MD2 (moderate demand),
17 days at Ta=12±2�C; (4) MD3 (moderate demand),

Fig. 1 The experimental design. The experiment began with 50
individuals, which were sequentially exposed to lower environmen-
tal temperatures. At days 7, 14, 24, 34 and 41, 10 individuals were
separated from the rest to generate the five experimental groups:
26�C (T group), 12�C (three MD groups) and 0�C (HD group)
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27 days at Ta=12±2�C; and (5) HD (high demand),
7 days at Ta=0±2�C after 27 days of acclimation at
Ta=12±2�C. The photoperiod was kept at 12L:12D
throughout the study.

Digestive variables

Food intake (I) and faecal output (F) were estimated daily
for the last 3 days of the experimental period, by placing
each animal individually in a cage with an elevated wire
bottom. Faeces and remaining food dropped to the cage
bottom and were dried at 60�C for at least 96 h to con-
stant mass, and then separated from each other. The
difference between dry food offered and dry food residues
is dry matter intake. Body mass (bm) of each animal was
measured once prior to the I and F estimation (initial bm)
and again after the 3-day collection period (final bm). All
measurements were taken between 0800 and 0900 hours.
Mice were sacrificed by cervical dislocation between 1400
and 1800 hours, and their digestive organs (stomach,
small intestine, caecum and colon) were removed. The
amount of digesta (the material rinsed out of the intact
gut), was dried and weighed separately for each organ on
an electronic analytical balance (Chyo JK-180,
±0.0001 g), then integrated over the entire gut (V).
Digestive organs were washed with Ringer’s solution,
dried to constant mass at 80�C for 7 days, then re-
weighed. From these data, three kinds of digestive vari-
ables were estimated: (1) overall response variables:
digestible dry matter intake [DDMI (g day�1)=I
(g day�1)�F (g day�1)], and apparent dry-matter
digestibility {DMD (%)=[I (g day�1)�F (g day�1)]/[I
(g day�1)]}; (2) digesta processing variables: total
amount of digesta in the gut [V (g)], and the relative
amount of digesta in each digestive organ {RCC i
(%)=[V of the organ ‘‘i’’(g)/V (g)]·100}, total turnover
time {TTt (h)=[V (g)/I (g day�1)]·24}, and turnover time
of absorptive organs {TTac (h)=[V of absorptive organs
(g)/I (g day�1)]·24}; see Hammond and Wunder (1991)
for methodological assumptions; (3) anatomical vari-
ables: dry tissue mass of each digestive organ [DM i (g)].

Statistical analysis

Differences in initial and final bm between groups were
evaluated using one-way ANOVA. Changes in all
dependent variables were evaluated separately by AN-
COVA. We used final bm for overall response and
digesta processing variables, or carcass mass (i.e. vis-
cera-free body mass) for anatomical variables, as the
covariates. Prior to all statistical analyses, data were
examined for assumptions of normality and homoge-
neity of variance, using Kolmogorov–Smirnov and
Levene tests, respectively. Interactions between covari-
ates and factors (parallelism test) were also tested. When
necessary to meet assumptions, variables were
transformed to the inverse (bm balances), to logarithm

(total turnover time) or to arcsine (dry-matter digest-
ibility). We carried out post hoc comparisons through
Tukey HSD tests. Statistical analyses were performed
using the statistical package, STATISTICA (2001) ver-
sion 6.0 for the Windows operating system.

Results

There were no significant differences in initial or final bm
between groups (Fig. 2a). Digestible dry matter intake
(DDMI) increased significantly, but dry matter digest-
ibility (DMD) remained constant with decrease in
experimental Ta (Fig. 2b, c). The total amount of di-
gesta in the gut did not differ between groups (Fig. 3a).
However, individuals exposed to low Ta had the greatest
proportion of digesta in the caecum, while at high Ta the
greatest proportion of digesta was in the stomach
(Fig. 3b). The proportion of digesta in the small intes-
tine and colon was not affected by Ta (Fig. 3b). Both
total and absorptive organs turnover times decreased in
individuals moved from high (26�C) to low (12 and 0�C)
Ta, but the difference was markedly less for the TT of
absorptive regions (14 vs. 9 h) than for total gut TT (24
vs. 12 h) (Fig. 3c). Digestive organs followed a similar
pattern of variation: individuals at 0�C had significantly
higher digestive organ tissue mass than at the other two
Ta treatments, while there were no differences between
the latter two groups (Fig. 4). However, tissue mass of
the caecum and colon tended to increase along the
experimental treatments more gradually than stomach
and small intestine tissue mass. In this sense, for the first
two digestive organs, animals at moderate energy de-
mands (12�C for 27 days) did not differ from animals in
their thermoneutral zone, nor from animals under
higher energy demands (Fig. 4).

Discussion

A major area of interest in comparative physiology has
been to understand how animals cope with changing
environmental demands in time and space. In this study,
we found that the leaf-eared mouse displays a progres-
sive sequence of compensatory digestive changes to
increasing energy demands. In particular, moderate
increments in energetic demand were met with changes
in digesta processing, while higher increments were
associated with an additional increase in the tissue mass
of digestive organs (Fig. 5). Adjustments in digesta
processing included a re-distribution of digesta along the
gastrointestinal tract, without changes in total gut con-
tent. In this sense, from thermoneutrality to 12�C the
relative content of the caecum increased by about 15%,
while the relative stomach content decreased by a similar
magnitude. This redistribution means that, despite the
typical reduction in TT concomitant with an increase in
food intake (Hammond and Wunder 1991; Toloza et al.
1991; Dykstra and Karasov 1992), the period during
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which digesta was present in the absorptive organs was
slightly modified. In addition, this result suggests that
the stomach acts as a storage organ, which may separate
the food-intake rate from the digesta-transit rate along
the absorptive regions, thus providing continuity of flow
through these regions (Levey and Duke 1992).

The second step of the digestive response was an
increment of digestive organ masses, a result that has

been recorded for a large variety of small mammals in
response to high energy demands (Gross et al. 1985;
Green and Millar 1987; Bozinovic et al. 1988; Hammond
and Wunder 1991; Toloza et al. 1991; Sabat and Bozi-
novic 2000, Schwaibold and Pillay 2003). In this sense,
the increase in gut size under high energy demand can

Fig. 2 a Initial and final body mass (g), b digestible dry-matter
intake (g day�1) and c apparent dry-matter digestibility (%) for
each experimental group (n=10). Error bars represent the adjusted
mean ±1 SE. Means with different letters differ significantly at
p<0.05

Fig. 3 a Total amount of digesta in the gut (g), b relative amount of
digesta in each digestive organ (%) and c total and absorptive
region turnover times (h) for each experimental group (n=10).
Error bars represent the adjusted mean ±1 SE. Means with
different letters differ significantly at p<0.05. Sample size for
estimations of relative amount of digesta and turnover times were
nine in group T and seven in group MD1
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yield several benefits to an animal, manifested as an
increase in the amount of energy ingested in any given
period of time (by increasing the total number of
transporters in the gut lining) or by allowing food-
retention time to remain constant with increased food
intake (Hammond and Wunder 1991).

In small endotherms, daily, seasonal and spatial
variations in temperature may set limits on the use of
both space and time (Bacigalupe et al. 2003). In its
natural habitat, the leaf-eared mouse faces changes in
energy demands (i.e. Ta) at two different time scales:
moderate daily fluctuations, and high seasonal fluctua-
tions. We suggest that adjustments in digestive pro-
cessing are sufficient to allow these rodents to cope with
short-term fluctuations, but increases in digestive organ
mass are necessary to cope with seasonal changes in
environmental thermal demands (Fig. 5). However, it

should be noted that intermediate levels of flexibility
that were not analysed in the present work, such as
digestive enzymes and brush-border transporter activity,
may also play an important role in the observed overall
response variables (Nagy and Negus 1993).

Digestive adjustments in the leaf-eared mouse, at
both moderate and high energetic demands included
changes in both content and tissue mass of the caecum,
suggesting an increase in fermentative activity. This
compensatory mechanism has been observed when sev-
eral small mammal species were changed to poor-quality
diets (Gross et al. 1985; Bozinovic et al. 1997; Pei et al.
2001) or to low environmental temperatures (Hammond
and Wunder 1995; Nespolo et al. 2002). It would be
interesting to test whether this potential increase of
fermentative activity is followed by any incidence of
coprophagy, a behaviour not yet described in P. darwini.

Finally, time-course analyses indicate that, at 12�C,
all digestive variables reached stable values within
7 days and then remained constant. This observation,
together with the increase in the tissue mass of some
digestive organs when animals were exposed to 0�C for
7 days, indicate that 1 week is long enough for a re-
sponse in most of the variables under study. These re-
sults are in agreement with both empirical data (e.g.
Konarzewski and Diamond 1994) and theoretical
deductions from cellular turnover rates (Starck 1999).

The basic structural and functional digestive design
of an animal, as well as its behaviour and the environ-
mental demands it faces, determine the limits to the food
resources that can be utilized. Although the input of
energy and nutrients into the digestive tract is typically
periodic, it is clear that many aspects of digestive
physiology are likely to be flexible as a function of the
environment. Timing and efficiency of digestion are
therefore dependent on a dynamic balance between food
ingestion and digesta distribution among regions of the

Fig. 4 Dry tissue mass of stomach, small intestine, caecum and
colon for each experimental group (n=10). Error bars represent the
adjusted mean ± 1 SE. Means with different letters differ
significantly at p<0.05

Fig. 5 Sequence of
compensatory digestive changes
displayed by Phyllotis darwini
when individuals were
sequentially exposed to 26, 12
and 0�C. Moderate increments
in energy demand (e.g. natural
daily fluctuations in
temperature) were met by
changes in digesta processing,
while higher increments in
energy demand (e.g. natural
seasonal fluctuations in
temperature) were met by
increases in the tissue mass of
digestive organs
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gut. As we show here, digestive variables are likely to be
flexible, allowing animals to match their performance to
changes in energy demand on both a daily and a sea-
sonal basis.
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