
9 (2006) 704–710
Physiology & Behavior 8
Basal metabolic rate and organ size in Brandt's voles (Lasiopodomys
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Abstract

This study examined the effects of photoperiod (long day [16 Light:8 Dark] and short day [8 Light:16 Dark]), temperature (cold [5 °C] and
warm [23 °C]), and diet quality (high-fiber diet [36% neutral-detergent fiber (NDF)] and low-fiber diet [23% NDF]) on basal metabolic rate
(BMR), digestible energy intake, and organ size in the Brandt's vole (Lasiopodomys brandtii). Cold increased BMR and showed a significant
interaction with diet quality. Cold and short photoperiod increased intake of food and digestible energy. The high-fiber diet increased food intake,
but decreased digestibility, and had no effects on digestible energy intake. Voles housed in the cold had heavier liver, kidneys and gastrointestinal
segments but a lighter carcass. Segments of the gastrointestinal tract tended to be heavier when voles were fed the high-fiber diet. Voles housed in
short photoperiod had lighter heart and kidneys but heavier gut segments. With the effects of body mass on BMR and organs was removed, BMR
was significantly related to the dry mass of heart, liver, kidneys and cecum. Digestible energy intake was significantly related to the dry mass of
kidneys and stomach. These significant relationships were also detected after removing the effects of body mass, temperature, photoperiod and
diet quality. There was also a significant correlation between BMR and digestible energy intake. Our results suggest that variations in BMR
reflected the evolution of metabolic machinery that induces higher energy intakes. The data also support the assimilation capacity model of
endothermy.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The capacity for thermogenesis and energy intake are
important for the survival of winter-active small mammals in
their natural environment. Many small mammals show seasonal
changes in basal metabolic rate (BMR), which is usually higher
in winter [1–5]. These seasonal variations may be cued by
environmental factors such as photoperiod, ambient tempera-
ture, and diet quality and/or quantity. Short photoperiod solely
or combined with cold can increase metabolic rate, and espe-
cially BMR [6–9]. Low ambient temperature can also increase
the BMR of some species [9,10]. Some species can also lower
their BMR when fed on a low-quality diet [11]. Geluso and
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Hayes [12] found that the BMR of European starlings (Sturnus
vulgaris) did not differ between the high- and low-quality
dietary groups even though organ sizes showed great dif-
ferences. The seasonal decline in ambient temperatures not only
increases the cost of thermoregulation for winter-active small
mammals but also increases the cost of foraging. So small
mammals in cold and/or fed on high-fiber diets always tend to
down-regulate their energy demand and/or increase their energy
intake.

It has been hypothesized that variations in BMR in animals
can be related to differences in the sizes of metabolically active
organs. Daan et al. [13] found that combined masses of heart
and kidney explained almost 50% of BMR variation in 22 bird
species and suggested that BMR variation between species of
similar body size reflects the evolution of metabolic machinery.
Konarzewski and Diamond [14] found that strains of mice with
high BMR tended to have large liver, heart, kidney and brain
after adjusting for the effects of overall size, and the correlation
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Table 1
Composition of experimental diets

Contents Low-fiber diet High-fiber diet

Crude fat (%) 6.2 3.9
Crude protein (%) 20.8 19.4
Neutral detergent fiber (%) 23.1 35.5
Acid detergent fiber (%) 12.5 21.4
Ash (%) 10.0 10.5
Gross energy (kJ/g) 17.5 17.3

Composition percentages are based on dry mass.
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between BMR and masses of metabolically active organs ap-
peared not only between strains, but also within the same strain.
In non-breeding mice selected for high and low food intake, the
effects of strain on BMR were also consistent with the anti-
cipated effect from strain differences in liver size [15]. Williams
and Tieleman [16] proposed that organ sizes and BMR are
influenced by the amount of food consumed, which in turn
parallels energy requirements. The assimilation capacity model
proposed by Koteja [17] focused on examining the correlation
between BMR and maximum sustained metabolic rate. Ricklefs
et al. [18] showed that the BMR and daily energy expenditure
was significantly correlated across 33 species of mammals.
There are different conclusions in intraspecific studies for this
model [14,19] and the association between total energy expen-
diture and BMR is still not clear.

Brandt's vole (Lasiopodomys brandtii) is a small mamma-
lian herbivore that feeds on grass leaves and is primarily dis-
tributed in the Inner Mongolia grasslands of China, Mongolia
and the Beigaer region of Russia. We conducted experiments on
the effects of temperature, photoperiod, and diet quality on
thermogenesis in Brandt's voles, in order to (1) determine the
effects of temperature, photoperiod, and diet quality on BMR,
food intake, digestibility, and organ sizes; and (2) examine
correlations between organ size and BMR and between digest-
ible energy intake and BMR.

2. Materials and methods

Voles were live-captured on Inner Mongolian grassland in
the spring of 1999 and raised in our laboratory. Their first filial
generations (about 5 months old) were used for this experiment.
Before the experiment voles were maintained on standard rabbit
pellets (Beijing Ke Ao Feed Co.) in plastic cages at 23±1 °C
under a 16 Light: 8 Dark cycle with lights on at 0400 h. Food
and water were available ad lib. In April 1999, animals were
randomly assigned to eight experimental regimens, and then
acclimated for 3 weeks to long day [16 Light:8 Dark] or short
day [8 Light:16 Dark], cold [5 °C] or warm [23 °C], and a high-
fiber [35.5% neutral detergent fiber (NDF)] or low-fiber diet
[23.1% NDF]. The mean body masses of the 8 groups were
similar before acclimation.

The high-fiber diet was prepared by grinding the standard
rabbit pellets, and then thoroughly mixing them with two times
the weight of alfalfa (Medicago sativa) powder. The dry mixture
was then moistened and dried at low temperature to adhere the
alfalfa powder to the other dietary components, then repelleted.
The contents of neutral detergent fiber (NDF) and acid detergent
fiber (ADF) were determined following Goering and Van Soest
[20] after pretreatment with heat-stable α-amylase (Sigma) to
remove the starch [21]. The composition of the two experi-
mental diets is shown in Table 1; agreement between two
replicate analyses were within 5%.

After 3 weeks acclimation, digestible energy intake was
measured. We regarded the digestible energy intake as an index
of total daily energy expenditure. During the experiment, ani-
mals were housed in stainless steel mesh metabolism cages
(30 cm×15 cm×20 cm ) and food and water were provided in
excess of the animals' needs. Feces and uneaten food were
collected quantitatively each day. Each collection period lasted
3 days. Food and feces were separated manually and oven-dried
at 70 °C for at least 72 h. The caloric values of the food and
feces were determined with a Parr1281 oxygen bomb calori-
meter (Parr Instrument USA). The digestible energy intake was
then calculated as gross energy intake minus the energy lost in
feces. Apparent digestibility (%) was calculated as

½ðGross energy intake−Energy lost in fecesÞ
=Gross energy intake� � 100

Basal metabolic rate was measured after the 3-day collection
period in a closed-circuit respirometer at 29 °C (within thermo-
neutrality [5]). The metabolic chamber volume was 3.6 L and
the temperatures inside the chamber were maintained with a
water bath (±0.5 °C). Carbon dioxide and water in the metabolic
chamber were absorbed by KOH and silica gel, respectively.
Before measurement, the animals were fasted for 3 h, then
stabilized for 60 min in the metabolic chamber before oxygen
consumption was recorded over 5 min intervals for 60 min. The
two lowest stable consecutive readings were taken to be BMR.
Body temperatures of the animals were measured prior to and
after the BMRmeasurements. All metabolic measurements were
taken between 1000 and 1700 h and all metabolic data were
corrected to STP.

After the metabolic measurements, the animals were killed
by decapitation and the brain, heart, liver, kidneys, brown
adipose tissue (BAT) and gastrointestinal tract were quickly
removed. The gastrointestinal tract was dissected free of
mesenteric attachments but without stretching the tissue [22].
The lengths and fresh weights without contents of stomach,
intestine, cecum, and colon were measured. All the tissues and
organs were weighed to the nearest ±1 mg, then were oven-
dried at 60 °C for 48 h, and the dry weights recorded.

Data were analyzed using the SPSS package [23]. Dis-
tributions of all variables were tested for normality using the
Kolmogorov–Smirnov test. The masses of some of the mor-
phological components were not normally distributed, so all
variables were transformed to natural logarithms to normalize
them. A General Linear Model Univariate procedure was used
to test the effects of temperature, photoperiod and diet on
BMR, digestible energy intake, digestibility and mass of ali-
mentary tract segments. Body mass was used as the covariate
for comparisons. Assumptions of homogeneity of variance and
linearity were satisfied. Regression and correlation analyses



Table 2
Effects of photoperiod, temperature, and diet quality on digested energy, digestibility, energy gain, and basal metabolic rate (BMR) in Brandt's voles (L. brandtii)

Long day Short day Effects

High-fiber diet Low-fiber diet High-fiber diet Low-fiber diet

Cold (n=4) Warm (n=7) Cold (n=8) Warm (n=7) Cold (n=9) Warm (n=10) Cold (n=10) Warm (n=15)

Body mass (g) 42.25 (4.70) 51.14 (4.75) 50.75 (3.00) 53.43 (3.49) 36.56 (1.72) 44.40 (2.45) 44.70 (1.59) 52.73 (2.14) T⁎⁎ F⁎⁎L⁎

Gross energy
intake (kJ/day)

217.98 (18.68) 122.25 (12.23) 155.11 (11.43) 70.66 (12.58) 235.74 (20.19) 107.13 (18.67) 195.39 (10.43) 124.23 (9.51) T⁎⁎⁎ F⁎⁎

L⁎ F×L⁎

Digested energy
(kJ/day)

107.68 (12.36) 65.72 (8.09) 105.62 (7.56) 53.63 (8.32) 122.87 (13.36) 60.35 (12.36) 133.29 (6.90) 84.63 (6.30) T⁎⁎⁎ L⁎

Digestibility (%) 0.48 (0.02) 0.54 (0.01) 0.67 (0.01) 0.74 (0.01) 0.49 (0.02) 0.56 (0.02) 0.68 (0.01) 0.68 (0.01) T⁎⁎⁎ F⁎⁎⁎

BMR (ml O2/h) 125.99 (8.14) 100.12 (6.15) 115.21 (5.75) 121.60 (6.26) 130.41 (6.00) 103.40 (5.14) 137.25 (5.13) 116.64 (4.36) T⁎⁎⁎

T×F⁎

All values are covariate-adjusted means (S.E.) except body mass. Effects: L, photoperiod; T, temperature; F, diet quality. Interactions are indicated by ×. ⁎Pb0.05,
⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
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were used to test for possible associations between BMR,
digestible energy intake and organ mass. To avoid repetition,
further details are given in the section BMR and organs. All
Table 3
Effects of photoperiod, temperature, and diet quality on morphological parameters i

Long day Sho

High-fiber diet Low-fiber diet Hig

Cold
(n=3)

Warm
(n=6)

Cold
(n=6)

Warm
(n=5)

Col
(n=

Body wet mass (g) 48.50 (6.50) 56.33 (3.34) 48.20 (1.93) 49.74 (3.24) 34.3
Body dry mass (g) 14.87 (2.28) 16.78 (1.03) 15.42 (0.53) 17.35 (1.14) 10.6
Carcass wet mass (g) 29.18 (3.64) 34.60 (1.91) 31.62 (1.18) 35.68 (2.17) 20.5
Carcass dry mass (g) 11.24 (3.90) 16.02 (0.60) 13.70 (0.70) 12.15 (1.29) 14.0
Heart wet mass (g) 0.24 (0.02) 0.36 (0.02) 0.61 (0.02) 0.25 (0.01) 0.2
Heart dry mass (g) 0.06 (0.01) 0.09 (0.00) 0.08 (0.00) 0.07 (0.00) 0.0
Lung wet mass (g) 0.31 (0.02) 0.39 (0.01) 0.64 (0.01) 0.32 (0.01) 0.3
Lung dry mass (g) 0.08 (0.01) 0.09 (0.00) 0.09 (0.00) 0.08 (0.00) 0.0
Liver wet mass (g) 2.24 (0.30) 2.04 (0.12) 2.35 (0.10) 1.81 (0.12) 1.7
Liver dry mass (g) 0.76 (0.02) 0.55 (0.00) 0.64 (0.00) 0.54 (0.01) 0.4
BAT wet mass (g) 0.52 (0.05) 0.26 (0.01) 0.64 (0.02) 0.30 (0.01) 0.3
BAT dry mass (g) 0.37 (0.07) 0.20 (0.00) 0.36 (0.01) 0.29 (0.02) 0.2
Spleen wet mass (g) 0.02 (0.00) 0.07 (0.00) 0.26 (0.01) 0.04 (0.00) 0.0
Spleen dry mass (g) 0.01 (0.00) 0.02 (0.00) 0.01 (0.00) 0.02 (0.00) 0.0
Brain wet mass (g) 0.53 (0.01) 0.56 (0.01) 0.54 (0.00) 0.56 (0.00) 0.4
Brain dry mass (g) 0.12 (0.00) 0.12 (0.00) 0.15 (0.00) 0.12 (0.00) 0.1
Kidney wet mass (g) 0.72 (0.08) 0.55 (0.03) 0.96 (0.03) 0.54 (0.03) 0.5
Kidney dry mass (g) 0.20 (0.00) 0.15 (0.00) 0.19 (0.00) 0.15 (0.00) 0.1
Stomach length (cm) 2.92 (0.07) 3.05 (0.03) 3.19 (0.02) 2.70 (0.03) 1.9
Stomach wet mass (g) 0.23 (0.02) 0.49 (0.02) 0.13 (0.00) 0.16 (0.01) 0.3

Stomach dry mass (g) 0.07 (0.00) 0.07 (0.00) 0.04 (0.00) 0.04 (0.00) 0.0
SI length (cm) 38.05 (0.69) 31.52 (0.26) 32.41 (0.17) 31.17 (0.28) 29.3
SI wet mass (g) 0.15 (0.01) 0.65 (0.01) 0.11 (0.00) 0.13 (0.00) 0.6

SI dry mass (g) 0.05 (0.00) 0.07 (0.00) 0.04 (0.00) 0.04 (0.00) 0.1
Cecum length (cm) 20.69 (0.49) 16.57 (0.18) 18.22 (0.13) 16.87 (0.20) 17.5
Cecum wet mass (g) 0.40 (0.01) 0.55 (0.01) 0.16 (0.00) 0.22 (0.00) 0.5
Cecum dry mass (g) 0.09 (0.00) 0.07 (0.00) 0.05 (0.00) 0.06 (0.00) 0.0
Colon length (cm) 31.34 (1.63) 28.17 (0.65) 28.46 (0.43) 26.56 (0.68) 24.9
Colon wet mass (g) 0.18 (0.01) 0.43 (0.01) 0.14 (0.00) 0.10 (0.00) 0.3
Colon dry mass (g) 0.04 (0.00) 0.05 (0.00) 0.04 (0.00) 0.03 (0.00) 0.0

All values are covariate-adjusted means (S.E.) except body mass. Effects: L, photoper
Interactions are indicated by ×. ⁎Pb0.05, ⁎⁎Pb0.01, ⁎⁎⁎Pb0.001.
values are the covariate-adjusted means±S.E. except body
mass in the text, and pb0.05 was taken to be statistically
significant.
n Brandt's voles (L. brandtii)

rt day Effects

h-fiber diet Low-fiber diet

d
3)

Warm
(n=6)

Cold
(n=9)

Warm
(n=12)

3 (3.84) 48.53 (4.77) 53.41 (2.31) 56.65 (2.20) T⁎ , F×L⁎

3 (1.22) 16.96 (1.59) 17.26 (0.71) 20.61 (0.85) T⁎ , F×L⁎

7 (2.15) 34.98 (3.21) 34.65 (1.40) 42.72 (1.55) T⁎⁎⁎F⁎

7 (1.69) 15.63 (1.58) 16.18 (1.26) 18.70 (0.76) T⁎⁎⁎F⁎

1 (0.02) 0.21 (0.01) 0.28 (0.01) 0.26 (0.01) T⁎⁎⁎ F⁎⁎⁎ L⁎⁎⁎

5 (0.00) 0.05 (0.00) 0.07 (0.00) 0.06 (0.00)
4 (0.02) 0.34 (0.02) 0.46 (0.01) 0.41 (0.01) T⁎ T×F⁎ T×L×F⁎

8 (0.00) 0.08 (0.00) 0.10 (0.00) 0.10 (0.00)
0 (0.19) 1.76 (0.17) 2.41 (0.11) 1.96 (0.08) T⁎⁎⁎

6 (0.00) 0.51 (0.00) 0.69 (0.01) 0.58 (0.00) T⁎⁎⁎ T×L×F⁎

6 (0.03) 0.37 (0.03) 0.42 (0.01) 0.34 (0.01) T⁎⁎ T×L⁎

1 (0.01) 0.25 (0.01) 0.28 (0.01) 0.24 (0.01)
3 (0.00) 0.04 (0.00) 0.04 (0.00) 0.04 (0.00) T⁎⁎⁎ F⁎⁎⁎ L⁎⁎⁎

1 (0.00) 0.01 (0.00) 0.01 (0.00) 0.01 (0.00)
8 (0.00) 0.54 (0.00) 0.53 (0.00) 0.56 (0.00)
0 (0.00) 0.12 (0.00) 0.12 (0.00) 0.13 (0.00) F⁎

7 (0.05) 0.49 (0.04) 0.71 (0.02) 0.59 (0.02) T⁎⁎⁎ F⁎ L⁎⁎ T×L⁎

4 (0.00) 0.12 (0.00) 0.16 (0.00) 0.15 (0.00) T⁎⁎⁎ L⁎⁎⁎

0 (0.06) 2.39 (0.04) 2.39 (0.02) 2.33 (0.02) L⁎⁎⁎

6 (0.02) 0.34 (0.02) 0.43 (0.01) 0.30 (0.01) F⁎⁎⁎ L⁎⁎⁎ T × L⁎⁎⁎

L×F⁎

9 (0.00) 0.07 (0.00) 0.08 (0.00) 0.07 (0.00) T⁎ F⁎ L⁎⁎⁎

2 (0.62) 27.97 (0.37) 30.62 (0.18) 27.80 (0.15) T⁎⁎⁎ F⁎ L⁎⁎⁎

9 (0.02) 0.39 (0.01) 0.75 (0.01) 0.43 (0.00) F⁎⁎⁎ L⁎⁎⁎ T × F⁎⁎⁎

L×F⁎⁎⁎

8 (0.00) 0.06 (0.00) 0.11 (0.00) 0.09 (0.00) F⁎ L⁎⁎ T×L⁎⁎⁎

0 (0.49) 15.28 (0.27) 16.14 (0.13) 13.48 (0.09) T⁎⁎⁎ F⁎ L⁎⁎⁎

9 (0.02) 0.46 (0.01) 0.53 (0.01) 0.41 (0.00) T⁎ F⁎⁎⁎ L⁎⁎⁎

6 (0.00) 0.05 (0.00) 0.07 (0.00) 0.07 (0.00)
1 (1.52) 23.43 (0.90) 24.43 (0.42) 21.86 (0.33) T⁎ F⁎ L⁎⁎⁎

8 (0.02) 0.37 (0.02) 0.37 (0.01) 0.29 (0.01) F⁎ L⁎⁎⁎

6 (0.00) 0.06 (0.00) 0.06 (0.00) 0.06 (0.00) L⁎

iod; T, temperature; F, diet quality. BAT, brown adipose tissue. SI, small intestine.



Fig. 1. Residual variation in BMR (ordinate) plotted against residual variation in
organ dry masses (abscissa) after accounting for differences in dry body mass,
photoperiod, temperature and diet quality.
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3. Results

3.1. Body mass

Body mass of voles exposed to cold was lower than those
exposed to warm (F=10.77, P=0.002). Short photoperiod
(F=5.27, P=0.025) and low diet quality (F=10.63, P=0.002)
decreased the body mass (Table 2).

3.2. Basal metabolic rate

Voles exposed to cold had a 13% greater BMR than those
exposed to warm (F=14.28, Pb0.001). BMR was not signi-
ficantly affected by photoperiod (F=2.11, P=0.151) or diet
quality (F=3.01, P=0.088). The interaction between temper-
ature and diet quality was significant (F=5.52, P=0.022) and
showed that animals exposed to cold and fed the high-fiber
diet had a greater BMR than did voles fed the low-fiber diet
(Table 2).

3.3. Food intake and digestibility

Food intake was significantly affected by temperature (F=
76.40, Pb0.001), diet quality (F=10.54, P=0.002), and pho-
toperiod (F=5.18, P=0.028). The interaction between photo-
period and diet quality was significant (F=4.93, P=0.032).
Animals housed in the cold ate 90% more dry matter than those
in the warm. Voles on the short-day regime showed 17% greater
food intake than those on the long-day regime. Food intake was
25% greater in voles fed the high-fiber diet than the low-fiber
diet. The significant interaction between temperature and diet
quality indicated that the differences in food intake between the
two diets were more pronounced under cold than warm con-
ditions (Table 2).

Photoperiod affected digestible energy intake (F=5.96, P=
0.019). Animals on the short-day regime digested more energy
than those on the long-day regime. Voles housed in the cold ate
77% more digestible energy than those housed in the warm
(F=50.86, Pb0.001). Digestible energy intake was not signi-
ficantly affected by diet quality (F=0.54, P=0.468; Table 2).

Voles exposed to the warm showed a 9% greater energy
digestibility than those under cold conditions (F=16.90, Pb
0.001). There was no significant difference in energy diges
tibility between the day lengths (F=0.25, P=0.620). Energy
digestibility was 25% greater on the high-fiber than the low-
fiber (F=218.69, Pb0.001; Table 2).

3.4. Organ mass

Nearly all measured organ sizes and gut segments were
significantly affected by photoperiod, temperature, and diet
quality. Animals exposed to cold showed heavier heart, kidneys,
and gut segments (Table 3), but their lean body mass was
significantly lower than that in warm. Voles fed the high-fiber
diet had longer small intestine, cecum, and colon (Table 3) than
animals fed the low-fiber diet. The masses of stomach, small
intestine, cecum, and colon were greater in voles fed the high-
fiber diet than the low-fiber diet. The lean body mass, liver mass,
and kidney mass were lower on the high-fiber diet (Table 3).

Voles on the short-day regime had smaller heart and kidneys
than those on the long-day regime. The lengths of gut segments
were less, but the masses were greater than on the long-day
regime. The masses of heart, kidneys and small intestine were
significantly affected by the interaction of temperature, photo-
period and diet quality (Table 3).

3.5. BMR and organs

We pooled the data from all treatments and examined the
relationships between individual variations in BMR and the
mass of each organ. To remove the effect of body mass, we used
the residuals of BMR, digestible energy, and organs for ana-
lysis. Residuals were calculated according to the regression
equations between each parameter and body mass. BMR resi-
duals were significantly correlated with the residuals of dry
heart mass (r=0.337, P=0.024, n=45), dry liver mass (r=
0.505, Pb0.001, n=45), dry kidney mass (r=0.394, P=0.008,
n=44), and dry cecum mass (r=0.315, P=0.035, n=45). The
relationships between residuals of digestible energy intake and
dry masses of liver (r=0.384, P=0.014, n=40), spleen (r=
−0.320, P=0.047, n=39), kidneys (r=0.409, P=0.010, n=
39), stomach (r=0.314, P=0.048, n=40) and colon (r=0.361,
P=0.022, n=40) were also significant. BMR residuals versus
dry body masses were significantly correlated with digestible
energy intake (r=0.448, P=0.004, n=40).

The preceding analyses did not separate the effects of between-
treatment variations (induced by temperature, photoperiod and
diet quality) from the effects of within-treatment variation. To
determine whether the correlations still exist after removing the
effects of differences in body mass and treatments we coded each
treatment as a “dummy variable” by assigning 0 for cold and 1 for
warm, 0 for short day and 1 for long day, 0 for low-diet quality and
1 for high-diet quality according to Konarzewski and Diamond
[14]. We computed the multiple regression equations in which



Fig. 2. Residual variation in BMR (ordinate) plotted against residual variation in
digestible energy intake (abscissa) after accounting for differences in dry body
mass, photoperiod, temperature and diet quality.
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BMR, digestible energy intake and dry and wet organ masses
were the dependent variables, while dry and wet body mass and
the block of dummy variables were the independent variables.
The correlations between residuals of BMR from the multiple
regressions and residuals of dry mass of heart (r=0.470,
P=0.001, n=45), liver (r=0.410, P=0.005, n=45), kidneys
(r=0.323, P=0.033, n=44), and cecum (r= 0.455, P=0.002,
n=45) were also significant (Fig. 1). The residuals between
digestible energy intake and dry mass of kidneys (r=0.422,
Pb0.001, n=39) and stomach (r=0.419, P=0.007, n=40) were
significant as well, but the correlations between residuals of
digestible energy intake and residuals of the dry mass of liver,
pancreas, and colon disappeared. BMR residuals and dry body
masses were significantly correlated with digestible energy
intake (r=0.318, P=0.046, n=40; Fig. 2).

4. Discussion

4.1. Temperature

The higher BMR in the cold may have resulted from the
greater mass and activity of visceral organs in Brandt's voles.
BMR, food intake and digestible energy intake were all higher
in the cold than in the warm, which probably stimulated the
enlargement of organs such as the liver, heart, and intestine.
Hammond and Kristan [24] found that cold exposure caused
increases in masses of the small intestine, kidneys and heart.
Some of these organs, such as liver and kidneys, have high
metabolic activities [25].

Animals with relatively high BMR have relatively large
masses of metabolically active tissues and organs. Konarzewski
and Diamond [14] acclimated nude house mice (Mus musculus)
at either 23 °C or 30 °C for 8 days and found that the low
temperature mice had higher BMRs and larger liver, intestine,
kidneys and heart. Williams and Tieleman [16] indicated that
larks in the cold tended to have larger liver, kidneys and in-
testine, and higher BMR than in warm.

4.2. Diet quality

Voles fed the high-fiber diet had greater gut size and mass
[26]. Bozinovic et al. [27] observed that the South American
rodent Octodon degus compensated for nutritionally poor food
by increased gut content volume. Pei et al. [28] also found in
Brandt's voles that total length and total gut tissue mass, and the
length and tissue mass of the cecum and colon were signi-
ficantly greater on a higher fiber diet. Nagy and Negus [29]
proposed that the greater gut length and mass were necessary to
increase or maintain digestive efficiency. The potential benefits
of increasing gut size include: (1) an increase in the retention
time of food, which increases digestive efficiency if food intake
remains constant [30] and maintains the digestive efficiency if
food intake increases [31]; and (2) an increase in the rate of
digestion and absorption through an increase in the number of
nutrient transporters [32]. Pei et al. [28] found in Brandt's voles
that total tract mean retention time (MRT) of a solute marker
was significantly greater than that of a particle marker on the
low-fiber diet, and in the same direction on the high-fiber diet.
Examination of marker concentrations in gut organs indicated
that the marker was recycled to the stomach by coprophagy
[28]. Thus, an increase in gut capacity, selective digesta reten-
tion, and recycling of digesta via coprophagy enables Brandt's
voles to utilize diets of higher fiber content by maintaining
relatively constant intakes of digestible energy on low- and
high-fiber diets.

McNab [33] suggested that mammals that utilized foods with
relatively low available energy had evolved lower BMR to
survive the periods of reduced food quality and availability.
Cork [34] hypothesized that animals may lower their basal
energy expenditure to survive on diets of poor quality. Available
data for small mammals provide only limited support for this
hypothesis. For example, Veloso and Bozinovic [11] demon-
strated that herbivorous degus maintained on a low-quality diet
for 190 days had a significantly lower BMR than on a high-
quality diet. Nevertheless, Bozinovic [35] reported that after
10 days of acclimation to high, medium and low dietary fiber,
the BMR of degus did not change. Choshniak and Yahav [36]
indicated that Levant voles (Microtus guenteri) had a low BMR
after 35 days of acclimation to a diet of low quality. Koteja [37]
reported that deer mice (Peormyscus maniculatus) decreased
their BMR after 10 days acclimation to low-quality diets. In the
present study, we found no decrease in BMR after 3 weeks of
acclimation to low food quality in Brandt's voles. Geluso and
Hayes [12] found no effect of diet quality on BMR in European
starlings. Apparently, acclimation time plays a major role in
determining changes in BMR in response to changes in diet
quality. This was demonstrated by Veloso and Bozinovic [11];
rodents on low-quality diets maintained a constant BMR
through time, but increased BMR on a high-quality diet after
30 days. After 120 days acclimation, individuals on the high-
quality diet had even higher BMRs [38].

4.3. Photoperiod

Some species of rodent showed decreases in growth rate and
body mass when exposed to short days, and increases when
exposure to long days [39]. For example, Siberian hamsters
(Phodopus sungorus) decreased body mass under short days
[7,40]. Knopper and Boily [41] proposed that body mass loss



709Z.-G. Song, D.-H. Wang / Physiology & Behavior 89 (2006) 704–710
might be caused by a voluntary decrease in food intake when
P. sungorus were exposed to short days. Meadow voles
(Microtus pennsylvanicus) exposed to short days reduced
body mass by 20% and food intake by 30% when compared
with long day animals [42]. In the present study, Brandt's
voles decreased body mass on short days even though food
intake and digestible energy intake increased. Zhao and Wang
[43] also found that Brandt's voles increased energy intake
but decreased body mass under short days because the
adaptive thermogenesis (such as nonshivering thermogen-
esis), as a means of energy expenditure, increased.

The effect of photoperiod on digestible energy intake cannot
be explained by the difference in BMR. In the present study,
voles on short days had shorter but heavier guts than those on
long day. The decrease in gut length was not associated with a
decrease in digestive efficiency, and so the increase in digestible
energy intake may be due to an increase in nutrient transport
numbers per unit mass of intestine. In this way, digestible
energy intake can increase and BMR can be maintained stable.
Li et al. [9] reported that short days could not induce an increase
in BMR in early spring but could in autumn. Our study was
carried out in April–May (spring) and we also found no effect of
photoperiod on BMR in Brandt's voles.

4.4. Seasonal variations

The changes in organ masses of animals represent pheno-
typic plasticity that can be used to defend against environ-
mental stresses. The changes we observed in heart, liver,
kidneys, and gastrointestinal tract in Brandt's voles are direct
responses to environmental stress. BMR variation in this study
showed significant correlation with changes in metabolically
active organs. In the field, organ sizes (D.H. Wang, unpub-
lished data) and thermogenesis [5] of Brandt's voles also
showed significant seasonal variations. Many similar seasonal
variations in morphology have been found [44]. Seasonal
variations in the length and dry mass of stomach, small
intestine, cecum and colon were reported in Ochotona curzo-
niae [45] and Microtus oeconomus [46]. These adjustments in
organ sizes may play an important role in BMR variation of
small mammals in natural environments.

4.5. Assimilation capacity model

The positive correlations between BMR and dry masses of
the four organs (heart, liver, kidneys and cecum) in the present
study agreed with the findings of Daan et al. [13] on birds.
Garland and Else [47] also observed a positive interspecific
correlation between standard metabolic rate and liver and heart
masses in lizards. The same intraspecific correlation is implicit
in the observations that mice with high BMR have dispropor-
tionately large organs [14,15]. In our study, digestible energy
intake was also related to the masses of stomach and kidneys.
These data support the idea that sustained daily energy expen-
diture and BMR may be linked in a causal manner by the effects
of sustained energy demands on the size of those organs that are
expensive to maintain in the resting state [48,17,49].
According to the ‘assimilation capacity model’ of endothermy
[17], natural selection acts in favor of increased routine locomotor
activity. More active individuals should increase their daily
energy expenditure (whichmust be balanced by digestible energy
intake), and ingest more food, consequently the key organs (such
as liver, heart, and kidneys) are stimulated to hypertrophy. These
organs have high metabolic capacity and therefore can cause the
increase in BMR. A high BMR will contribute to a further
increase in the daily energy expenditure. Thus animals can self-
reinforce BMR and daily energy expenditure again.

In summary, our results show that food intake is sensitive to
environmental stress in Brandt's voles. Under conditions of low
ambient temperature, low-quality diet and short photoperiod,
food intake increased significantly. Increased food intake can
directly stimulate increases in the masses of kidneys, liver, and
gut, thus can increase digestible energy intake. Because these
internal organs have high metabolic capacity, small variations in
each organ can result in changes in metabolism at the orga-
nismal level. The correlation between daily energy expenditure
and BMR is a key element for the ‘assimilation capacity model’
[17]. When removing the effects of body mass, temperature,
photoperiod and diet quality, the correlation between BMR and
digestible energy intake were significant and are consistent with
the assimilation capacity model of endothermy.
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