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Thirty growing yaks Bos grunniens or Poephagus grunniens, 1·0–3·5 years and 50–230 kg,
from their native altitudes (3000–4000 m), were used to study the basal metabolism in this
species and to evaluate the effects of high altitude and season on the energy metabolism. Fast-
ing heat production (FHP) was measured at altitudes of 2260, 3250 and 4270 m on the Tibetan
plateau in both the summer and the winter, after a 90 d adaptation period at each experimental
site. Gas exchanges of the whole animals were determined continuously for 3 d (4–5 times per
d, 10–12 min each time) after a 96 h starvation period, using closed-circuit respiratory masks.
Increasing altitude at similar ambient temperature (Ta) did not affect (P.0·10) FHP in the
summer, but decreased (P,0·05) it at different Ta in the winter. However, the decrease of
FHP in the winter was mainly due to the decrease of Ta instead of the increase of altitude.
In the summer, the respiratory rate, heart rate and body temperature were unaffected by altitude,
except for a decrease (P,0·05) in body temperature at 4270 m; in the winter, they were
decreased (P,0·05) by increasing altitude. In both seasons, the RER was decreased
(P,0·05) by increasing altitude. At all altitudes for all groups, the daily FHP was higher
(P,0·05) in the summer (Ta 6–248C) than in the winter (Ta 0 to 2308C), and the Ta-corrected
FHP averaged on 920 kJ/kg body weight0·52 at Ta 8–148C and on 704 kJ/kg body weight0·52 at
Ta 2158C respectively. We conclude that in the yak high altitude has no effect on the energy
metabolism, whereas the cold ambient temperature has a significant depressing effect. The
results confirm that the yak has an excellent adaptation to both high altitude and extremely
cold environments.
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High-altitude environments are characterised by a lower O2

pressure and a lower temperature than low-altitude
environments at similar latitudes. Low O2 pressure can
reduce the ability to load O2 in the lung (Turek et al.
1973; Bencowwitz et al. 1982) and thus may reduce the
maximal aerobic capacity of mammals experiencing low
O2 pressure (Rosenmann & Morrison, 1975; West, 1984).
Subsequently, both maximal and basal O2 consumption
are reduced, as observed in newborn mammals and
small- to medium-sized adult species exposed to high alti-
tude (Mortola & Rezzonico, 1988; Mortola et al. 1989;
Frappell et al. 1992), although the colder thermal environ-
ment at high altitude may result in thermal acclimation that
increases the maximal aerobic metabolic rate. In relatively
large species, however, O2 consumption is not found to
decrease constantly during hypoxia (Piiper et al. 1966;
Forster et al. 1976, 1981; Blaxter, 1978). In human subjects
studied at thermoneutrality, a drop in O2 consumption is

usually absent during hypoxia, and more often the BMR
is significantly but transiently elevated (Kellogg et al.
1957; Hannon et al. 1969, 1976, Hannon & Sudman,
1973, Hannon, 1978; Moore et al. 1987; Armellini et al.
1997; Mawson et al. 2000). Considerable results have
accumulated regarding the energy metabolism or O2 con-
sumption at high altitude. However, the response of O2

consumption and ventilation to hypoxia is controversial,
and little is known about the energy metabolism in large
species that are native to high altitude and about the com-
bined effects of cold exposure and high altitude on the
energy metabolism in mammals.

The yak (Poephagus grunniens or Bos grunniens ) is one
of the world’s most remarkable domestic animals, a large
mammal living on the ‘roof of the world’, as the Qin-
ghai–Tibet Plateau is often referred to. The alpine where
the yak is found has altitudes ranging from 3000–
6000 m, and there is no absolutely frost-free period
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during any part of the year. The territory is thus marked by
severe climate at high altitudes and with grazing resources
restricted by very short growing seasons, and also marked
by treacherous terrain in some of the alpine regions. Some
14 million yaks live and provide food, transport, shelter
and fuel where few other animals will survive. Experi-
ments were therefore conducted, using the yak as subject,
at altitudes of 2260, 3250 and 4270 m on the Qinghai–
Tibet Plateau to measure the basal energy metabolism
and to evaluate the effects of high altitude and season on
the energy metabolism in this species native to high
altitude.

Materials and methods

Experimental sites, animals and management

The experiments were conducted both in cold and warm
seasons on the Qinghai–Tibet Plateau in western China.
The experimental sites selected were Qinghai Academy
of Animal and Veterinary Sciences (E 1018460, N
368370), Tiepujia Pasture Improvement Station (E 998350,
N 378050) and Maduo Veterinary Station (E 988130, N
348550). The Academy is in the agricultural area, and the
two stations are located on typical alpine meadow. The
altitudes at these sites are 2260, 3250 and 4270 m and
the measured air pressures are 576, 515 and 454 mmHg
respectively. The mean values for air temperature recorded
in the last decade at these sites are 17·2, 10·5 and 7·58C in
July, and 27·7, 215·2 and 216·88C in January respect-
ively. There is no absolutely frost-free period during any
part of the year at 3250 and 4270 m.

In total, thirty growing yaks (Bos grunniens or Poephagus
grunniens), age 1·0–3·5 years and body weight (BW) 50–
230 kg, were used. The animals were selected from several
individual farms on the Qinghai–Tibet Plateau; the altitude
at these farms ranges from 3000 to 4000 m. The yaks were
divided into three groups (four per group) according to
their age and weight: 1·0–1·5 years with BW 50–80 kg,
2·0–2·5 years with BW 90–120 kg and 3·0–3·5 years
with BW 170–230 kg respectively. The experiments
lasted for 3 years and thus those that were over 3·5 years
were culled and new animals aged 1 year and BW 50–
80 kg were selected again from the same farms to keep
the age and BW in the groups unchanged. The selected
yaks were first transported to Qinghai Academy of
Animal and Veterinary Sciences for 3 months to minimise
their wild nature and receive training for various measure-
ments. During the training period, respiratory masks were
placed on the animals every morning and afternoon
(30 min each time); practice measurements were conducted
every morning for respiratory rate, heart rate and rectal
temperature, and every week for BW.

The yaks were housed, at an altitude of 2260 m, in a
half-open house with access to outside, or placed in a
fenced area without any shelter at altitudes of 3250 and
4270 m. Animal housing was similar before and during
measurements, except for tethering in the latter case. At
an altitude of 2260 m, the animals were fed during the
training and non-measurement period with a straw–
concentrate diet at twice maintenance level (the maintenance

energy requirement was based on the result obtained by
Han & Xie (1991) with growing yaks); at altitudes of
3250 and 4270 m, the animals were allowed to graze
during the day, and supplemental feeding was given in
the evening in the cold season.

Measurements

The measurements, which followed the training pro-
gramme in the first spring, were commenced at an altitude
of 2260 m in the following summer and winter. The ani-
mals were then transported to the experimental sites at alti-
tudes of 3250 and 4270 m in the second and third spring
respectively, where the summer and winter measurements
were carried out in succession.

In each experiment, twelve animals from the three
groups were used. The animals were deprived of feed or
grazing for 7 d. Fasted BW was measured in the morning
of the 5th and 8th days of starvation; respiratory rate,
heart rate and rectal temperature were measured every
morning during starvation. Respiratory gases from the
whole animal were collected on three consecutive days
beginning on the 5th day, using closed-circuit respiratory
masks connected to a gas-tight box with a volume of
2 m3 and exit for sample collection. In the summer, the
gas collection was performed at 09.00, 15.00, 22.00 and
04.00 hours for 10–12 min each time. These measurements
represented O2 consumption and CO2 release during
08.01–11.00, 11.01–20.00, 20.01–24.00 and 00.01–
08.00 hours. The protocol for gas collection in the winter
was essentially the same as in the summer, except for an
additional collection at 18.00 hours representing 16.01–
20.00 hours. The time zones were mainly based on changes
of ambient temperature (Ta) recorded continuously for 1
week before gas collection. The recorded Ta in each time
zone was averaged at the gas collection hour and appeared
relatively stable within the time zone.

Immediately after gas collection, the gas in the collec-
tion box was homogenised and a gas sample was taken
into a small gas-tight bag for analysis. The total volume
of the gas in the collection box was then recorded by with-
drawing the gas with a hygrometric gas-flow meter (Shang-
hai Instrumentation, Shanghai, China) connected to a gas
pump. O2 and CO2 concentrations both in the collected
gas and in the air were analysed within 20 min after collec-
tion, using a semiautomatic gas analyser (LML-2, Shen-
gyang Instrument, Shenyang, China). A sample of
collected gas or air (100 ml) was first allowed to pass
slowly through a NaOH solution (400 g/l) at least ten
times to absorb CO2, and then through a pyrogallic acid
solution at least ten times to absorb O2 (stable results
were obtained for both after five passes).

During the gas collection days, the standing or lying
time of the animals in each time zone was recorded con-
tinuously. Temperature, pressure and relative humidity
both in the air and in the gas collection boxes were
recorded at each collection time.

Calculations and statistics

Fasted BW over each measurement period was calculated
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as the mean of the initial (5th day of starvation) and final
(8th day of starvation) BW. The gas volume in the collec-
tion box was converted into volume of standard gas, using
formula V0P0=T0 ¼ V1P1=T1; where V0, P0 and T0 rep-
resent gas volume, air pressure (760 mmHg) and tempera-
ture (08C) in standard conditions, and V1, P1 and T1

represent measured gas volume, air pressure and tempera-
ture respectively. In further calculations, the variations of
relative humidity in the gas collection box were also
taken into account. Fasting heat production (FHP), based
on the gas volume under standard conditions, was calcu-
lated according to the formula of Brouwer (1965). The
total FHP in each time zone was calculated as the product
of FHP/h and the total hours in the zone, and then corrected
into FHP under true standing–lying condition according to
the animal’s standing time, assuming that the heat pro-
duction is 15 % higher in the standing than in the lying
situation (Han, 1990). The total daily FHP of each
animal was calculated as the sum of heat production
from all time zones in the day. In order to compare the
data between altitudes at similar Ta, the FHP in each
time zone was also corrected into FHP at 8–148C in the
summer or at 2158C in the winter according to Han
et al. (1992), assuming that in the yak FHP is unchanged
from 8 to 148C, decreases with decrease of Ta from 8 to
2208C (14·6 kJ/kg BW0·52 per 8C), and increases as Ta is
below 2208C (18·4 kJ/kg BW0·52 per 8C) or above 158C
(10·5 kJ/kg BW0·52 per 8C). The RER is defined as CO2

production : O2 consumption. Data were analysed by
ANOVA with animal, age or BW group and altitude,
with means per animal and per altitude as the experimental
unit. Differences between the winter and summer at the
same altitude and same BW were analysed by t test. Vari-
ables were considered unaffected by altitude and season or
not significantly different between groups if P.0·10.

Results

Animal and gas exchange

The yaks in each age group looked well and all animals
survived during the 7 d starvation at the three altitudes in
both seasons. No respiratory problem or discomfort was
observed in the animals during gas collection. There was
no detectable CH4 in the collected air; CO2 and O2 in
the gas-tight box at the end of each collection were
approximately 1–2 % and 13–18 % respectively, which
were higher and lower by one to two percentage units
than those in the air respectively.

The heart rate, respiratory rate and rectal temperature

Changes in the heart rate, respiratory rate and rectal tem-
perature are shown in Fig. 1. All of the variables rapidly
decreased in 48 h after the beginning of the starvation but
there was a small increase at 72 h of the starvation, after
which they appeared stable. In the summer, the three vari-
ables recorded at 3250 m were similar to those recorded at
2260 m, but the body temperature significantly decreased
(P,0·05) and the heart rate slightly (P,0·10) decreased
at altitude 4270 m, whereas the respiratory rate remained

unchanged; in the winter, the variables decreased
(P,0·05) with increase of altitude. There was no signifi-
cant difference in these variables between age groups,
but the values were significantly higher (P,0·05) in the
summer than in the winter at all experimental sites. In
addition, significantly elevated hyperpnoea was observed
when Ta was over 148C, especially at 3250 m.

Fasting heat production

The FHP obtained in the summer and expressed as kJ/kg
BW0·75 per d are shown in Table 1. The recorded Ta
during measurements at 2260, 3250 and 4270 m averaged
on 12·5, 13·2 and 10·08C, ranging from 6–20, 8–23 and
4–178C respectively. The FHP measured under these tem-
peratures was not affected by altitude. The Ta-corrected
FHP also remained fairly constant irrespective of increase
in altitude. All the corrected data were thus pooled and
subjected to model y ¼ ax b for analysis by the least
square method, and the following equation between FHP
and BW was found: FHP ðkJ=dÞ ¼ 920 BW0·52 (n 36, r
0·85).

The FHP measured in the winter and also expressed as
kJ/kg BW0·75 per d are given in Table 2. The Ta during
measurements at 2260, 3250 and 4270 m averaged on
24·6, 212·1 and 214·58C, ranging from 215 to 0,
230 to 23 and 234 to 2108C respectively. The FHP
measured under the natural temperature significantly
decreased with increase of altitude. This decrease, how-
ever, disappeared when the data were corrected into FHP
at 2158C. On this basis, the corrected data were also ana-
lysed by the least squares method and the following
equation was established: FHP ðkJ=dÞ ¼ 704 BW0·52 (n 36,
r 0·81).

A summary of FHP measured both in the summer and
winter, and expressed as kJ/kg BW0·52 per d, is shown in
Table 3. The FHP both under the natural and corrected
Ta was significantly higher in the summer than in the

Table 1. Fasting heat production (kJ/kg body weight0·75) of yaks at
different altitudes in the summer*

(Values are means for four yaks per age group)

Altitude (m)
Altitude
effectBW (kg)† 2260 3250 4270 SE

FHP at natural Ta (measured)‡
Age (years)

1·0 45–55 352a 402a 376a 27 NS
2·0 90–110 305b 344b 324b 22 NS
3·0 125–160 299b 332bc 281c 23 NS

FHP at Ta 8–148C (corrected)§
Age (years)

1·0 45–55 349a 366b 368a 28 NS
2·0 90–110 303b 313c 320b 26 NS
3·0 125–160 298b 302c 283c 21 NS

BW, body weight; FHP, fasting heat production; Ta, ambient temperature.
a,b,cMean values within a column with unlike superscript letters were signifi-

cantly different (P,0·05).
* For details of diets and procedures, see p. 190.
† Fasted BW recorded during measurement.
‡ Ta 6–208C at 2260 m, 8–238C at 3250 m, 4–178C at 4270 m.
§ FHP was corrected according to Han et al. (1992).
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winter. There was no difference in FHP in this way
between altitudes, except for a decrease of FHP in the
winter under natural Ta.

RER

RER was similar between age groups and between seasons
at all experimental sites. The RER at 2260, 3250 and
4270 m averaged on 0·744, 0·696 and 0·545 respectively,
showing a significant decrease from 2260 to 3250 m
(P,0·05) and from 3250 to 4270 m (P,0·01).

Standing time

There was no difference in standing time between age
groups at all experimental sites. The data from the three
groups at 2260, 3250 and 4270 m averaged on 46·7, 55·4
and 47·2 % in the summer and 45·2, 41·5 and 38·7 % in
the winter respectively. The standing time in the summer
was higher (P,0·05) at 3250 m than at 2260 and

4270 m. The values in the winter, showing a difference
(P,0·05) between 2260 and 4270 m, indicated a decrease
trend with increase of altitude. Except for the data at
2260 m, the standing time during measurements was
higher (P,0·01) in the summer than in the winter.

Discussion

As presented on p. 190, the major aim of the present study
was to evaluate the effects of altitude and season on the
energy metabolism in the yak. The study could have
been carried out at a feeding level near maintenance or
50 % maintenance energy requirement. However, control
of feeding level is quite difficult under grazing conditions.
Furthermore, reduction of intake occurs at high altitude
(Gill & Pugh, 1964). On the other hand, the yak is some-
time forced to starve for several days or more by heavy
snow in the winter on the Tibet plateau. Thus, data on
the BMR in this species appear important, particularly
for the effort of providing the animals with feed that

Fig. 1. Changes in heart rate, respiratory rate and body temperature in the summer (a,b,c) and winter (d,e,f) at different altitudes (summer:
—V—, 2262 m; – –X– –, 3250 m; - - -O- - -, 4272 m; winter: —S—, 2262 m; – –W– –, 3250 m; - - -K- - -, 4272 m) in the yak. For details of
diets and procedures, see p. 190. Values are means for twelve yaks.
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meets the minimal daily energy requirement for maintain-
ing survival during starvation periods caused by heavy
snow. For these reasons, we starved the yaks during
measurements, to avoid nutritive effect and to measure
FHP or BMR.

Effect of altitude on energy metabolism

The response of BMR or O2 consumption to altitude in
mammals has been well documented in the past five
decades. Results from published studies have indicated
that in newborn mammals and small- to medium-sized
adult species the BMR or O2 consumption is reduced
during hypoxia (Mortola & Rezzonico, 1988; Mortola
et al. 1989; Frappell et al. 1992), and that in sea-level resi-
dents the basal O2 consumption is significantly (Terzioglu
& Aykut, 1954; Kellogg et al. 1957; Grover, 1963; Gill &

Pugh, 1964; Stock et al. 1978; Moore et al. 1987; Butter-
field et al. 1992) but transiently (Kellogg et al. 1957;
Hannon et al. 1969, 1976; Hannon & Sudman, 1973,
Hannon, 1978; Moore et al. 1987; Mawson et al. 2000)
elevated when they are exposed to high altitude for 1–3
weeks. In the present study, the FHP was not affected by
altitude at similar Ta in the summer, but decreased by
increasing altitude at different Ta in the winter. However,
the decrease in the winter was related to the decrease of
Ta rather than the increase of altitude. Thus, we conclude
that high altitude has no effect on the FHP of growing
yaks aged from 1–3 years. This conclusion neither sup-
ports the hypoxic hypometabolism observed in newborn
and small species nor supports the elevated BMR observed
in some studies with human subjects.

However, the present results are in good agreement with
observation in sheep by Blaxter (1978), who evaluated the
effect of simulated altitude on energy metabolism, and
could not detect any effect of a reduction in the O2 concen-
tration in the air from 200 to 150 ml/l on heat production in
both fasted or fed conditions, energy retention or heat
increment. Our results also agree well with studies with
goats (Forster et al. 1981), ponies (Forster et al. 1976),
dogs (Hemingway & Nahas, 1952; Piiper et al. 1966;
Bouverot et al. 1981) and human subjects (Dempsey &
Forster, 1982; Armellini et al. 1997; Mawson et al.
2000), which demonstrated that at or slightly below the
thermoneutral range, O2 consumption was not significantly
affected during hypoxia. In the 1960s, Hannon et al. (1969,
1976) Hannon & Sudman (1973) Hannon (1978) per-
formed the most thorough study of the question to date
in women, and their subjects demonstrated only a transient
elevation in BMR in the first week when taken to 4300 m
and provided with a diet ad libitum. Hannon et al. (1976)
concluded that there was no change in energy requirement
at high altitude to maintain BW and composition as com-
pared with that at sea level.

In the present study, the yaks used are the native animal
on the Tibet plateau where the altitude ranges from 3000 –
6000 m, and before each measurement they were at the
experimental sites at least for 3 months for adaptation to
the new altitudinal environments. The FHP at similar Ta
in all age groups remained fairly constant irrespective of
increase in altitude from 2260 to 4270 m. In another
study (Han et al. 2002), we measured, in the same con-
ditions, the FHP in yellow cattle; we found that an increase
of altitude from 2260 to 4270 m increased FHP. These
results suggest that for animals permanently living at
high altitude, low air O2 concentration has no effect on
their basal energy metabolism. The yak has been reported
to have a larger heart and lung and a higher proportion
of red blood cells and haemoglobin than other kinds of
cattle, and these variables are found to be higher in yaks
living in a higher altitude area than in a relatively lower
altitude area (for review see Cai & Wiener, 1995). These
characteristics and changes can compensate for the
deficiency in O2 concentration caused by high altitude,
and thus may explain the stability of FHP at different alti-
tudes. In human subjects, Zhuang et al. (1993) compared
twenty-seven lifelong Tibetan residents of Lhasa, Tibet,
China (3658 m) with thirty acclimatised Han nationality

Table 3. Fasting heat production (kJ/kg body weight0·52) of yaks at
different altitude in different seasons†

(Values are means for twelve yaks per season)

Altitude (m)
Altitude
effect2260 3250 4270 SE

FHP at natural Ta (measured)
Summer 893a 1026a 929a 55 NS
Winter 900a 797b 724b 39 *

FHP at Ta 8–148C (summer) and 2158C (winter) (corrected)‡
Summer 887a 934a 920a 49 NS
Winter 749b 749b 704b 35 NS

FHP, fasting heat production; Ta, ambient temperature.
a,bMean values within a column with unlike superscript letters were signifi-

cantly different (P,0·05).
* P,0·05.
† For details of diets and procedures, see p. 190.
‡ FHP was corrected according to Han et al. (1992).

Table 2. Fasting heat production (kJ/kg body weight0·75) of yaks at
different altitude in the winter‡

(Values are means for four yaks per age group)

Altitude (m)
Altitude
effectBW (kg)§ 2260 3250 4270 SE

FHP at natural Ta (measured)k
Age (years)

1·5 65–85 333a 293a 268a 22 *
2·5 110–130 299ab 266ab 241ab 25 †
3·5 170–200 273bc 242b 219b 19 *

FHP at Ta 2158C (corrected){
Age (years)

1·5 65–85 278bc 263ab 258a 17 NS
2·5 110–130 249cd 253b 242ab 26 NS
3·5 170–200 227d 235b 208b 13 NS

BW, body weight; FHP, fasting heat production; Ta, ambient temperature.
a,b,c,dMean values within a column with unlike superscript letters were signifi-

cantly different (P,0·05).
* P,0·05.
† P,0·10.
‡ For details of diets and procedures, see p. 190.
§ Fasted BW recorded during measurement.
kTa 215 to 08C at 2260 m, 230 to 238C at 3250 m and 234 to 2108C at

4270 m.
{FHP was corrected according to Han et al. (1992).
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newcomers matched for age, body size, and extent of
exercise training. They concluded that lifelong Tibetan
residents of high altitude neither hypoventilated nor
exhibited blunted hypoxic ventilatory responses nor
reduced O2 consumption, as compared with acclimatised
Han nationality newcomers. In addition, in the rat, Hayes
(1989a,b ) found that the maximal metabolic rate of freshly
captured wild deer mice (Peromyscus maniculatus ) was
not significantly different between high- and low-altitude
populations tested at their native altitudes, though the
BMR was reduced at high altitude. He concluded that
deer mice that are native to, and develop at, high altitude
are able to compensate for low O2 pressure and sustain a
maximal metabolic rate similar to that of low altitude
mice. All of these observations imply that the reduction
of O2 consumption in small species and the elevation in
human subjects, both exposed to hypoxia for a short time
in most cases, may be due to the deficiency of adaptation
of animals and human subjects to high altitude, and suggest
that the extent of adaptation could be a main factor deter-
mining energy metabolism during hypoxia.

It is thought that in mammals the hypoxic hypometabol-
ism is mostly related to the decrease in thermogenesis.
Because in small animals the thermogenesis represents a
larger component of resting O2 consumption, the magni-
tude of hypoxic hypometabolism would be larger in
young animals or small species. Conversely, in the larger
adult species, hyperpnoea would occur, and the thermogen-
esis is a small component of resting O2 consumption, thus
the hypoxic hypometabolism is minimal. This may be
another explanation of the inconsistancy between studies
with newborn animals or small species and with larger
adult species including yaks used in the present
experiment.

The use of heart-rate measurement as a method for esti-
mating energy metabolism of free-ranging animals was
advocated by Webster (1967) and adopted by others
(Yamamoto et al. 1979; Richards & Lawrence, 1984;
Brosh et al. 1994). In the present study, changes in heart
rate, respiratory rate and body temperature are essentially
in agreement with changes in FHP measured under natural
temperature, especially in the winter. The significant
decrease of these variables with increase of altitude in
the winter, and the small decrease in heart rate and the sig-
nificant decrease in body temperature at 4270 m in the
summer, may be due to the decrease of Ta at high altitude,
since significantly decreased heart rate, respiratory rate and
body temperature in fasted yaks have been reported to be
related to decrease in Ta (Han et al. 1992). Another poss-
ible explanation of the decrease of body temperature may
be that hypoxia induces a decrease in the set point for
body temperature regulation in the brain, which in turn
results in a decrease in O2 demand (for review see Gautier,
1996).

The RER significantly decreased, in the present study,
with increase of altitude. Similarly, our study with
yellow cattle revealed a decrease in RER from 0·750 to
0·555 when altitude was increased from 3250 to 4270 m
(Han et al. 2002). We cannot explain such a low RER at
high altitude. Technical problems should be excluded
because the methods used were the same for all altitudes.

Perhaps the low RER is a physiological phenomenon,
since there is evidence that arterial O2 pressure is lower
and CO2 pressure is higher in lifelong high-altitude resi-
dents (Chiodi, 1957; Lahiri, 1968).

Effect of season on fasting heat production

In mammals, gaseous metabolism increases in the cold due
to the increase in the rate of thermogenesis. In fasted dairy
cows, for example, the FHP significantly increases with
decrease of Ta when Ta is lower than 188C (Blaxter &
Wainman, 1961). In the present study, however, the FHP
was significantly lower in the cold season than in the
warm season, suggesting that in the yak the FHP decreases
with decrease of Ta in the cold. Our result is consistent
with the previous study with yaks by Han et al. (1992),
who conducted 223 measurements in a wide temperature
range from 230 to 238C at altitude 3250 m, and revealed
that the FHP remained unchanged from 8–148C, decreased
with decrease of Ta from 8 to 2208C, and increased as Ta
was below 2208C or above 158C. When the measured FHP
in the winter was corrected, according to Han et al. (1992),
into FHP at 2158C, the difference in FHP between altitudes
became minimal and non-significant. This suggests that the
change of FHP was due to difference of Ta rather than
altitude.

However, it is possible that the FHP decrease in the
winter is a response of altitude–temperature interaction,
since the hypoxic hypometabolism is thought to be more
apparent when O2 consumption is relatively high, either
in small or young mammals at subnormal ambient tem-
peratures or in large mammals exposed to the cold (for
review see Gautier, 1996). For example, in conscious rats
the increase in ventilation was less and the hypometabolic
responses were greater at low Ta than at high Ta during
hypoxia (Gautier & Bonora, 1992; Saiki et al. 1994). Simi-
larly in toads (Hou & Huang, 1999) and Nautilus pompilius
(Staples et al. 2000), the resting or basal O2 consumption
decreased significantly in mild hypoxia (O2 pressure
120–140 mmHg) at low Ta and in moderate hypoxia (O2

pressure 60–80 mmHg) at high Ta, though it did not
differ significantly between altitudes in the toad (Hou &
Huang, 1999). In our present study, FHP was significantly
lower at extremely low Ta (winter) than at moderate Ta
(summer) at any of the three altitudes. This could be that
the combination of low Ta and low O2 pressure suppresses
metabolic rate, enhancing hypoxia tolerance. Hill (1959)
emphasised that Ta was a crucial variable in determining
the magnitude of the hypometabolic response to hypoxia.

Another possibility might be that there are special mech-
anisms involved in regulation of thermogenesis in the yak
during the cold season. Visible and anatomical evidence
includes the animal’s small and short conformation,
fleecy and thicker coat in the cold season, thicker skin
and less sweat glands (for review see Cai & Wiener,
1995), which may prevent heat dissipation. Physiological
evidence, however, has not been found in the literature to
explain the relationship between heat production and Ta,
especially low Ta below 08C. The present study, in agree-
ment with our previous observation (Han et al. 1992),
suggests that in the yak the critical temperature causing
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increase in heat production is quite low, and thus may
explain the normal survival of the yak in the harsh environ-
ments (230 to 2408C) in the cold seasons on the Qin-
ghai–Tibetan Plateau.

The fasting heat production in the yak

Based on the fact that there was no effect of altitude on
FHP, the data were pooled and analysed by the least
squares method, and it was found that the FHP both in
the summer and winter was highly related to BW0·52. For
a given season, the established equation gives the same
value of the FHP for all yaks from 45 to 220 kg when
FHP is expressed as kg BW0·52. In fed growing yaks
weighing from 50 to 200 kg, Hu et al. (1994) concluded,
by the least squares method, that the body surface area,
which is associated with heat loss, was also related to
BW0·52. In fasted yaks weighing from 80 to 150 kg, con-
stant excretion of endogenous urine N was observed
when it was expressed as g/kg BW0·52 (X-T Han and A-
Y Xie, unpublished results). This evidence suggests that
BW0·52 is a suitable unit to express heat production and
metabolism in the yak.

In the present study, the FHP of the 1- and 2-year-old
yaks in the summer is similar to that observed by Han
et al. (1993) with yak steers in the same ages at similar
Ta. FHP expressed as kJ/kg BW0·75 per d from all age
groups in the summer, however, is lower than those sum-
marised by the Agricultural Research Council (1980)
with eighty-eight growing cattle. The average FHP
(303 kJ/kg BW0·75) in the warm season from the 2- and
3-year-old groups is also lower than the 322 kJ/kg BW0·75

widely used in beef cattle (National Research Council,
1984). Assuming that the pattern of energy metabolism
in the adult yaks is in line with that in the growing yaks,
then the FHP at thermoneutral range (8–148C) in adult
yaks weighing approximately 230–250 kg (fasted BW
200–220 kg), according to the equation obtained in the
warm season in our present study, could be predicted to
be 273 kJ/kg BW0·75. This value also seems lower than
293 kJ/kg BW0·75 accepted in non-lactating and non-preg-
nant adult cows (Agricultural Research Council, 1980).
The lower energy metabolism might be a result of adap-
tation of the yak to low O2 concentration in the air, to
the cold environment and the long-term undernutrition in
the cold season that lasts for more than 6 months each
year on the Tibet plateau. In fed yaks, low NH3 and vol-
atile fatty acid concentrations (Han et al. 1998) and low
dietary protein degradability (Xue & Han, 1999) in the
rumen, and low concentrations of free amino acids (Han
et al. 2001) in the blood were observed. In addition, low
maintenance protein requirements (Xue et al. 1994) and
low body surface area (Hu et al. 1994) of this species
have been reported previously. These studies concluded
that the low metabolic rate of the yak is a species charac-
teristic adapted to the harsh conditions on the Tibet plateau.

Conclusion

In summary, the results presented here demonstrate that
high altitude has no effect on the energy metabolism at

similar ambient temperature both in the cold and warm sea-
sons, whereas the cold environment significantly reduces
the FHP in the yak at its native altitudes. Overall, the
FHP in the yak seems low compared with those of other
species. The significant reduction of FHP in the winter
may be due either to an altitude–temperature interaction,
or to the anatomical and physiological adaptation of the
yak to the cold, or to both. The lower metabolic rate
near the thermoneutral range (8–148C), and its absence
in response to increase of altitude, may be related to the
species characteristics well adapted to the low O2 concen-
tration, extremely cold environment and long-term under-
nutrition in the Tibet plateau. The results provide
additional information on the energy metabolism of large
mammals that normally live at high altitude and in a
harsh environment.
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