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A low (L) and high-fibre (H) diet were fed to six multiparous sows during gestation in a 2×2
repeated Latin square design. A single meal per day was given that provided 37⋅2 MJ digestible
energy/d. The kinetics of heat production (HP) and its partitioning (fasting HP, activity HP, and
thermic effect of feeding (TEF)) were determined. The TEF was partitioned between a dynamic
component (TEFst) and a constant component (TEFlt). Digestibility of energy and nutrients was
lower for the diet H. In spite of the lower metabolisable energy (ME) intake (33⋅9 v. 35⋅4 MJ/d for
diets H and L respectively), HP was higher for diet H (30⋅5 v. 28⋅9 MJ/d) resulting in a lower
energy retention. The estimated fasting HP was 270 kJ/kg body weight0⋅75 per d at day 0 of
gestation and increased with advancement of pregnancy. The TEFlt was not significantly different
from zero for diet L, but represented 4⋅1 % of ME intake for diet H. The TEFst was not affected by
the diet but diet H delayed the postprandial peak of HP. Total TEF was higher for diet H than for
diet L (11⋅7 v. 8⋅2 % of ME intake). The longer duration of eating with diet H was compensated
for by less physical activity between meals, so that activity HP was equivalent for both diets. The
activity HP represented 20 % of ME intake but was variable between sows. The ME requirements
for maintenance averaged 440 kJ/kg body weight0⋅75per d. Feeding high-fibre diets increases HP,
delays the postprandial peak of HP and maintains the basal HP at a higher level.
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The use of fibre in sow diets has been investigated with
regard to their nutritional effects (Stanogias & Pearce,
1985a; Shi & Noblet, 1993a) and the consequences on the
reproductive performances (Matteet al. 1994; Vestergaard
& Danielsen, 1998). More recently, in order to improve the
welfare of restrictively fed sows, high-fibre diets were
recommended to reduce the feeding motivation of animals
that may result in stereotyped behaviour (Robertet al. 1993;
Brounset al. 1997; Ramonetet al. 1999). Different hypo-
theses have been proposed to explain this effect of fibre
level on behaviour of sows. One hypothesis is a prolonged
supply of energy in connection with increased fermentation
in the hindgut. Therefore, it is important to quantify the
nyctohemeral utilisation of energy according to the dietary
fibre level and the probable extra energy expenditure that
may be due to ingestion, digestion and metabolism of
fibrous diets (Nobletet al. 1993a; Schramaet al. 1998).

The objective of the present study was to determine the
effect of dietary fibre level on energy utilisation and com-
ponents of heat production (HP) during four successive
periods in pregnant sows. The procedure involved continuous
measurement of HP and its partitioning between the fasting

HP, the thermic effect of feeding (TEF) and the energy
expenditure related to physical activity (van Milgenet al.
1997).

Materials and methods

Animals and housing

Six multiparous Large-White sows were assigned during
gestation to two dietary treatments in a repeated 2×2 Latin-
square design, each sow being fed alternatively one of the
two experimental diets during four successive 21 d periods.
Three sows were planned to receive one diet at the first
period and the three other sows, the other diet. The experi-
ment started after confirmation of pregnancy, 3 weeks after
mating. During each period, sows were adapted to the diet
for 10 d and subsequently moved to metabolism cages. The
animals, each in their metabolic cage, were transferred
individually to an open-circuit respiration chamber for
collection of faeces and urine and energy balance and HP
measurements for 7 d. Sows were kept in the respiration
chamber for 2 additional d in order to estimate their fasting
HP. One sow refused to eat the high-fibre diet during the
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first collection period, whereas leg problems occurred for
another animal. Both sows were removed from the experi-
ment but only one replacement sow was available. This
animal started the experiment in the second period, 56 d
after mating. Parity number of sows effectively used in the
experiment was 4⋅2 (SE 2⋅5) and their mean live weight was
233 kg (SE 31) at insemination. Sows were slaughtered at the
end of pregnancy.

Two respiration chambers with a volume of 12 m3 were
available for measurement of gas exchanges in individual
pigs. Metabolic cages were equipped with two i.r. beams
located at the front and the rear of the cages to detect
standing or sitting activity of the animals. Interruption of an
i.r. beam for at least 20 s was considered to represent a
standing activity (i.e. sitting or standing). In addition, the
metabolic cage was mounted on force sensors to detect
physical activity. Sensors produced an electric signal con-
sidered to be proportional to physical activity of the animal.
To ensure that the animals remained within their thermo-
neutral zone, the temperature in the respiration chamber was
maintained at 228C. In order to measure the duration of feed
intake, feeders were placed on load cells.

Diets and feeding

The two experimental diets were formulated to contain
either a low level of dietary fibre (diet L) or a high level
of dietary fibre (diet H). Diet L was based on wheat, barley
and soyabean-meal whereas in diet H, the wheat and soya-
bean-meal fraction was replaced by a mixture of fibre-rich
feeds of different origin. Ingredient composition and chemi-
cal characteristics of diets are reported in Table 1. The
increased fibre content in diet H is accompanied by a
reduction in the starch content. Effects attributed to fibre
should therefore be seen relative to a reduction in starch
content.

Diets were offered as pellets. On the basis of the results of
a previous digestibility study (Ramonetet al. 1999), daily
feed allowance was calculated to provide the same daily
digestible energy (DE) supply (37⋅2 MJ/d, which corre-
sponded to 2⋅7 and 3⋅3 kg feed/d for diets L and H respec-
tively). Similar to practical conditions, energy allowance
was kept constant during pregnancy. Daily supplies of
neutral-detergent fibre and starch were 324⋅8 g and 1355 g
for diet L, and 1124 g and 658 g for diet H respectively.
Similar to a previous experiment (Ramonetet al. 1999),
the diet was fed as a single meal given at 08.45 hours during
the adaptation and collection period. Following the 7 d col-
lection period, the fasting HP was measured during a 2 d
period. A single meal was given at 08.45 hours of the first
day of this period, after which no more food was distributed.
Water was availablead libitum from a water-tank through-
out the experimental period.

Measurements

Sows were weighed at the beginning (day 1), at the end of
the collection period (day 7), as well as after fasting (day 9).
During each balance trial, a urinary catheter was inserted
into the bladder of sows for the 7 d of total urine collection.
Urine was collected daily in an HCl solution, pooled over

successive days and weighed at the end of the period, and
sampled for analysis. Faeces were collected daily, pooled,
and, at the end of the period, weighed, mixed, subsampled,
and freeze-dried for analysis. Feed and faeces were analysed
for DM, ash, crude protein, and Weende crude fibre accord-
ing to the Association of Official Analytical Chemists
(1990) and their gross energy contents were measured
with an adiabatic bomb calorimeter. Cell wall fractions
(neutral-detergent fibre, acid-detergent fibre and acid-deter-
gent lignan) were determined according to Van Soestet al.
(1991) with preceding amylolytic treatment. N in urine was
determined on fresh material. The energy content of urine
was obtained after freeze-drying approximately 50 ml in
polyethylene bags.

Concentrations of O2, CO2 and CH4 in the respiration
chamber were measured continuously. The [O2] was mea-
sured with paramagnetic differential analyser (Oxygor 6N,
Maihak AG, Hamburg, Germany) whereas [CO2] and [CH4]
were measured with two absorption i.r. analysers (Unor 6N,
Maihak AG). However, only one CH4-analyser was avail-
able for both chambers, so that the CH4 concentration was
measured for each sow during 3 or 4 d (out of 7) during each
experimental period.

The signal of the force sensors, and the weight of the
trough and water-tank were measured 50–60 times/s. When
the weight of the trough or the water-tank was detected
as unstable, the corresponding beginning and ending time
and the change in weight of the trough or water-tank were
recorded. Measurements of gas concentrations, signals of
the force sensors and weights of trough and water-tank were
averaged over 10 s and stored on a microcomputer for
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Table 1. Composition of the experimental diets

Diets

L H

Ingredients (g/kg)
Barley 162⋅0 162⋅0
Wheat 657⋅0 –
Soyabean meal 112⋅5 –
Sunflower meal – 130⋅0
Wheat bran – 130⋅0
Sugar-beet pulp – 260⋅0
Soyabean hulls – 130⋅0
Corn-gluten feed – 130⋅0
Molasses 30⋅0 30⋅0
Calcium carbonate 13⋅0 6⋅5
Dicalcium phosphate 11⋅0 7⋅0
NaCl 4⋅5 4⋅5
Vitamin and mineral premix 10⋅0 10⋅0

Chemical analysis
Dry matter (g/kg) 876 875
Crude protein (N ×6⋅25; g/kg DM) 159 158
Crude fibre (g/kg DM) 41 183
NDF (g/kg DM) 140 396
ADF (g/kg DM) 43 207
ADL (g/kg DM) 11 35
Starch (g/kg DM) 577 234
Fat (g/kg DM) 19 24
Gross energy (MJ/kg DM) 17⋅74 17⋅78

L, low-fibre diet; H, high-fibre diet; DM,dry matter; NDF, neutral-detergent fibre;
ADF, acid-detergent fibre; ADL, acid-detergent lignin.
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further analysis. The aim of these simultaneous measure-
ments was to relate the instantaneous variation in [O2] and
[CO2] to physical activity of the sow and eating events in the
chamber.

Calculations and statistical analysis

Apparent digestibility coefficients of energy and the differ-
ent chemical fractions were calculated according to standard
procedures (Noblet & Shi, 1993). Daily HP was calculated
from gas exchanges, including CH4 production, according
to the formula of Brouwer (1965). The retained energy (RE)
corresponded to the difference between metabolisable energy
(ME) intake and HP. Energy retained as protein was calcu-
lated from the N balance whereas energy retained as lipids
corresponded to the difference between RE and energy
retained as protein.

The kinetics of O2 and CO2 production by the animal
were estimated as described by van Milgenet al. (1997). In
this approach, the [O2] and [CO2] in the respiration chamber
are modelled by accounting for the physical aspects of gas
exchanges and for the O2 consumption and CO2 production
by the animal. The objective is to adjust model variables
relating to the O2 consumption and CO2 production by the
animal, so that variation between observed and predicted
[O2] and [CO2] is minimal. The model is described as a
series of differential equations, which are integrated numeri-
cally using SimuSolv (Steineret al. 1990). Dependent
variables in the model were [O2] and [CO2] in the respira-
tion chamber whereas independent variables included time,
level of physical activity (signal of force sensor) and
quantity of feed intake. In practice, the model provides
estimates of gas exchanges due to resting (litre/min), phy-
sical activity (litre/unit of force) and feed intake (litre/g).
Subsequently, corresponding unitary HP were calculated
from the respective O2 consumption and CO2 production as

described by Brouwer (1965), excluding the correction for
urine N and CH4 production.

The four major components of the model are the fasting
HP, the long-term TEF (TEFlt), the short-term TEF (TEFst),
and the physical activity (van Milgenet al. 1997) and an
example is given in Fig. 1. The fasting HP (kJ/d) corre-
sponds to the asymptotic heat production 48 h after distribu-
tion of the last meal and was assumed constant. Also
animals in the fed state were assumed to have a constant,
basal HP (kJ/d). The difference between fasting HP and
basal HP corresponds to TEFlt and is indicative for long-
term metabolic processes such as fermentation and meta-
bolism of nutrients. Ingestion of a meal and associated
short-term physiological events such as digestion and
absorption cause a temporary increase of HP (TEFst). This
phenomenon was modelled as a compartmental system,
which was parameterised to include the unitary TEFst (kJ/g
of feed) and the time required after ingestion of a meal to
attain 50 % of the corresponding HP (total TEF (TTEF); h).
The daily TEFst (kJ/d) corresponds then to the product of
unitary TEFst and the mean daily feed intake. The total TEF
then corresponds to the sum of TEFst and TEFlt. Finally,
activity (i.e. the signal of the force sensor) also results in
increased HP to which a component of HP can be attributed.
The daily HP due to physical activity was calculated as the
product of unitary HP (kJ/unit of force) and total force
detected over a day.

The distribution of daily activity HP between eating (i.e.
instability of the trough), standing (i.e. the difference between
total duration of standing and duration of eating) and lying
periods was calculated as the product of activity HP (kJ/unit
of force) and the total force measured during these periods.
The RQ was calculated as the ratio CO2 production : O2

consumption.
Model variables of HP were estimated for each day of

measurement. In the subsequent statistical analysis, the mean
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Fig. 1. Dynamics of heat production in a pregnant sow fed a high-fibre diet (diet H).The animal consumed its daily food allowance as a single meal.
Daily heat production was 31⋅6 MJ/d and its components included the fasting heat production (r; 73⋅3 %), long-term effect of feeding (t; 2⋅6 %),
short-term effect of feeding (o; 8⋅6 %) and heat production due to physical activity (m; 15⋅5 %). For details of diet and procedures see Table 1 and
p. 86.
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of daily variables was used for each sow and for each stage
of pregnancy (excluding the first day in the respiration
chamber). However, when a technical problem happened
(e.g. loss or blockage of bladder catheter), that day of
measurement was not included in the estimation of compo-
nents of HP or calculation of energy balance over the
measurement period. All results were subjected to ANOVA
that included the effects of animal, diet, stage of pregnancy
and the diet×stage interaction using theGLM procedure of
SAS (version 6.04, 1990; Statistical Analysis Systems Inst.
Inc., Carey, NC, USA). The diet×stage interaction was not
significant for any of the measurements and was therefore
excluded from the model.

Results

The weight of faeces produced by animals was three times
higher with diet H (2418 g/d) than with diet L (729 g/d) due,
in part, to a significant difference in the DM content of
faeces (30⋅5 v. 38⋅4 % for diets H and L respectively;P,
0⋅001). In connection with this difference in faeces weight,
it can be anticipated that sows fed diet H had a higher gut
fill than when fed diet L. Covariance analysis of body-
weight (BW) measurements with sow and diet as main
effects and stage of pregnancy (d) as covariate indicated
that sows, when fed diet H, were on average 8⋅8 kg heavier
than when they received diet L (P, 0⋅05). Consequently,

the live weight of each sow was adjusted to a situation as if
they were fed diet L. After completion of the experiment,
sows were slaughtered; mean litter size was 12⋅2 (SE 3⋅8)
piglets.

Digestibility of dietary nutrients and nitrogen balance

The digestibility coefficients of energy and nutrients are
given in Table 2. Digestibility coefficients of organic
matter, crude protein and energy were higher for diet L
than for diet H and were not affected by stage of pregnancy.
Sows digested about two-thirds of the dietary neutral-
detergent fibre, which resulted in intakes of 221 and 757 g
digestible neutral-detergent fibre/d for diets L and H respec-
tively. The corresponding amounts of starch were 1355 and
658 g/d. Diet composition had an important effect on daily
CH4 production, which was 3⋅8-times higher for diet H
(31⋅6 litre/d, 3⋅36 % of DE intake) than for diet L (8⋅2 litre/d,
0⋅85 % of DE intake). The higher energy loss in urine with
diet H was related to a higher dietary N intake for this
treatment (+12⋅3 g/d) and a subsequently higher N excretion
(Table 3). Therefore, the ME : DE ratio was lower for the H
diet. The N retention increased over pregnancy and maxi-
mum retention was observed during the last collection
period, about 97 d after mating. The N retention was not
affected by diet composition. Consequently, advancement
of pregnancy was associated with a significant reduction of
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Table 2. Digestibility and energy values of the diets*

(Mean values and relative standard deviations)

Statistical significance of difference
Diet between means (ANOVA): P

L H RSD Diet Sow Stage

No. of observations 9 10

DM of faeces (g/kg) 384 305 18 , 0⋅001 0⋅026 NS
Daily faeces excreted (g) 729 2418 111 , 0⋅001 0⋅010 0⋅024

Mean body weight (kg) 259⋅6 261⋅1 3⋅6

DM intake (g/d) 2355 2831 68
Apparent digestibility

DM 0⋅881 0⋅742 0⋅084 , 0⋅001 0⋅040 NS
Organic matter 0⋅911 0⋅767 0⋅077 , 0⋅001 0⋅024 NS
Crude protein 0⋅885 0⋅702 0⋅172 , 0⋅001 NS NS
Crude fibre 0⋅535 0⋅647 0⋅300 , 0⋅001 NS NS
NDF 0⋅678 0⋅675 0⋅287 NS 0⋅025 NS
ADF 0⋅538 0⋅670 0⋅331 , 0⋅001 0⋅014 NS
ADL 0⋅512 0⋅318 0⋅454 , 0⋅001 NS NS
Fat 0⋅539 0⋅348 0⋅371 , 0⋅001 0⋅027 NS
Energy 0⋅897 0⋅740 0⋅077 , 0⋅001 0⋅028 NS
CH4 (litre/d) 8⋅2 31⋅6 4⋅2 , 0⋅001 0⋅068 NS
Energy value of CH4 (% DE) 0⋅85 3⋅36 0⋅50 , 0⋅001 NS NS
Energy value of urine (% DE) 4⋅48 5⋅62 0⋅52 0⋅001 NS 0⋅017
ME : DE ( %) 94⋅7 91⋅0 0⋅7 , 0⋅001 NS 0⋅011

Energy values (MJ/kg DM)
DE 15⋅9 13⋅2 0⋅1 , 0⋅001 0⋅025 0⋅090
ME 15⋅1 11⋅9 0⋅2 , 0⋅001 NS 0⋅008

L, low-fibre diet; H, high-fibre diet; DM, dry matter; NDF, neutral-detergent fibre; ADF, acid-detergent fibre; ADL, acid-detergent lignin;
ME, metabolisable energy; DE, digestible energy.

* For details of diets and procedures see Table 1 and p. 86.
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urinary N excretion and an increase of the ME : DE ratio
from 0⋅92 at stage 1 to 0⋅94 at stage 4.

Energy balance

Daily DE intake was similar for both diets, but due to higher
energy losses as CH4 and in urine, the daily ME intake was
higher for diet L (Table 3). Despite the higher ME intake, HP
was lower for diet L which resulted in a significantly higher
energy retention. Consequently, the RE represented 18⋅4 and
10⋅1 % of ME intake for diets L and H respectively. As N
retention was similar for both diets, the additional energy
retention with diet L was then deposited exclusively as fat.
Total HP increased with advancement of pregnancy, so that
total energy retained was lower, especially at stages 3 and 4.

The combination of higher HP and higher protein reten-
tion with advancement of pregnancy resulted in a marked
reduction of fat deposition during the later stages of preg-
nancy. This situation was more pronounced for diet H. The
lower RQ at stages 3 and 4 confirms this result. These
variations of HP and N balance with advancement of
gestation and diet composition resulted in marked changes
in the partitioning of ME. Indeed, the partitioning of RE
between protein and fat showed that energy retained as
protein was two-fold higher in the last stage of gestation
than in the first stage. Conversely, energy retained as fat
decreased markedly with advancement of pregnancy.

Behaviour

Duration of standing activity averaged 212 min/d and
ranged from 135 to 387 min. Standing activity was neither
affected by the diet nor by the sow (Table 4). The time spent
eating was 50 % higher for diet H than for diet L (54v.
35 min for diets H and L respectively).

Irrespective of the behaviour of the animal, the energy
cost of standing averaged 20 kJ/min standing activity. In
fact, this average value corresponds to the combined cost of
standing during the meal and standing while not eating, that
averaged 31⋅5 and 17⋅8 kJ/min respectively. These latter
values were not affected by diet composition. The differ-
ence between both estimates can be considered as the
energy cost of ingestion which thus averaged 13⋅7 kJ/min.
Due to the longer duration of ingestion, activity HP during
eating was higher for diet H than for diet L (1⋅54v. 1⋅11 MJ/d
respectively). Expressed per g of feed, when the energy cost
of standing was removed from activity HP during eating,
these costs of eating are then 0⋅183 and 0⋅234 kJ/g, which
correspond to 497 and 748 kJ/meal for diets L and H
respectively (P, 0⋅05).

Components of heat production

In fed animals, the basal HP tended to be higher for diet H
than for diet L and increased during pregnancy (Table 5); it
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Table 3. Effect of diet composition and stage of gestation on nitrogen and energy balance of sows*

(Mean values and relative standard deviations)

Statistical significance of
difference between means

Diet Stage (ANOVA): P

L H 1 2 3 4 RSD Diet Sow Stage

No. of observations 9 10 4 5 5 5
No. of day of gestation 36 57 78 97
Body weight (kg) 259⋅6 261⋅1 244⋅8a 258⋅0b 266⋅2c 272⋅7d 3⋅6 NS , 0⋅001 , 0⋅001
Nitrogen balance (g/d)

Intake 59⋅5 71⋅8 65⋅8 64⋅4 65⋅9 66⋅6 2⋅1 , 0⋅001 NS NS
Total losses 44⋅6 54⋅3 55⋅5c 52⋅6bc 48⋅5b 41⋅2a 4⋅2 , 0⋅001 NS 0⋅002

Faecal losses 6⋅9 21⋅3 14⋅7 14⋅3 14⋅0 13⋅6 1⋅2 , 0⋅001 0⋅179 NS
Urinary losses 37⋅3 32⋅7 40⋅3c 37⋅9bc 34⋅3b 27⋅3a 3⋅9 0⋅038 NS 0⋅003
Gaseous losses 0⋅4 0⋅3 0⋅5 0⋅3 0⋅2 0⋅3 0⋅2 NS 0⋅011 NS

Retention 14⋅9 17⋅5 10⋅3a 11⋅9ab 17⋅4b 25⋅4c 4⋅4 NS NS 0⋅002

Energy balance (MJ/d)
DE intake 37⋅4 37⋅3 37⋅2ab 36⋅3a 37⋅9b 37⋅9b 0⋅9 NS 0⋅022 0⋅082
ME intake 35⋅4 33⋅9 34⋅2ab 33⋅6a 35⋅3b 35⋅6b 1⋅0 0⋅013 0⋅094 0⋅039
Heat production 28⋅9 30⋅5 28⋅4a 27⋅6a 30⋅6b 32⋅1b 1⋅3 0⋅045 0⋅068 0⋅002
Retained energy (MJ/d)

Total 6⋅48 3⋅46 5⋅77 5⋅98 4⋅66 3⋅49 1⋅81 0⋅006 NS NS
Retained as protein 0⋅53 0⋅62 0⋅36a 0⋅42ab 0⋅62b 0⋅90c 0⋅15 NS NS 0⋅002
Retained as lipid 5⋅95 2⋅83 5⋅40c 5⋅56c 4⋅04bc 2⋅58ab 1⋅72 0⋅004 NS 0⋅079

Retained energy (% of ME intake)
Total 18⋅4 10⋅1 16⋅8 17⋅4 13⋅2 9⋅7 4⋅9 0⋅006 NS NS
Retained as protein 1⋅5 1⋅8 1⋅1a 1⋅2ab 1⋅7b 2⋅5c 0⋅4 NS NS 0⋅002
Retained as fat 16⋅9 8⋅3 15⋅7b 16⋅1b 11⋅4ab 7⋅2a 4⋅7 0⋅004 NS 0⋅049

Respiratory quotient 0⋅99 0⋅98 0⋅99ab 1⋅01b 0⋅98ab 0⋅95a 0⋅03 NS NS 0⋅057

L, low-fibre diet; H, high-fibre diet; ME, metabolisable energy; DE, digestible energy.
a,b,c,d Mean values within a row with unlike superscript letters were significantly different, P , 0⋅05.
* For details of diets and procedures see Table 1 and p. 86.
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was 9⋅5 % higher at stage 4 than at stage 1. The daily TEFst

was 859 and 802 kJ/kg of ingested feed for diets L and H
respectively. When expressed per kg metabolic body size
(BW0⋅75) and per d, TEFst was not affected by the diet (36
and 40 kJ/kg BW0⋅75 per d for diets L and H respectively).
The HP profile for diet L attained a higher level and attained
it earlier after the ingestion of the meal (Fig. 2). On the other
hand, diet H delayed HP after ingestion of the meal. Indeed,
the time to produce 50 % of the TTEF was 1⋅12 h longer for
diet H than for diet L (6⋅35 and 7⋅47 h for diets L and H
respectively;P=0⋅017).

Activity HP averaged 105 kJ/kg BW0⋅75 per d, with
considerable variation between animals. The most impor-
tant component of activity HP occurred when sows were
standing. Ingestion of the meal represented 26 and 35 % of

standing activity HP for diets L and H respectively. How-
ever, irrespective of the diet, 36 % of activity HP occurred
when sows were lying.

The fasting HP, estimated for zero activity, averaged
313 kJ/kg BW0⋅75 per d and was not affected by the diet.
But it increased significantly over pregnancy. This variation
of fasting HP with advancement of pregnancy could be
expressed by the following curvilinear relationship between
fasting HP (kJ/kg BW0⋅75) and stage of gestation (d): fasting
HP (kJ/kg BW0⋅75 per d)=270+ 0⋅00648 d2. The TEFlt, which
was calculated as the difference between basal HP and
fasting HP, differed from zero for diet H (P=0⋅026) but
not for diet L (P=0⋅910). The total TEF (TEFlt + TEFst) was
35 % higher for diet H than for diet L and it decreased
during pregnancy.
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Table 5. Effect of experimental diets and stage of gestation on partitioning of heat production in pregnant sows*

(Mean values and relative standard deviations)

Statistical significance of
difference between means

Diet Stage (ANOVA): P

L H 1 2 3 4 RSD Diet Sow Stage

Estimated variables (kJ/kg BW0⋅75 per d)
Fed animals

ME intake 550 523 554 523 537 532 17 0⋅013 0⋅001 NS
Total HP 456 478 473 444 472 496 21 0⋅078 0⋅002 NS
Components of HP

Basal HP 322 334 324b 304a 331b 355c 21 0⋅067 0⋅007 , 0⋅001
TEFst 36 40 46 38 35 33 8 NS NS NS
Activity HP 103 106 102 102 106 108 15 NS 0⋅002 NS

Fasted animals
Fasting HP 313 313 297a 290a 314a 353b 21 NS 0⋅021 0⋅004

Calculated variables (kJ/kg BW0⋅75 per d)
Components of HP

TEFlt 9 21 27 14 17 3 16 NS NS NS
Total TEF 45 61 73b 52ab 52ab 36a 15 0⋅050 NS 0⋅037
Standing and/or eating HP 17 24 20 20 19 21 3 0⋅004 0⋅032 NS
Standing and/or not eating HP 48 43 50 46 49 36 12 NS 0⋅004 NS
Activity while lying HP 38 39 32 36 38 51 8 NS 0⋅026 0⋅069

L, low-fibre diet; H, high-fibre diet; ME, metabolisable energy; HP, heat production; TEF st, short-term effect of feed; TEF lt, long-term effect of feed; TEF, thermic effect
of feeding.

a,b,c Mean values within a row with unlike superscript letters were significantly different, P , 0⋅05.
* For details of diets and procedures see Table 1 and p. 86.

Table 4. Standing and physical activity of sows*

(Mean values and relative standard deviations)

Statistical significance of difference
Diet between means (ANOVA): P

L H RSD Diet Sow Stage

Behaviour (min/d)
Eating 35 54 8 ,0⋅001 0⋅006 NS
Standing 195 220 59 NS NS NS

Activity HP (MJ/d)
Total 6⋅61 6⋅88 0⋅97 NS 0⋅004 NS

Standing and/or eating 1⋅11 1⋅54 0⋅23 0⋅003 0⋅027 NS
Standing and/or not eating 3⋅06 2⋅74 0⋅78 NS 0⋅006 NS
While lying 2⋅50 2⋅60 0⋅54 NS 0⋅020 0⋅047

Standing HP (kJ/min) 21⋅8 19⋅5 4⋅6 NS NS NS
Standing HP (kJ/kg BW0⋅75 per min) 0⋅33 0⋅30 0⋅07 NS NS NS

L, low-fibre diet; H, high-fibre diet; HP, heat production.
* For details of diets and procedures see Table 1 and p. 86.
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The basal HP represented 58⋅6 and 64⋅1 % of ME intake
for diets L and H respectively (Table 6). In connection with
similar ME intakes and increase of basal HP over preg-
nancy, the fraction of ME intake for basal HP was 7
percentage points higher in the last stage of gestation than
in the first stage. The TEF represented a higher proportion of
ME intake for diet H than for diet L (11⋅7 and 8⋅2 %).

Activity HP was the most variable component of energy
expenditure between sows and averaged 20 % of ME intake.
The partitioning of HP indicated that fasting HP was the
main component of total HP and represented about two-
thirds of HP, irrespective of the diet. The remainder was due
to TEF (11 % of total HP) and activity HP (22 % of total
HP).

91Dietary fibre and energy utilisation in sows

Fig. 2. Effect of experimental diets on thermic effect of feeding (TEF) after ingestion of a high-fibre diet (——) and a low-fibre diet (– – –). The zero-
level of heat production corresponds to fasting heat production. The TEF was partitioned between a constant component (TEFlt), which
corresponds to the initial value and asymptotic value, and a dynamic component (TEFst). The time required after ingestion of the meal to attain
50 % of the corresponding TEFst (TTEF) is indicated. BW, body weight. For details of diets and procedures see Table 1 and p. 86.

Table 6. Partitioning of metabolisable energy* intake

(Mean values and relative standard deviations)

Statistical significance of
difference between means

Diet Stage (ANOVA): P

L H 1 2 3 4 RSD Diet Sow Stage

Heat production (% of ME intake)
Basal HP 58⋅6 64⋅1 58⋅2a 57⋅5a 61⋅7a 65⋅0b 3⋅6 0⋅014 0⋅062 0⋅016
TEF

Total 8⋅2 11⋅7 13⋅4b 10⋅1ab 9⋅8ab 6⋅7a 2⋅7 0⋅024 NS 0⋅038
TEFst 6⋅6 7⋅7 8⋅5 7⋅4 6⋅4 6⋅3 1⋅6 NS NS NS
TEFlt 1⋅7 4⋅1 4⋅9 2⋅7 3⋅3 0⋅5 2⋅8 NS NS NS

Activity HP 18⋅7 20⋅2 18⋅5 19⋅4 19⋅8 20⋅1 2⋅5 NS 0⋅003 NS

Heat production (% of total HP)
Fasting HP 67⋅9 65⋅3 62⋅9a 65⋅4a 66⋅8ab 71⋅4b 3⋅8 NS 0⋅031 0⋅052
Basal HP 70⋅0 69⋅8 68⋅7 68⋅5 70⋅4 71⋅9 2⋅7 NS 0⋅006 NS
TEF

Total 9⋅9 12⋅8 15⋅6b 11⋅7b 10⋅9ab 7⋅2a 3⋅1 NS NS 0⋅023
TEFst 7⋅8 8⋅3 9⋅8 8⋅6 7⋅3 6⋅7 1⋅7 NS NS NS
TEFlt 2⋅1 4⋅5 5⋅8 3⋅1 3⋅6 0⋅5 3⋅3 NS NS NS

Activity HP 22⋅2 21⋅9 21⋅5 22⋅9 22⋅3 21⋅4 2⋅6 NS 0⋅003 NS

L, low-fibre diet; H, high-fibre diet; ME, metabolisable energy; HP, heat production; TEF st, short-term effect of feed; TEF lt, long-term effect of feed; TEF, thermic effect
of feeding.

a,b,c Mean values within a row with unlike superscript letters were significantly different, P , 0⋅05.
* For details of diets and procedures see Table 1 and p. 86.
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Discussion

Energy metabolism in pregnant sows

In the present experiment, fasting HP increased with the
stage of pregnancy. This change is probably associated with
changes in body composition and differences in metabolic
activity of tissues. Indeed, in pregnant sows, uterine energy
deposition and weight of uterus increases, mainly in the last
third of gestation (Nobletet al. 1985). In addition, the gravid
uterus is a metabolically active tissue, as suggested by
Freetly & Ferrell (1997) who measured that the increase
in HP of the gravid uterus of ewes accounted for approxi-
mately 49 % of the increase in total HP during pregnancy.
When pregnant sows are fasted, catabolism of maternal
tissues occurs to maintain nutrient deposition in reproduc-
tive tissues as a priority. The combination of increased
importance of uterine tissues and the increased rate of
energy deposition in the uterus with advancement of preg-
nancy is the most probable explanation for the higher fasting
HP at stages 3 and 4. On the other hand, fasting HP as
measured at stages 1 and 2 should be less influenced by
gestation status. The extrapolation of the relationship
between fasting HP and stage of gestation provides an
estimate of fasting HP at day 0 of gestation (270 kJ/kg
BW0⋅75) which is comparable to the values measured by
Nobletet al. (1993a) in non-pregnant adult sows (261 kJ/kg
BW0⋅75).

The ME requirement for maintenance (MEm) can be
calculated as the difference between ME intake and ME
requirements for fat and protein deposition. Assuming
energetic efficiencies in pregnant sows of 0⋅80 and 0⋅60
for ME deposited as fat and protein, respectively (Noblet
et al. 1990), it can be calculated that MEm averaged 437 kJ/
kg BW0⋅75 per d in the present study. This value is similar to
the average value of 440 kJ ME/kg BW0⋅75 per d used in
energy recommendations for primiparous and multiparous
sows (Agriculture and Food Research Council, 1990; Noblet
et al. 1990; National Research Council, 1998). Despite the
fact that fasting HP increased with stage of pregnancy, MEm

did not change with gestation, in agreement with Noblet &
Etienne (1987) and Nobletet al. (1997). The calculation of
MEm is based on a zero energy balance (i.e. the intercept of
the multivariate regression of ME intake on protein and lipid
deposition) and does not account for the redistribution of
energy between tissues. The fasting HP on the other hand is
measured in individual animals and accounts, at least
partially, for the priority energy metabolism of the uterus.
As a result, the MEm and fasting HP in gestating sows do
necessarily reflect the same phenomena.

Energy retained as protein increased after mid-preg-
nancy, as observed in multiparous (Everts & Dekker,
1994) or nulliparous sows (Noblet & Etienne, 1987). This
increase may be related to the enhanced N retention in
products of conception during the later stages of pregnancy
(Nobletet al. 1985, 1997; Dourmadet al. 1996). Since BW
increases during pregnancy, a greater fraction of ME is
designated to meeting maintenance requirements in late
pregnancy. The combination of increased HP related to
the daily MEm and greater amounts of ME for protein
and uterine energy deposition results in a reduced supply
of ME for fat deposition when ME intake is kept constant.

Under such conditions, fat deposition will be reduced with
advancement of pregnancy; it was even negative for sows
fed the diet H at stage 4.

Physical activity in pregnant sows

The mean energy cost of standing activity averaged 0⋅30 kJ/
kg BW0⋅75per min standing and is similar to that found in
sows by Croninet al. (1986) and Nobletet al. (1993b).
Approximately 20 % of ME intake in pregnant sows is then
used for physical activity. The force sensors give more
detailed information about the energy cost of activity than
the measurement of standing activity alone. Using the
combination of both methodologies, results of this study
indicate that 36 % of activity related HP was produced when
sows were lying.

In pregnant tethered sows housed in practical conditions,
an average of 250 min was spent standing per d (Cariolet &
Dantzer, 1984) but considerable between-animal variation
can exist (Ramonetet al. 1999). Moreover, standing time
and stereotyped behaviours increase in multiparous sows or
in animals with poor body condition (Cariolet & Dantzer,
1984). Consequently, physical activity can be quite variable
and represents a major factor causing differences in energy
balance between sows (Nobletet al. 1997). For instance,
energy expenditure due to an increase of 100 min standing
activity per d represents the energetic equivalent of about
150 g of the L diet per d.

It has been reported that fibrous diets can reduce standing
and stereotyped activity in sows (Robertet al. 1993; Brouns
et al. 1994) and in growing pigs (Schramaet al. 1998). In
sows housed in a piggery and fed the same diets as in the
present experiment, Ramonetet al. (1999) showed that the
duration of standing was 363 min/d when sows were fed diet
L and 291 min/d when fed diet H. This effect could not be
confirmed in the present study. This may be due to the fact
that, in the present study, the sows were kept alone in the
respiration chamber and were completely isolated from the
environment. Their body condition at mating was also much
better than in the study of Ramonetet al. (1999). In addition,
the effect of a high-fibre diet on the time spent standing by
animals can be dependent on the nature of ingredients
(Brounset al. 1995; Ramonetet al. 2000).

Effect of dietary fibre on energy utilisation in pregnant sows

In agreement with results of previous studies (Calvertet al.
1985; Stanogias & Pearce, 1985a; Noblet & Shi, 1993;
Ramonetet al. 1999), the digestibility coefficients of energy
and nutrients decreased when the level of dietary fibre in the
diet was increased. In addition, a larger fraction of energy
would be degraded in the hindgut when dietary fibre content
is increased. According to an equation of Shi & Noblet
(1993a), the fraction of dietary energy digested in the
hindgut would be 18 and 43 % of total digested energy for
diets L and H respectively. The difference in the contribu-
tion of hindgut in providing energy is confirmed by CH4

production which represented 3⋅4 % of DE content for diet
H and 0⋅8 % for diet L. The CH4 production observed with
diet H is higher than the highest values reported by Shi &
Noblet (1993b). Similar to energy, the presence of fibre in
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the diet of pigs reduces the apparent faecal digestibility of N
(Stanogias & Pearce, 1985a; Noblet & Perez, 1993).

Despite a lower daily ME intake, total HP of sows was
higher for diet H than for diet L. This increase of HP is in
agreement with the net energy prediction equations of Noblet
et al. (1993a) showing a higher heat increment with high-
fibre or high-protein diets. This difference between diets
was mainly due to the differences in TEF. Indeed, TEF was
higher for diet H than for diet L (8⋅2 and 11⋅7 % of ME
intake for diets L and H respectively). This resulted in a
lower RE for diet H, even though DE intakes were equiva-
lent for both diets. To obtain a similar RE for both diets,
it would be necessary to increase the ME intake of the diet
H by about 3⋅4 MJ/d (i.e. 330 g).

A decrease in activity with fibrous diets has been
observed in some studies (Robertet al. 1993; Schrama
et al. 1998; Ramonetet al. 1999), with a subsequent lower
activity HP. This decrease of activity HP with fibrous diets
could compensate for the higher TEF as observed by
Schramaet al. (1998) in growing pigs fed with diets
containing different levels of NSP. For sows of the present
experiment, a total compensation would require a reduction
of 170 min/d of standing activity for diet H. Although
Ramonetet al. (1999) observed a reduction in activity
due to a high-fibre diet in sows housed in practical conditions,
the reduction was of much smaller magnitude (74 min/d).
Therefore, for a similar amount of DE, the decreased activity
with high-fibre diets is insufficient to compensate for the
increased TEF and the lower efficiency of volatile fatty
acids produced during fermentation.

In connection with a delayed and more continuous supply
of nutrients from the hindgut, basal HP was higher with diet
H than in diet L. Because there was no difference in fasting
HP between both diets, TEFlt was higher for diet H than
for diet L. For sows fed diet L, TEFlt was not different
from zero, whereas it represented 4⋅1 % of ME intake for
the fibrous diet. The TEFlt represents long-term metabolic
phenomena such as metabolism and fermentation without a
distinguishable pattern of HP that can be related to the
ingestion of feed. The larger fraction of DE digested in the
hindgut for diet H can explain the difference between basal
and fasting HP. In contrast, the TEFst was similar irrespec-
tive of the feed. The mean duration of TTEF was 1⋅2 h higher
for diet H diet than for diet L. In man, the peak value of
HP occurs 3 h after ingestion of a low-fibre meal and 30 to
90 min later with high-fibre meals (Scalfiet al. 1987).
Absorption of nutrients with fibrous diets may follow
similar kinetics to TEF. Fibrous diets also delay the gastric
emptying in pigs (Rainbird & Low, 1986) and the absorption
of nutrients such as glucose and amino acids (van den Brand
et al. 1998; Ramonetet al. 2000). In contrast, microbial
fermentation of dietary fibre in the large intestine results in
the production of volatile fatty acids (Stanogias & Pearce,
1985b) which becomes important between 5 and 12 h after
the meal (Re´rat, 1996; Michel & Re´rat, 1998). Because of
the higher and more prolonged HP, the use of fibrous diet
can be interesting in cold environments. Indeed, using diets
high in straw or alfalfa, Nobletet al. (1989) showed that
increased HP associated with metabolic utilisation of ME of
such diets fed to sows exposed to cold climatic conditions
was efficiently used for thermoregulation.

In conclusion, when pregnant sows are fed the same
quantity of DE, the use of a high-fibre diet increases the
HP and less energy will be available for protein and lipid
deposition. This increase in HP is mainly due to long-term
processes related to fermentation and associated end-pro-
ducts. When feeding gestating sows a high-fibre diet, it is
important to account for this extra energy loss. However,
reduced physical activity often associated with the use of
high-fibre diets may only attenuate or partially compensate
this difference in HP. Feeding a high-fibre diet also delays
the postprandial peak of HP and provides a more continuous
supply of nutrients which may explain the reduction of
stereotyped behaviours of pregnant sows fed such diets.
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