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The heavy reliance on imported soybean meal (SBM) as a protein source makes it necessary for the European pig industry
to search for alternatives and to develop pigs that perform efficiently when fed such ingredients. Digestion and metabolism are
major physiological processes contributing to variation in feed efficiency. Therefore, an experiment was conducted to assess the
effects of replacing SBM with increasing levels of rapeseed meal (RSM) in diets for young pigs on apparent total tract digestibility
(ATTD) of energy and nutrients, nitrogen (N) balance, energy metabolism and carbohydrate, protein and fat oxidation. Four diets
were fed to 32 pigs (22.7 ± 4.1 kg initial BW) for three weeks. The diets consisted of a control cereal grain-SBM basal diet and
three test diets where SBM and wheat were partially replaced with 10%, 20%, and 30% of expeller RSM. Increasing level of RSM
in the diets linearly reduced ATTD of organic matter, CP, total carbohydrates, dietary fiber and energy. Utilization of digested
nitrogen (DN) for N retention and total N excretion were not affected by RSM inclusion, however, RSM inclusion induced a shift in
N excretion from urine to feces. Despite a linear increase in liver to metabolic BW ratio, heat production and utilization of
metabolizable energy (ME) for retention were not affected by increasing RSM inclusion. In conclusion, replacing SBM with up to
30% of expeller RSM in nutritionally balanced diets for young pigs reduced the ATTD of most nutrients and energy, but did not
affect N and energy retention in the body or efficiency of utilization of DN or ME for retention.

Keywords: digestibility, heat production, nitrogen retention, rapeseed expeller meal, substrate oxidation

Implications

Alternative protein feedstuffs to imported soybean meal
(SBM) are needed to improve the self-sufficiency for protein
sources of the European pig production. Rapeseed expeller
meal (RSM) is abundant and has a high protein content and a
balanced amino acid (AA) profile and could serve as an
alternative to SBM. However, RSM contains higher levels of
fiber and other anti-nutritional factors (ANF) that could affect
pig performance. The present experiment showed that up to
30% RSM can be included in diets for young pigs at the
expense of SBM without affecting nitrogen (N) and energy
retention in the body or efficiency of utilization of digested
nitrogen (DN) or metabolizable energy (ME) for retention in
young pigs.

Introduction

Rapeseed meal, the co-product from rapeseed processing for
oil extraction, is increasingly available in Europe due to the
rapid growth of the biofuels industry (Carré and Pouzet,
2014). Increased and efficient use of RSM as an alternative
protein source to SBM could decrease the dependency on
imports and improve the self-sufficiency for protein sources
of European pig production. Because feed represents up to
70% of the total cost for pig producers, small improvements
or even similar feed efficiency when using RSM compared
with SBM could enhance profitability. In this regard, nutrient
and energy digestibility and utilization/partitioning following
absorption are key factors affecting the net efficiency of any
pig system. Le Goff and Noblet (2001) reported that the fecal
loss of nutrients and energy in most pig rearing systems
ranges from 15% to 25% of the total intake. Variation in
energy and nutrient metabolism and partitioning following
digestion will further determine the net efficiency of pigs† E-mail: margareth.overland@nmbu.no
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(Gilbert et al., 2017). Rapeseed meal has a higher fiber
content than SBM and contains other ANF such as tannins,
phytic acid, and glucosinolates, which could interfere with
the digestive and metabolic processes of the pigs (Mejicanos
et al., 2016). High dietary fiber (DF) is associated with
impaired nutrient utilization and reduced net energy (NE)
values in the diet (Noblet and Le Goff, 2001) and increased
viscera weight in pigs (Jørgensen et al., 1996). Because
visceral organ mass is a major contributor to fasting heat
production (van Milgen et al., 1998), increased viscera
weight by RSM-feeding may increase the total heat
production of the pigs. Goitrogenic effects associated with
glucosinolates in RSM could also lead to changes in basal
metabolic rate and overall energy expenditure (Kim, 2008),
and in protein turnover (Hocquette et al., 1998).
Given this scenario, understanding the effects of

RSM-based diets on the digestive and metabolic efficiency of
pigs is of major interest. The objective was to determine the
effects of increasing inclusion of expeller RSM, replacing SBM
in isonitrogenous and isoenergetic diets, on nutrient and
energy digestibility, N retention, energy metabolism and
substrate oxidation by means of balance and respiration
experiments with young pigs. We hypothesized that repla-
cing SBM with RSM at iso-NE and iso-standardized ileal
digestible (SID) levels for the most limiting AA would reduce
nutrient and energy digestibility, N retention and increase
energy expenditure in young pigs.

Material and methods

Animals and experimental design
The experiment was conducted as a randomized complete
block design with four experimental diets, four periods and
two replicates per diet per period (a total of eight replicate
pigs per diet). Each experimental period lasted 3 weeks and
consisted of a 2-week adaptation period followed by a 4-day
balance period, which included a 22-h respiration experi-
ment by means of indirect calorimetry in an open-air circu-
lation system (Chwalibog et al., 2004). In each period, eight
castrated crossbred pigs (Danish Landrace/Yorkshire×
Duroc) from two litters were obtained from a commercial
herd. One pig from each litter was allocated to one of the
four dietary treatments. The pigs from periods 1 to 4 had an
average initial BW of 19.2 ± 3.2, 21.9 ± 4.2, 24.5 ± 4.0 and
25.1 ± 2.4 kg, respectively.

Diets
The RSM was a commercial expeller RSM (Mestilla UAB,
Klaipėda, Lithuania) produced by pre-conditioning and
pressing of the RS cake at a temperature ranging from 106°C
to 115°C. The RSM contained 34.0% CP and 11.1% fat. The
four experimental diets were: a control diet (RSM0) based on
wheat, barley, oats and SBM, with no RSM and three treat-
ment diets (RSM10, RSM20 and RSM30), in which SBM and
wheat were partially replaced with 10%, 20% and 30% of
RSM, respectively (Table 1). The chemical contents of the

ingredients are presented in the Supplementary Material S1.
The diets were optimized based on the chemical analyses
and on SID table values for CP and AA for the feed ingre-
dients (Sauvant et al., 2004). The NE values for all the
ingredients were calculated based on the Dutch energy
evaluation system (CVB; Blok, 2006). All four diets were
optimized to meet or exceed the requirements for essential
AAs and all other nutrients and energy for pigs of this age
(National Research Council (NRC), 2012). The diets were
subsequently mixed and pelleted at the Centre for Feed
Technology (Fôrtek) of the Norwegian University of Life Sci-
ences (Ås, Norway). The pelleting conditions were: pelleting
capacity 600 kg/h, conditioning temperature 75°C, and pel-
leting temperature 82°C.

Housing and feeding
During the adaptation period, pigs were housed in pairs in
pens with concrete floors covered with straw. During the
balance periods, pigs were housed individually in stainless
steel metabolic cages (1.65× 0.75m) with a slatted floor of
round bars and devices for quantitative collection of feces,
urine, and feed residues. All pigs were provided with a rubber
mat in the front of the metabolism cages.
Upon arrival at the experimental farm, pigs were offered a

commercial weaner diet, which was gradually replaced by
one of the four experimental diets. Pigs within the same pen
were assigned randomly to one of the four experimental

Table 1 Ingredient composition of the experimental diets for pigs

Diets1

Ingredients (g/kg as fed basis) RSM0 RSM10 RSM20 RSM30

Barley2 345 345 345 345
Wheat2 215 176 140 103
Soybean meal2 206 145 81 17
Oats2 140 140 140 140
Rapeseed meal2 – 100 200 300
Tallow 48 49 49 50
Monocalcium phosphate 19 19 19 19
Limestone 13.5 13.5 13.5 13.5
HCl L-Lysine 2.70 2.90 3.12 3.40
DL-Methionine 1.10 0.50 – –

L-Threonine 1.50 1.30 1.20 1.05
L-Tryptophan 0.3 0.3 0.3 0.3
Sodium chloride 4.0 4.0 4.0 4.0
Vitamin-trace mineral premix3 3.31 3.31 3.31 3.31
Attractant (Maxarome) 0.5 0.5 0.5 0.5
Calculated content NE (MJ/kg) 9.5 9.5 9.5 9.5

NE= net energy.
1RSM0: control diet based on grains and soybean meal and with no rapeseed
meal; RSM10,20,30: experimental diets where wheat and soybean meal were
partially replaced with 10%, 20%, and 30% of rapeseed expeller meal,
respectively.
2Chemical composition in Supplementary Material S1.
3Provided per kg of diet: 96mg Zn (ZnO); 96mg Fe (FeSO4); 48mg Mn (MnO);
20.8mg Cu (CuSO4); 0.48mg I (Ca(IO3)2); 5700 IU vitamin A; 1200 IU
cholecalciferol; 100.7mg dl-α-tocopheryl acetate; 3.57mg menadione; 2.4mg
thiamin; 9.0mg riboflavin; 36.0mg D-pantothenic acid; 12.0μg cyanocobalamine;
12.0mg niacin; 0.24mg biotin; and 1.8mg folic acid.
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diets and they were separated at every meal to allow indi-
vidual feeding. Pigs were fed equal meals twice daily at 0900
and 1500 h throughout the experimental period, except
during the respiration experiment, when they were fed one
full meal shortly after transfer into the respiration chambers.
The pigs had access to the feed throughout the 22 h mea-
surements. Daily feed allowance was similar across treat-
ments and adjusted to a level where pigs had a minimum of
feed residues, that is were fed as close to ad libitum as
possible. Water was added to the diet immediately
before feeding at a ratio of 2 : 1 (w/w). Pigs were provided
ad libitum access to water from drinking nipples. The
temperature was kept at 20 ± 2°C and a 12-h light/12-h dark
cycle was provided for the duration of the experiment.

Experimental procedures
Pigs were weighed at the start and end of the balance period.
The collection was conducted between 0800 and 1200 h
every day. Feed residues, feces and urine were quantitatively
collected from each individual pig, weighed, and frozen at
−20°C. Urine was collected in bottles containing 10ml of
5% sulphuric acid, weighed, and 10% of urine from the daily
samples were frozen at −20°C. The bars inside the metabolic
cages, the rubber mat, and the collection plate were rinsed
with 1% citric acid solution daily after completion of the
collection procedures, and the resulting manure was col-
lected in separate containers, weighed and frozen at −20°C.
Diets were sampled daily during the balance periods and
pooled before preparation for chemical analyses. Following
each balance period, feed residues, feces, urine and manure
were thawed, homogenized, and representative samples
were taken and frozen at −20°C for later chemical analyses.
The respiration experiments were performed in two open-

air-circuit respiration chambers with a volume of 3500 l and
constructed for animals with a live weight range of 5 to
200 kg. Before initiation of the experiment gas recovery tests
were performed, and the following recovery factors were
found for CO2: chamber A 0.992 and chamber B 0.965. The
corresponding factors for O2 were: chamber A 0.915 and
chamber B 0.959. For CH4 the recovery was 1.000 for both
chambers. Pigs were brought into the respiration chambers
between 0930 and 1030 h at the assigned day for the
respiration experiment. Each pig was measured for 22 h,
starting at 1100 h and finishing at 0900 h the following
morning. For a detailed description of the construction and
function of the respiration chambers, as well as for the
calibration and measurement procedures see Chwalibog
et al. (2004). At the end of each experimental period, pigs
were euthanized and the liver was removed and weighed.

Sample processing and chemical analyses
Samples of feces were freeze-dried, and feces and diets were
ground through a 1-mm screen before chemical analyses.
Feed residues were analyzed for dry matter (DM) and it was
assumed that the chemical composition of the DM was
equal to that in the DM of the feed. Wet feces were analyzed
for DM and N, and freeze-dried feces for ash, fat, gross

energy (GE) and fiber contents. Urine and manure were
analyzed for N.
Dry matter was measured by drying to constant weight at

105°C, and ash was determined by incineration at 525°C.
Nitrogen was determined by the Kjeldahl method using
the Tecator-Kjeltec system 1030 (Tecator AB, Höganäs,
Sweeden) and CP calculated as N× 6.25. Fat content was
determined by petroleum ether extraction in a Soxtec system
2043 (Foss, Hillerød, Denmark) after HCl hydrolysis. Total
carbohydrate and lignin (CHO+ L) content in the diet and
feces was calculated from the previous analyses as:

CHO + L=DM� ash� CP� fat

Gross energy was determined using an IKA Calorimeter
system (IKA Gmbh and Co. KG, Staufen, Germany) and starch
was analyzed according to Bach Knudsen (1997). Neutral
detergent fiber in the diets was determined using the
Ankom200 Fiber Analyzer system with F58 Ankom filter bags
(ANKOM Technologies, Fairport, NY, USA). Amino acid and
tryptophan in the diets were analyzed according to Com-
mission dir. No 152/2009/EC. Amino acids were determined
on a Biochrom 30 Amino Acid Analyzer (Biochrom Ltd,
Cambridge, UK), whereas tryptophan was analyzed on a
Dionex UltiMate 3000 HPLC system (Dionex Softron GmbH,
Germering, Germany) with a Shimadzu RF-535 fluorescence
detector (Shimadzu Corporation, Kyoto, Japan). Total, solu-
ble and insoluble non-starch polysaccharides (T-NSP, S-NSP
and I-NSP, respectively), and their constituent sugars were
determined as alditol acetates by GLC for neutral sugars, and
by a colorimetric method for uronic acids in three parallel
runs as described by Bach Knudsen (1997). Klason lignin
was measured gravimetrically as the residue resistant to
sulphuric acid hydrolysis as described by Theander et al.
(1994). The following parameters were calculated from the
previous analyses:

Total non-cellulosic polysaccharides (T-NCP) = rhamnose
+ fucose+ arabinose+ xylose+mannose+ galactose
+ glucose+ uronic acids

CelluloseDF = T-NSP� T-NCP

Insoluble-NCP I-NCPð Þ= I-NSP� CelluloseDF
Soluble-NCP S-NCPð Þ= T-NCP� I-NCP

DF= T-NSP + Klason lignin

Total glucosinolate analysis of the RSM was performed
according to Commission dir. no 1864/90/EEC.

Calculations
The apparent total tract digestibility (ATTD) of individual
nutrients and energy was calculated according to the equation:

ATTDnutrientð% Þ= ½ðNutrient intake ðgÞ �Nutrient in feces ðgÞÞ
=Nutrient intake ðgÞ�´100

Based on 4 days quantitative collection of urine and feces,
DN (g) was calculated as ingested nitrogen (IN) minus fecal
nitrogen (FN). Retained nitrogen (RN, g) was calculated as
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DN minus urinary nitrogen (UN) and N in manure. Energy in
urine (UE, kJ) and manure was calculated as 53.5 kJ/g×
UN (g) (Chwalibog et al., 2004). Energy in methane was
calculated as 39.6 kJ/l× CH4 (l) (Brouwer, 1965). Metaboliz-
able energy (kJ) intake was calculated by subtracting fecal
energy (FE), UE and energy in methane from the GE intake.
Heat production (HE) was calculated based on the 22-h
measurements of gas exchange and the mean UN according
to Brouwer (1965) as follows:

HE (kJ)= 16.18 (kJ/l)×O2 (l)+ 5.02 (kJ/l)× CO2 (l)–2.17
(kJ/l),× CH4 (l)–5.99 kJ/g×UN (g) where 22 h volumes
of O2, CO2 and CH4 were extended to 24 h by
multiplication with 24/22.

Retained energy (RE, kJ) was calculated as the difference
between ME and HE. Energy retained as protein (RPE, kJ) was
calculated from the N balance as RN, g× 6.25× 23.86, kJ/g and
energy retained as fat (RFE, kJ) as the difference between total
RE and RPE. The respiratory quotient (RQ) was determined as
the ratio between CO2 production and O2 consumption.
The oxidation of protein (OXP), carbohydrate (OXCHO)

and fat (OXF) was calculated according to Chwalibog et al.
(1992) and validated for RQ values below and above one
(Chwalibog and Thorbek, 1995):

OXP ðkJÞ=UN ðgÞ ´ 6:25 ´ 18:42 ðkJ = gÞ
OXCHO ðkJÞ= ð�2:968 ´O2 ðlÞ+ 4:174 ´ CO2 ðlÞ
� 1:761´ CH4 ðlÞ � 2:446 ´UN ðgÞÞ ´ 17:58 kJ=g
OXF ðkJÞ= ð1:719 ´O2 ðlÞ � 1:719 ´ CO2 ðlÞ
� 1:719´ CH4 ðlÞ � 1:963 ´UN ðgÞÞ ´ 39:76 kJ=g

The ME requirement for maintenance (MEm) and the effi-
ciency of utilization of ME for retention in body tissues (kg)
were estimated by a linear regression approach, where
ME/kg0.60 was regressed on RE/kg0.60, where the intercept
(I) denoted the MEm value and kg was the reciprocal of the
slope (b) (Thorbek et al., 1984).
Liver index was calculated as the ratio of liver weight to

metabolic BW (g/kg0.60).

Statistical analysis
Statistical analysis of general animal performance, ATTD, N
balance, energy metabolism and substrate oxidation data
was performed using the GLM procedure of SAS (1990) for
randomized complete block design, with individual pigs as
the experimental unit. The fixed effects of diet (n= 4) and
period (n= 4), and the effect of pig live weight as a covariate
for the general animal performance and ATTD analyses were
included in the statistical model. As the interaction between
diet and period was non-significant, it was removed from the
model. The effect of the covariate pig live weight on ATTD
was non-significant and therefore not included in the
analysis. Treatment means were separated using the least-
squares means test. Polynomial contrasts were used to
determine the linear, quadratic, and cubic effects of
increasing level of RSM in the diets. Results are presented as

least-squares means for each dietary treatment, and variance
is expressed as the pooled standard error of the mean. Effects
were considered significant if P< 0.05 and a tendency if
0.05⩽ P⩽ 0.10.
Linear regression analysis for determination of MEm and kg

was performed using the procedure REG in SAS (1990).

Results

A significant effect of the period was found for most of the
parameters, which may be explained not only by the differ-
ences in BW between the pigs from the different periods but
also by a litter effect. However, pigs were allotted to the
dietary treatments according to litter and BW to account for
these effects, therefore, the effect of the period will not be
included in the discussion.

Diets
Partial replacement of SBM with increasing levels of expeller
RSM was reflected in the CHO+ L composition of the diets
(Table 2). The contents of T-NSP, cellulose, lignin, DF and
NDF increased with increasing RSM inclusion, whereas the
starch content decreased. Regarding monomeric residues of
NSP, RSM inclusion resulted in increased contents of rham-
nose, arabinose, and uronic acids. Inversely, the contents of
xylose, mannose and galactose decreased with increasing
RSM inclusion. The CP and GE concentrations were similar
among diets, with a slightly higher CP content in the RSM0.
There were no major differences in the concentrations of
essential AA between the diets and the concentrations of lysine,
methionine, threonine, and tryptophan exceeded the require-
ments of the pigs (NRC, 2012). The RSM used in this experiment
contained 11.3μmol/g total glucosinolates, resulting in 1.13,
2.26 and 3.39mmol/kg total glucosinolate calculated content in
the RSM10, RSM20 and RSM30 diets, respectively.

Health status, intake of nutrients and performance
In general, the pigs had a good health status throughout the
experiment, but some pigs experienced transitional loose
stools. One pig was excluded from the study due to low feed
intake and another pig was excluded due to technical problems
during the balance period. Both pigs belonged to the RSM10
group. One pig on the RSM20 diet received antibiotic treatment
(Tribrissen® Vet. 48%; Legemiddelindustrien (LMI), Copenha-
gen, Denmark) following veterinary recommendations due to
unthriftiness. The BW, daily weight gain, and daily feed intake
during the balance periods were similar among dietary groups,
whereas the feces dry weight (P= 0.011, linear P= 0.001) and
the liver index (linear P= 0.042) increased with increasing
inclusion of RSM in the diets (Table 3).

Digestibility of dietary components
Partially replacing SBM with increasing levels of expeller
RSM reduced (P< 0.01, linear P< 0.001) the ATTD of
organic matter (OM), CP, CHO and energy (Table 4). The
ATTD of fat (P= 0.089, linear P= 0.038) increased and ATTD
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of DF (linear P= 0.034) decreased with increasing RSM
inclusion, whereas ATTD of T-NSP and cellulose was not
affected by diet (P> 0.10). Regarding individual monomeric
residues of NSP, the ATTD of fucose, mannose, glucose and
uronic acids was reduced (P< 0.01, linear P< 0.001),
whereas ATTD of arabinose increased (P= 0.013, linear
P= 0.001) with increasing RSM in the diet.

Nitrogen metabolism
Due to the reduced ATTD of CP, the amount of DN decreased
(P= 0.034, linear P= 0.011) in pigs fed increasing levels of
expeller RSM (Table 5). There was no dietary effect on the

total N excretion (P> 0.10). Excretion of N in the feces
increased linearly (P= 0.013, linear P= 0.002), whereas
excretion of N in urine decreased (linear P= 0.043) with
increasing RSM inclusion. Consequently, increasing dietary
levels of RSM resulted in a decreased UN:FN (P= 0.004,
linear P< 0.001). Retained nitrogen was not affected by diet
(P> 0.10), nor was the efficiency of utilization of IN or DN for
retention (RN:IN and RN:DN, both P> 0.10).

Energy metabolism
Intake of ME (P> 0.10) was similar across dietary treatments
(Table 6). There was a tendency (P= 0.050) for lower HE in
the RSM fed pigs compared with the control pigs. The cal-
culations of nutrient oxidation in proportion to HE (Figure 1)
showed that increasing RSM inclusion tended to reduce OXP
(linear P= 0.062) and OXCHO (cubic P= 0.061), whereas it
tended to increase OXF (cubic P= 0.067). The cubic effects
were likely due to OXF being higher on RSM20 than on
RSM30, whereas the reverse occurred for OXCHO. Retained
energy (P> 0.10) was not affected by diet, nor when it was
expressed in proportion to ME (P> 0.10). Partitioning of RE
between protein and fat was not affected by diet (P> 0.10).
Oxygen consumption and CH4 production were not affected by
diet (P>0.05), whereas CO2 production decreased in pigs fed
increasing levels of RSM (P= 0.056, linear P= 0.017). The RQ
was affected by diet (P= 0.049, linear P= 0.077, cubic
P= 0.023), with higher values in pigs fed lower levels of RSM,
namely RSM0 and RSM10, than pigs fed RSM20 and RSM30.
Because there was no difference in RE:ME among groups,

linear regression analysis of ME/kg0.60 on RE/kg0.60 was
performed on all pigs. The analysis gave the following
significant (P< 0.001) equation (Figure 2):

ME0:60 = 902 ± 105:3ð Þ + 1:257 ± 0:090ð Þ
´ RE0:60; R2 = 0:87; CV= 6:1

The resulting MEm estimate was 900 kJ/kg0.60. The kg
value was 0.80.

Discussion

The European pig industry needs alternatives to imported
SBM and pigs that perform efficiently when fed such ingre-
dients. Therefore, our objective was to determine the effects
of replacing SBM with increasing levels of expeller RSM on
nutrient and energy digestibility, N balance, energy meta-
bolism and substrate oxidation of young pigs.
Increasing inclusion of expeller RSM in the diets, partially

replacing SBM and wheat, led to increased dietary fat
because of the higher fat content in RSM than in SBM (11.1%
v. 1.0% of DM), and decreased starch levels because wheat
was replaced along with SBM to achieve nutrient balanced
diets. The fiber content in RSM is considerably higher than
that in SBM (Bach Knudsen, 2014), therefore, replacing SBM
with increasing levels of RSM resulted in gradually higher
content of DF, T-NSP, cellulose, NDF and lignin in the diet.
Despite the higher fiber and glucosinolate levels, all diets

Table 2 Analyzed chemical composition of the experimental diets to
pigs (as fed basis)1

Diets2

Analyzed contents (g/kg) RSM0 RSM10 RSM20 RSM30

GE (MJ/kg) 17.3
± 0.1

17.4 ± 0.1 17.7 ± 0.1 17.8 ± 0.3

DM 895± 4 895 ± 4 896 ± 3 899 ± 3
CP 186 ± 3 179 ± 1 182 ± 4 181 ± 3
Fat 73 ± 1 81 ± 1 89 ± 1.5 99 ± 3
Ash 57 ± 0.4 59 ± 1 60 ± 1 61 ± 1
Lysine 10.7 10.4 10.5 10.8
Methionine 3.3 2.8 2.6 2.8
Cysteine 2.9 3.0 3.4 3.7
Threonine 8.5 8.0 8.3 8.3
Tryptophan 2.1 2.4 2.5 2.6
Total CHO3 580 ± 4 576 ± 4 565 ± 6 557 ± 7
Starch 380 ± 10 377 ± 5 350 ± 12 316 ± 5
Total NSP 148 ± 4 147 ± 6 151 ± 7 157 ± 2
Soluble NSP 36 ± 13 48 ± 8 35 ± 8 45 ± 3
Cellulose 36 ± 3 37 ± 3 39 ± 4 39 ± 3
Total NCP 112 ± 4 110 ± 3 112 ± 3 118 ± 3
Rhamnose4 0.7 (0.4) 0.8 (0.4) 0.9 (0.4) 1.1 (0.5)
Fucose 0.8 (0.4) 0.7 (0.3) 0.7 (0.2) 0.8 (0.2)
Arabinose 22 (5) 22 (7) 24 (7) 27 (9)
Xylose 37 (7) 34 (8) 34 (5) 33 (7)
Mannose 5.3 (1.4) 4.6 (1.5) 4.2 (1.2) 4.1 (1.2)
Galactose 12 (5) 10 (5) 9.4 (3.8) 8.7 (3.2)
Glucose 26 (13) 27 (21) 25 (13) 27 (18)
Uronic acids 8.8 (3.7) 10 (4) 13 (5) 16 (3)

Klason lignin 21 ± 1 28 ± 1 36 ± 6 44 ± 3
Fiber content
DF 170 ± 5 175 ± 5 187 ±11 201 ± 1
NDF 115 124 135 154

Total glucosinolates5 – 1.1 2.3 3.4

GE= gross energy.
1Values are means ± standard deviation from the chemical analysis of repre-
sentative samples from all diets from each period (n= 4), except for amino acids
and NDF, which were analyzed in pooled samples of each diet from the four
periods (n= 1).
2RSM0: control diet based on grains and soybean meal and with no rapeseed meal;
RSM10,20,30: experimental diets where wheat and soybean meal were partially
replaced with 10%, 20% and 30% of rapeseed expeller meal, respectively.
3The total carbohydrate content was calculated as CHO=DM–ash–CP–fat.
4Values in parenthesis are soluble NSP.
5The total glucosinolate content is given in mmol/kg diet and was calculated based
on the analyzed glucosinolate content of the rapeseed expeller meal and the
inclusion level in the diet.
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were readily consumed and the pigs performed well even on
the RSM30 diet. The increasing DF level most likely caused
the linear decrease in ATTD of OM, GE, CP and CHO+ L
observed in the pigs fed increasing levels of RSM. This
negative relation between fiber level and nutrient and energy
digestibility has been extensively reported in pigs (e.g.
Jørgensen et al., 1996 and 2007). The type of fiber may also
affect the digestive processes. Because fiber in RSM is more
lignified and insoluble than in SBM (Bach Knudsen, 2014),
the fiber fraction in our RSM diets was more resistant to
microbial fermentation than in the control diet. Although
RSM inclusion did not affect ATTD of T-NSP, the ATTD of DF
was linearly decreased, because DF includes the indigestible
lignin which increased with increasing RSM inclusion. Pérez

de Nanclares et al. (2017) recently reported reduced appar-
ent ileal digestibility and ATTD of energy, DM, OM, CP, NDF,
ADF, P and most AA and monosaccharides in weanling pigs
fed high-fiber RS co-products compared with SBM. The
reduced digestibility of energy and nutrients may be caused
by reduced enzyme activity, lack of enzyme-substrate inter-
action resulting from entrapment of nutrients in the complex
fiber matrix of the RS diets, and/or by interference with other
ANF in RSM, such as tannins and phytic acid. Similarly, the
reduction in ATTD of DF may result from lack of microbiota-
substrate interaction due to the complexity of the fiber
matrix in the RS diets. In the present study, the lower
digestibility and fermentability of the RSM diets resulted in
increased bulking of feces (g DM/day) with increasing

Table 4 Effects of replacing soybean meal with increasing levels of rapeseed expeller meal (RSM) on apparent total tract digestibility (ATTD, %) of
main nutrients, energy and individual fiber fractions in young pigs1

Diets2 P-value

Chemical constituents RSM0 RSM10 RSM20 RSM30 SEM Diet Period Linear

OM 82.1a 80.0a,b 79.4b 77.2c 0.7 <0.001 0.383 <0.001
GE 82.1a 79.6b 79.7b 77.7b 0.8 0.004 0.418 <0.001
CP (N× 6.25) 82.2a 79.0b,c 79.5a,b 76.5c 1.0 0.003 0.0215 <0.001
Fat 76.1a,b 73.8b 77.9a,b 79.5a 1.6 0.089 0.913 0.038
CHO 85.8a 84.5a,b 83.0b 80.7c 0.5 <0.001 0.282 <0.001
T-NSP 59.4 57.7 56.9 56.6 1.4 0.482 0.188 0.149
Cellulose 31.2 29.8 31.9 33.3 2.9 0.869 0.047 0.504
T-NCP
Rhamnose 18.8 19.8 27.4 27.4 4.5 0.371 0.401 0.103
Fucose 67.0a 62.0a,b 58.5b,c 53.5c 2.3 0.003 0.057 <0.001
Arabinose 67.4b 68.2b 70.5a,b 72.5a 1.1 0.013 0.432 0.001
Xylose 46.2 42.4 41.2 39.7 2.4 0.267 0.436 0.063
Mannose 91.4a 89.0a 87.1a,b 82.7c 1.5 0.004 0.824 <0.001
Galactose 79.6 79.8 79.3 74.9 2.4 0.439 0.044 0.186
Glucose 85.9a 79.9a 72.1b 67.1b 2.0 <0.001 <0.001 <0.001
Uronic acids 73.0a 70.8a 63.4b 59.1c 1.4 <0.001 0.217 <0.001

DF 42.2a 38.9a,b 36.9a,b 35.6b 2.2 0.178 0.274 0.034

OM= organic matter.
a,b,cValues within a row with different superscripts differ significantly at P< 0.05.
1Values are least-squares means and pooled standard error of the mean (SEM), n= 8 except for the RSM10 group where n= 6.
2RSM0: control diet based on grains and soybean meal and with no rapeseed meal; RSM10,20,30: experimental diets where wheat and soybean meal were partially
replaced with 10%, 20% and 30% of rapeseed expeller meal, respectively.

Table 3 Effects of replacing soybean meal with increasing levels of rapeseed expeller meal (RSM) on BW, feed intake, weight gain, feces excretion and
liver index of young pigs1

Diets2 P-value

RSM0 RSM10 RSM20 RSM30 SEM BW Diet Period Linear

BW (kg) 28.6 27.9 28.5 28.3 1.6 – 0.990 <0.001 0.950
Dry matter intake (g/day) 982 985 973 966 18 <0.001 0.876 <0.001 0.458
Daily weight gain (g/day) 504 520 536 492 29 0.002 0.680 <0.001 0.879
Feces dry weight (g/d) 173b 190a,b 197a 217a 8.8 <0.001 0.011 0.016 0.001
Liver index (g/kg0.60) 98 102 105 109 4 0.173 0.226 0.053 0.042

a,bValues within a row with different superscripts differ significantly at P< 0.05.
1Values are least-squares means and pooled standard error of the mean (SEM), n= 8 except for the RSM10 group where n= 6.
2RSM0: control diet based on grains and soybean meal and with no rapeseed meal; RSM10,20,30: experimental diets where wheat and soybean meal were partially
replaced with 10%, 20% and 30% of rapeseed expeller meal, respectively.
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inclusion of RSM. This may have increased passage rate
and reduced mean retention time of the digesta in the
gastrointestinal tract, thus decreasing the time available for
enzymatic digestion and microbial fermentation. This may
further explain the reduced ATTD of nutrients and energy.
The diets were formulated on the basis of NE and SID CP

and AA values, and adjusted to be similar across treatments.
Chemical analyses of diets showed no major differences in
the concentrations of GE, CP and AA. In addition, intake of N
and DE or ME was similar among pigs fed the different diets.
Therefore, it can be assumed that any effect observed on
protein and energy metabolism could be attributed to the
replacement of SBM with RSM and not to diets being
unbalanced or differences in N and/or energy intake. Despite
less N being available for absorption because of the reduced
ATTD of CP and lower DN with increasing inclusion of RSM,
retained N was similar across dietary groups, also when
expressed in proportion of IN and DN. This is in agreement
with previous research where inclusion of fiber in pig diets

did not affect RN:IN (Zervas and Zijlstra, 2002; Hansen et al.,
2006) or RN:DN (Len et al., 2007). Morgan and Whittemore
(1988) suggested that unaffected or even higher RN with
high-fiber diets is due to a higher N utilization, which is
supported by the improved efficiency of utilization of DN for
retention (RN:DN) found by Hansen et al. (2006) when
including fiber in pig diets. However, our results and those of
Len et al. (2007) could not support this suggestion, as RN:DN
was not affected by increasing DF. Total N excretion was
similar across dietary treatments. However, there was a
repartition of N from urine to feces, as shown by the linear
decrease in UN excretion coupled with a linear increase in FN
as dietary RSM inclusion increased, and the consequent linear
decrease of UN:FN. This repartition probably reflects the
increasing DF concentrations in the RSM diets. It is well
established that high DF induces a shift in N excretion from
urine to feces in pigs, partly due to a higher N excretion in the
form of bacterial protein (reviewed by Bindelle et al., 2009)
and partly due to N associated to the fiber matrix. For RSM, in

Table 5 Nitrogen metabolism (g/kg0.60 per day) in young pigs fed increasing levels of rapeseed expeller meal (RSM) replacing soybean meal1

Diets P-value

RSM0 RSM10 RSM20 RSM30 SEM Diet Period Linear

Ingested nitrogen (IN) 4.34 4.11 4.16 4.10 0.11 0.426 <0.001 0.201
Digested nitrogen (DN) 3.55a 3.24b 3.31a,b 3.13b 0.10 0.034 <0.001 0.011
Excreted nitrogen 1.89 1.87 1.85 1.88 0.09 0.992 0.003 0.886
Fecal nitrogen (FN) 0.76b 0.87a,b 0.88a,b 0.99a 0.04 0.013 <0.001 0.002
Urinary nitrogen (UN) 1.11 0.99 0.98 0.91 0.06 0.184 0.503 0.043
UN:FN 1.51a 1.25a,b 1.16b 1.03b 0.09 0.004 <0.001 <0.001

Retained nitrogen (RN) 2.41 2.22 2.29 2.20 0.09 0.313 <0.001 0.152
RN:IN 0.55 0.53 0.55 0.53 0.02 0.560 0.003 0.544
RN:DN 0.67 0.67 0.69 0.69 0.02 0.627 <0.001 0.242

a,bValues within a row with different superscripts differ significantly at P< 0.05.
1Values are least-squares means and pooled standard error of the mean (SEM), n= 8 except for the RSM10 group where n= 6.
2RSM0: control diet based on grains and soybean meal and with no rapeseed meal; RSM10,20,30: experimental diets where wheat and soybean meal were partially
replaced with 10%, 20% and 30% of rapeseed expeller meal, respectively.

Table 6 Energy metabolism (kJ/kg0.60 per day) in young pigs fed increasing levels of rapeseed expeller meal (RSM) replacing soybean meal1

Diets2 P-value

RSM0 RSM10 RSM20 RSM30 SEM Diet Period Linear

Digestible energy (DE) 2373 2333 2347 2326 64 0.953 <0.001 0.649
Metabolizable energy (ME) 2307 2272 2288 2270 62 0.972 <0.001 0.733
Heat production 1245 1105 1187 1154 33 0.050 <0.001 0.193
Retained energy (RE) 1058 1166 1101 1115 62 0.701 <0.001 0.696
RE:ME 0.46 0.50 0.47 0.48 0.02 0.441 0.010 0.548
Energy retained in protein 359 330 342 327 14 0.340 <0.001 0.175
Energy retained in fat 699 837 759 788 56 0.411 <0.001 0.443
O2 consumption (l/kg0.60 per day) 60.0 52.5 57.5 55.8 1.9 0.091 <0.001 0.378
CO2 production (l/kg0.60 per day) 56.6 52.4 52.3 51.3 1.4 0.056 <0.001 0.017
CH4 production (l/kg0.60 per day) 0.18 0.18 0.16 0.19 0.04 0.968 0.438 0.949
Respiratory quotient 0.95a,b 0.99a 0.91b 0.92b 0.02 0.049 0.470 0.077

a,bValues within a row with different superscripts differ significantly at P< 0.05.
1Values are least-squares means and pooled standard error of the mean, n= 8 except for the RSM10 group where n= 6.
2RSM0: control diet based on grains and soybean meal and with no rapeseed meal; RSM10,20,30: experimental diets where wheat and soybean meal were partially
replaced with 10%, 20% and 30% of rapeseed expeller meal, respectively.
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particular, the latter can account for a large part as RS hulls
constitute 28% to 30% of the DM in oil-free RSM and they
have a low digestibility of DM and N (Jensen et al., 1990).
The kinetics of the RQ values showed a similar pattern for

all treatment groups, with peak values being reached 5 to 6 h
after the start of the measurements, and then declining. This
suggested that the pigs consumed the major part of their diet
during the first part of the measurements. The relatively low
RQ values found here probably reflected that young pigs have
very little de novo lipogenesis (Chwalibog and Thorbek, 1995).
The linear increase of liver index with increasing RSM

inclusion is in agreement with earlier findings (Fandrejewski
et al., 1994; Choi et al., 2015; Parr et al., 2015). Increased
liver weight was associated with the presence of glucosino-
lates in the RS diets. In contrast, other studies have reported
no effect of RSM-feeding on liver weight (Busato et al., 1991;
Pérez de Nanclares et al., 2017). Despite the enlargement of
this metabolic active organ, there was a tendency for
reduced HE in the RSM fed pigs compared with the control
pigs. These results have to be taken with caution because the
RSM10 group, with two pigs excluded from the analyses,
seemed to contribute greatly to this effect. Retained energy
was similar for pigs fed the different diets, also when

expressed in proportion to ME, which agrees with the
observations of Hansen et al. (2006). It may be that, as
argued in the latter study, the difference in DF content in
their diets (48 to 111 g/kg DM) and ours (170 to 201 g/kg)
was not large enough to induce an effect on HE:ME and RE:
ME. Greater difference in DF content (59 v. 268 g/kg DM) has
been reported to increase HE:ME and consequently reduce
RE:ME (Jørgensen et al., 1996). The effect of glucosinolates
in RSM on HE in pigs was investigated by Buchmann and
Wenk (1989) and Fandrejewski et al. (1994). In agreement
with our results, these authors did not observe major
changes in HE:ME even when including 25% or 30% of a
high-glucosinolate RSM (24.3 μmol/g DM in Fandrejewski
et al. (1994) v. 11.3 μmol/g DM in the present experiment).
Despite no effect on HE:ME, Fandrejewski et al. (1994) also
observed increased liver and kidney weights, which could be
expected to result in an increased HE, whereas Buchmann
and Wenk (1989) reported a decrease in triiodothyronine and
thyroxine, which could be expected to reduce HE through
a decrease in the basal metabolic rate. Results from the
previous and present studies indicate that the causes for a
change in HE when feeding RSM could have opposite effects.
It could be expected that a higher DF level would lead to

higher fermentation and consequently higher CH4 produc-
tion. However, increasing levels of RSM did not affect CH4
production, and the values found made up 0.3% to 0.4% of
DE, which are similar to those of Hansen et al. (2006). This is
in line with the unaffected ATTD of T-NSP after replacing
SBM with RSM, and probably a consequence of the DF
fraction in the RSM diets being hard to degrade by the young
pigs, whose gastrointestinal tract and fermentation capacity
were not fully developed. The slightly lower OXCHO:HE and
OXP:HE in pigs fed RSM20 and RSM30 may reflect the lower
starch content and lower ATTD of CP of these diets, whereas
the slightly higher OXF:HE in these pigs may be explained by
the higher fat content and ATTD of fat in these diets.
In the present investigation, we could not document dif-

ferences in any traits related to feed efficiency between
dietary treatments. The estimated MEm requirement of
900 kJ/kg0.60 is slightly higher than that stated by NRC
(2012), which is 825 kJ/kg0.60. However, values found in the
literature vary to a large extent (e.g. 850 kJ/kg0.60, van
Milgen et al., 2001; 1050 kJ/kg0.60, Noblet et al., 1989). The
estimate of the efficiency of utilization of ME for retention, kg,
was 0.80, which is within the range (0.69 to 0.82) reported by
Thorbek et al. (1984).
Taken together, the results from the present experiment

indicate that replacing SBM with up to 30% RSM as an
alternative protein source in diets for young pigs reduced the
digestive efficiency of the animals but did not compromise N
and energy retention in the body or the efficiency of utiliza-
tion of DN or ME for retention.

Supplementary material

To view supplementary material for this article, please visit
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Figure 1 Substrate oxidation in young pigs fed increasing levels of
rapeseed expeller meal. OXCHO= oxidized carbohydrate; OXF= oxidized
fat; OXP= oxidized protein; HE= heat production. Diet codes RSM0,
soybean meal based control diet, RSM10, RSM20 and RSM30 diets in
which soybean meal and wheat were gradually replaced with 10%, 20%
and 30% rapeseed expeller meal, respectively.

Figure 2 Linear regression analysis of metabolizable energy (ME/kg0.60)
on retained energy (RE/kg0.60) in young pigs: ME/kg0.60= 902±105.3+
1.253±0.090× RE/kg0.60; R2= 0.87, CV= 6.11.
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