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Abstract

The effects of coconut oil, crushed whole oilseeds (rapeseed, sun¯ower seed and linseed) and

rumen-protected crystalline fat on methane release, digestion and energy balance in growing lambs

were evaluated in relation to an unsupplemented control diet. The diets consisted of maize silage,

grass hay and concentrate which was supplemented with the respective lipid source. On average, the

®ve lipid-supplemented diets contained 56 g ether extract per kg dry matter, whereas the

unsupplemented control diet had 31 g kgÿ1 dry matter The experiment was carried out with 12

lambs in an incomplete 6�6 Latin square with each lamb being fed, subsequently, three different

diets for 3 weeks. Feed was allocated according to calculated requirements of metabolizable protein

and energy. Gaseous exchange was measured in open-circuit respiratory chambers. Coconut oil

supplementation reduced (p<0.1) methane release per kg live weight by 26% compared to control,

and with the use of rapeseed, sun¯ower seed and linseed the relative reduction was 19%, 27% and

10%, respectively. The effects of the lipid supplementations on methane release were signi®cant

when related to gross energy intake (p<0.05), CO2 release (p<0.05) and total energy loss (p<0.01).

A persistence of the methane suppression seems to be given at least partially. Supplementing the

oilseeds, particularly sun¯ower seed, reduced (p<0.05) the apparent digestibilities of NDF and

ADF. This suggests that the reduced fermentation of ®ber was also important for the methane

suppression by oilseeds whereas with coconut oil treatment the direct inhibitory effects on rumen

methanogens might have been predominant. Lipid supplementation, except of rumen-protected fat,

reduced rumen ¯uid ciliate count (p<0.1) and total VFA concentration (p<0.05), and depressed the

concentration of acetate (p<0.05) and butyrate (p<0.001). This diminished (p<0.05) the ratio of

acetate to propionate. The apparent digestibilities of individual fatty acids were relatively high in all
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groups unless supplied in minute amounts. C18:0 excretion exceeded intake in all groups presumably

due to endogenous excretion or microbial synthesis and, with the oilseeds, possibly also from an

enhanced excretion of hydrogenated unsaturated fatty acids of dietary origin. Energy balance

remained quite similar with control, crystalline fat and coconut oil, whereas with the oilseeds

metabolizability of gross energy and the ef®ciencies of metabolizable energy utilization tended to

be lower. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Owing to the ecological signi®cance of methane (Owens et al., 1982; Su, 1994),

attention for methods to reduce methane emission from domestic ruminants currently

receive renewed attention. Dietary lipids have been identi®ed earlier to be potential

methane-suppressing feed constituents. Blaxter and Czerkawski (1966) described the

polyunsaturated fatty acids and the medium-chain saturated fatty acids as the most

effective ones to suppress methanogenesis in sheep. Subsequent research for long focused

only on the use of polyunsaturated fatty acids (see Jouany, 1994; Van Nevel and Demeyer,

1996). However, the supply of these lipids to ruminants is quite restricted due to their

adverse side-effects, particularly on ®ber digestion. More promising as feed ingredients

than unprotected unsaturated pure plant oils could be feedstuffs containing lipids which

are either partially rumen-protected like whole crushed oilseeds (Finger et al., 1998) or

which are mainly composed of medium-chain saturated fatty acids, such as coconut oil.

Dong et al. (1997) reported from an in vitro study with the Rusitec system that a dietary

supplementation of 100 g kgÿ1 coconut oil signi®cantly depressed methane production

from rumen fermentation. Recently, MachmuÈller and Kreuzer (1999) found a methane

suppression of 73% in sheep when feed contained 70 g coconut oil per kg diet.

Comparing coconut oil and three oilseeds (rapeseed, sun¯ower seed, linseed) which

widely differ in composition of individual fatty acids, MachmuÈller et al. (1998) noted in

vitro a high methane-suppressing potential of these feeds relative to diets without or with

rumen-protected crystalline fat supplementation. Coconut oil was effective even at

relatively low dietary proportions, 25 and 50 g kgÿ1, decreasing methane release

signi®cantly by 43 and 57%, respectively. The ef®cacy of the oilseeds was relatively

lower depending on their partially rumen-protected nature and their particular fatty acid

composition. The objective of the present experiment was to verify these results in

growing lambs by feeding the same diets as tested in vitro (MachmuÈller et al., 1998). In

order to determine the utilization of the respective lipids, effects of these treatments on

digestion and energy utilization for body fat and protein retention were followed by

energy and protein balance measurements.

2. Materials and methods

The experiment consisted of six different treatments where lambs received either no

additional lipid (control) or a supplementation of one of the ®ve dietary lipid sources,
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namely rumen-protected crystalline fat (Efeco1, UFAG, Switzerland), coconut oil,

crushed whole rapeseed, sun¯ower seed and linseed. These feeds were included into the

diet at a level which ensured an equal dietary lipid content of �60 g kgÿ1 on average,

except of the unsupplemented control (30 g kgÿ1). In the lipid supplemented diets

between 54 g and 59 g ether extract per kg dry matter (DM) were analyzed, and 31 g kgÿ1

DM were found in control (Table 1). The exchange of carbohydrates by lipids also

slightly altered the proportions of the other nutrients in the diets. Fatty acid composition

of the supplemented diets was characterized by the lipid sources included. Crystalline fat

and coconut oil elevated the proportions of long-chain saturated acids and medium-chain

saturated fatty acids, respectively. Supplying whole rapeseed, sun¯ower seed and linseed

mainly increased the proportions of C18:1, C18:2 and C18:3, respectively. The diets

Table 1

Nutrient composition and fatty acid composition of the diets

Treatment group/lipid

source

Control Crystalline

fat

Coconut

oil

Rapeseed Sunflower

seed

Linseed

Ingredients (g kgÿ1 dry matter)

Maize silage 583 677 684 684 675 690

Grass hay 70 70 69 67 62 69

Concentrate 346 254 246 250 263 241

lipid source 0 28 25 59 57 67

barley 218 49 51 20 67 19

soybean meal 94 126 119 118 67 106

potato protein 15 30 31 34 52 29

mineral±vitamin premixa 20 20 20 20 20 20

Nutrient composition of the diets (g kgÿ1 dry matter)

Organic matter 943 942 942 941 942 941

Crude protein 138 147 145 158 152 152

Ether extract 31 57 54 59 56 55

Total fatty acids 16 35 36 38 34 35

Cell-wall constituents

NDF 367 372 373 371 371 378

ADF 207 221 221 226 222 225

Non-NDF carbohydrates 406 366 371 353 363 356

Gross energy (MJ kgÿ1

dry matter)

18.9 19.5 19.5 19.7 19.6 19.6

Fatty acid composition of the diets (g kgÿ1 total fatty acids)

C12:0 8 4 212 5 5 5

C14:0 6 17 102 3 3 3

C16:0 181 222 157 108 123 111

C16:1 4 10 2 3 2 1

C18:0 40 180 46 27 39 42

C18:1 243 273 178 442 243 212

C18:2 452 240 265 330 547 319

C18:3 61 32 34 78 34 304

C20:0 5 21 4 6 5 4

a Contained (per kg) 140 g Ca; 70 g P; 80 g Na; 30 g Mg; 15 mg Se; 500 000 IU Vitamin A; 120 000 IU

Vitamin D3; 2500 mg Vitamin E.
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consisted of maize silage, grass hay and the respective concentrate. The diet components

were weighed separately and thoroughly mixed prior to feeding. The complete diets were

supplied in a quantity which should provide, according to the currently applied Swiss

standards (FAG, 1994), similar daily amounts of metabolizable protein and energy per kg

metabolic live weight (LW0.75) in the respective growth stages. Also when calculated by

the AFRC (1993) standards, supply covered requirements equally well. The diets were

given in two equal portions at 8:00 h and 16:00 h. The animals had free access to fresh

water.

The study was carried out with 12 growing lambs of the Swiss White Hill breed which

were allocated to two series (2�6 lambs) of three subsequent measurement periods each,

resulting in an incomplete 6�6 Latin square design with six animals per treatment. Each

lamb received a different sequence of diets. On average the lambs initially weighed

26�3 kg and, ®nally, 38�2 kg. Each measurement period represented a different growth

stage (intended: 30, 35 and 40 kg live weight). The measurement periods consisted of 14

days of adaptation to the respective experimental diets, 7 days of complete and separate

collection of feces and urine and 2 days of quantitative measurement of gaseous

exchange. At the end of each period, the lambs were inoculated with 250 ml fresh rumen

¯uid derived from a rumen-®stulated donor cow and, subsequently, fed for 5 days with the

control diet in an intermitting period.

From each sheep, samples of rumen ¯uid were taken at the start, after 14 days and at

the end of each measurement period. Additionally, after completing the third

measurement period, from each sheep further samples of rumen ¯uid were taken after

7 weeks of feeding the respective last diets. The rumen ¯uid samples were obtained 6 h

subsequent to morning feeding with a ¯exible stomach tube inserted through the

oesophagus. Ciliates in rumen ¯uid samples were counted immediately after collection

using a 0.1-mm depth BuÈrker counting chamber (Blau Brand1, Germany). The contents

of volatile fatty acids in rumen ¯uid were determined with gas chromatography (GC Star

3400, Varian, Sugarland, USA) according to Tangerman and Nagengast (1996).

Samples of each feedstuff were collected during the measurement periods. Feed

refusals were recorded before the next feeding and then removed. For subsequent

chemical analysis, the samples were milled through a 0.5 mm (concentrate) respectively a

0.75 mm (maize silage, grass hay and feed refusals) screen. Maize silage and feed

refusals were previously lyophilized for 48 h. Complete feces and urine were separately

collected twice daily for 7 days. To avoid N losses, urine was collected in an ice-cooled

box. Feces and urine were stored at ÿ208C immediately after collection. Part of the urine

was acidi®ed with 3 M sulfuric acid. At the end of the collection period proportionate

samples of feces respectively urine were uni®ed to one sample. Part of the feces were

lyophilized for 48 h and milled through a 0.5 mm screen for subsequent chemical

analysis.

Contents of dry matter, total ash and, subsequent to hydrolysis with 4 M hydrochloric

acid, ether extract in feedstuffs and lyophilized feces were determined in accordance to

standard methods (Naumann and Bassler, 1997). Neutral detergent ®ber (NDF) and acid

detergent ®ber (ADF) were analyzed by the procedures of Robertson and Van Soest

(1981). Nitrogen was determined in feedstuffs, non-lyophilized feces and acidi®ed urine

with an automatic C/N analyser (CN-2000, Version 2.2, Leco Instrumente GmbH,
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Kircheim, Germany). With the same analyzer the carbon content of non-acidi®ed urine

was measured. Crude protein content was calculated as 6.25�N content. Non-NDF

carbohydrates were de®ned as the organic matter not incorporated in crude protein, ether

extract and NDF. Fatty acid composition and total fatty acid contents of feedstuffs and

lyophilized feces were determined according to MachmuÈller and Kreuzer (1999)

subsequent to chloroform±methanol extraction (2:1, v/v) as methyl esters by an HP 5890

A gas chromatograph (Hewlett±Packard, Avondale, PA, USA) equipped with a

Supelcowax 10-column (fused silica capillary column, 30 m�0.32 mm).

Gross energy contents of feedstuffs and lyophilized feces were assessed through an

anisothermic calorimeter (C 700 T System, IKA-Analysentechnik GmbH, Heitersheim,

Germany). Urine energy was calculated according to the equation of Hoffmann and

Klein (1980) based on the contents of carbon and nitrogen in urine. Oxygen consump-

tion, carbon dioxide and methane release were measured with a dual chamber (each

5.44 m3) of an open-circuit indirect respiration calorimetry system. The detectors used

were an Oxymat 3 for O2 (Siemens-Albis AG, Dietikon-Fahrweid, Switzerland) and a

Binos 1001 for CO2 and CH4 (Fisher-Rosemount, Baar-Walterswil, Switzerland).

Gaseous exchange was measured for each animal over two consecutive days (22 h runs)

at the end of each measurement period and was used for calculation of methane energy

loss and total heat energy by the equations of Brouwer (1965). In the last measurement

period of each series, the respective diets were fed for another 4 weeks. After this time,

the animals were placed once more for 2 days into the respiration chambers. With these

data (n�2 per treatment) indications on the persistence of any methane-suppressing

effects were obtained.

Total energy retention was calculated as metabolizable energy (ME) less heat

production. Retained protein (intake less excreted with feces and urine) was assumed to

contain 23.8 kJ gÿ1 to calculate energy retention in protein (REProtein). Energy retention

in fat was derived from ME less heat less REProtein. The ef®ciency of utilization of

metabolizable energy for maintenance (km) was calculated using the AFRC (1993)

equation. In order to calculate the ef®ciency of utilization of metabolizable energy for

growth (kf) the individual energy requirements for maintenance were determined

considering fasting metabolism and activity assumptions for housed fattening lambs of

the AFRC (1993).

The data were evaluated by analysis of variance for diet, series and measurement

period within series (SAS, 1996). The rumen ciliate counts were logarithmically

transformed prior to statistical analysis. Multiple comparisons among treatment means

were performed by the Tukey's method.

3. Results

Dry matter intakes differed between groups (Table 2) because feed was allocated in a

way that ensured an equal daily supply of metabolizable energy. Feed refusals were of

minor extent. Daily gains within the respective measurement periods were 144 g dayÿ1

per lamb on average. The group means did not signi®cantly differ among the treatments,

but were numerically highest in control (166 g per day) and lowest with coconut oil
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(109 g per day) whereas with crystalline fat (154 g per day), rapeseed (139 g per day),

sun¯ower seed (153 g per day) and linseed treatment groups (142 g per day) intermediate

values were noted.

The apparent digestibility of organic matter differed (p<0.01) among the groups.

Similar values were found in the control, the crystalline fat and the coconut oil

treatments, and reduced values in the oilseed treatments (Table 2). The apparent

digestibilities of NDF (p<0.05) and ADF (p<0.05) also differed among the groups. With

control and crystalline fat, NDF and ADF on average were similarly well digested at rates

of 0.52 and 0.53, respectively. When supplementing the sun¯ower seed diet, NDF and

ADF only were digested at rates of 0.42 and 0.43, respectively, which was signi®cantly

Table 2

Treatment effects on intake, apparent digestibilities of the nutrients and composition of the apparently digested

organic mattera

Treatment group Control Crystalline

fat

Coconut

oil

Rapeseed Sunflower

seed

Linseed S.E.M.b p-Value

Intake (kg dayÿ1)

Dry matter 0.943 0.912 0.908 0.942 0.943 0.974 0.0073

Apparent digestibility

Organic matter 0.708 a 0.699 ab 0.700 a 0.665 ab 0.652 b 0.677 ab 0.0111 0.0075

Cell-wall constituents

NDF 0.526 a 0.516 a 0.506 ab 0.475 ab 0.417 b 0.477 ab 0.0209 0.0126

ADF 0.530 a 0.528 a 0.508 ab 0.494 ab 0.428 b 0.489 ab 0.0211 0.0204

Non-NDF

carbohydrates

0.924 0.923 0.917 0.927 0.926 0.935 0.0050 0.4287

Lipids

ether extract 0.514 0.607 0.624 0.359 0.517 0.502 0.0681 0.1182

total fatty acids 0.489 0.673 0.729 0.541 0.693 0.700 0.0763 0.1828

Apparent digestibility of individual fatty acids

C12:0 0.925 0.906 0.976 0.896 0.929 0.967 0.0201 0.0443

C14:0 ÿ0.275 b 0.765 a 0.868 a 0.129 ab 0.258 ab 0.237 ab 0.1863 0.0019

C16:0 0.355 0.636 0.600 0.469 0.687 0.689 0.0933 0.1128

C16:1 0.833 1.000 1.000 1.000 0.968 0.902 0.0540 0.1961

C18:0 ÿ7.717 bc ÿ0.235 a ÿ2.698 ab ÿ12.700 c ÿ5.407 ab ÿ4.813 ab 1.6316 0.0003

C18:1 0.938 0.966 0.937 0.959 0.972 0.963 0.0145 0.4050

C18:2 0.961 b 0.976 ab 0.984 a 0.980 ab 0.991 a 0.982 a 0.0045 0.0027

C18:3 0.993 1.000 0.999 0.998 0.992 0.992 0.0037 0.5122

C20:0 ÿ0.169 ab 0.792 a 0.231 ab ÿ0.275 b 0.387 ab 0.366 ab 0.2319 0.0316

Composition of the apparently digested organic matter (%)

Ether extract 2.4 b 5.2 a 5.2 a 3.3 ab 4.7 ab 4.3 ab 0.55 0.0062

Crude protein 12.5 d 14.4 c 14.9 bc 16.3 a 15.6 ab 15.3 abc 0.27 0.0001

NDF 28.8 a 28.9 a 28.4 ab 27.9 ab 24.9 b 28.0 ab 0.87 0.0352

Non-NDF

carbohydrates

56.4 a 51.5 b 51.6 b 52.4 b 54.8 ab 52.4 b 0.83 0.0013

a Values are means of six replicates. Means within the same row followed by different letters are signi®cantly

different (p<0.05).
b Standard error of mean.
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lower for ADF and NDF against control and crystalline fat. The other lipid supplemented

diets had intermediate values for the apparent digestibilities of the different ®ber

fractions. The apparent digestibility of the non-NDF carbohydrates was not affected by

the treatments. Because of the high variance, the apparent digestibilities of ether extract

and total fatty acids were not different among groups (p>0.1). Concerning the apparent

digestibilities of the individual fatty acids sometimes negative values were found. This

only occurred when fatty acids were consumed in amounts below 0.5 g per day and

generally with C18:0. With the use of coconut oil the highest apparent digestibilities of the

medium-chain saturated fatty acids (C12:0, C14:0) were measured (signi®cant for C14:0).

The apparent digestibility of C16:0 ranged between 0.36 (control) and 0.69 (sun¯ower and

linseed treatment). No or only minor amounts of C16:1 were recovered in feces resulting

in high apparent digestibilities. With all treatments the apparent digestibilities of C18:1,

C18:2 and C18:3 were beyond 0.94, with the highest values for the lipid supplemented

diets, signi®cant (p<0.01) with C18:2. A reasonable apparent digestibility coef®cient of

C20:0 was only measured for the rumen-protected fat treatment (0.79) when more than

0.5 g per day were supplied.

The composition of the apparently digested organic matter, which is important for

metabolic utilization, was signi®cantly different among the groups. Compared to control

the proportion of apparently digested ether extract (p<0.01) and crude protein (p<0.001)

increased with lipid supplementation. The proportion of apparently digested NDF was

lowest (p<0.05) with sun¯ower seed. In all lipid supplemented diets (with the exception

of sun¯ower seed) a reduced (p<0.05) proportion of apparently digested non-NDF

carbohydrates was found.

At the start of each measurement period, ciliate numbers in rumen ¯uid did not

signi®cantly differ among the animals subsequently allocated to the different treatment

groups (Table 3, Day 0). Lipid supplementation reduced ciliate concentration (signi®cant

for coconut oil after 14 days of application, p<0.05). At the end of the measurement

periods (Day 23) treatment differences were not signi®cant any more (p>0.05).

Nevertheless, when counting ciliate numbers in rumen ¯uid after 7 weeks of feeding

the respective diets (n�2), certain treatment differences, particularly the ciliate inhibiting

effect of coconut oil, were still obvious. In detail, the ciliate numbers after 7 weeks of

treatment were 6.5, 13.5, 2.2, 5.2, 6.3 and 5.3�105 per ml rumen ¯uid for control,

crystalline fat, coconut oil, rapeseed, sun¯ower seed and linseed diets, respectively. The

inclusion of the lipid components, except for crystalline fat, reduced (p<0.05) total VFA

concentration in rumen ¯uid because of a signi®cantly decreased concentration of acetate

(p<0.05) and butyrate (p<0.001). Since the propionate concentration in rumen ¯uid was

not signi®cantly in¯uenced by the different treatments, the ratio of acetate-to-propionate

was then reduced (p<0.05 against crystalline fat). Along with alterations in the VFA

concentrations in rumen ¯uid also their molar proportions were affected. Compared with

the crystalline fat group, the use of rapeseed and sun¯ower seed enhanced (p<0.01) the

molar proportion of propionate. All oilseeds reduced (p<0.05) the molar proportion of

butyrate when compared to control. With the coconut oil diet the lowest (p<0.05)

isovalerate proportions occurred. Isovalerate proportion was highest in the linseed group

which also had the highest isobutyrate proportion (p<0.1). No greater effects on the molar

proportions of acetate and valerate were found.
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Although gross energy intake varied like dry matter intake to a certain extent, groups

did not signi®cantly differ in the daily intake of digestible and metabolizable energy

(Table 4) accounting for, on average, 11.9 and 10.7 MJ per day, respectively. The daily

methane amount per kg live weight (p<0.1) as well as the energy lost via methane was

reduced particularly with coconut oil and sun¯ower seed. The methane-to-carbon dioxide

ratio was reduced (p<0.05) with the sun¯ower seed treatment compared to the crystalline

fat treatment. Also methane release related to gross energy intake was depressed

(p<0.05), particularly with the use of coconut oil and sun¯ower seed by up to 25% as

compared with control and the crystalline fat treatment. When related to digestible energy

the use of coconut oil decreased methane release by 24% compared with control, and

decrease with sun¯ower seed was slightly lower (20%). Nevertheless, methane energy

made up the smallest proportion of total energy loss with the use of sun¯ower seed

(p<0.05). When after the third measurement period of each series the feeding of the

respective diets was extended for further 4 weeks (n�2), the treatment differences

relative to control present after 3 weeks in methane release were only partially recovered,

Table 3

Treatment effects on ciliates count and volatile fatty acids in rumen ¯uida

Treatment group Control Crystalline

fat

Coconut

oil

Rapeseed Sunflower

seed

Linseed SEMb P-value

Ciliate count (105 mlÿ1 rumen ¯uid)c

Day 0 (initial) 8.4 6.9 7.6 5.8 8.4 5.6 2.26 0.6674

Day 14 10.3 a 5.1 ab 2.1 b 2.8 ab 4.4 ab 4.0 ab 2.08 0.0609

Day 23 (®nal) 6.0 5.0 1.7 5.0 3.3 4.9 1.20 0.2079

Volatile fatty acids (VFA) in rumen ¯uid

Concentration (mmol lÿ1)

acetate 103.2 104.6 87.1 93.6 80.1 92.8 6.04 0.0488

propionate 26.7 23.9 27.3 30.2 25.7 27.9 2.47 0.6028

butyrate 16.0 a 13.7 ab 9.3 bc 9.4 bc 6.9 c 8.9 bc 1.10 0.0001

isobutyrate 0.5 ab 0.4 ab 0.3 ab 0.3 ab 0.2 b 0.5 a 0.07 0.0189

valerate 2.0 1.6 1.7 1.4 1.8 1.6 0.28 0.6502

isovalerate 1.5 a 1.2 ab 0.7 b 1.3 ab 1.1 ab 1.6 a 0.13 0.0009

total VFA 150.0 145.3 126.4 136.1 115.8 133.4 8.09 0.0481

Molar proportion (%)

acetate 68.7 71.6 68.3 68.8 68.5 69.6 1.19 0.3816

propionate 17.5 ab 16.3 b 21.8 ab 22.0 a 22.4 a 20.9 ab 1.28 0.0075

butyrate 10.9 a 9.9 ab 7.7 ab 7.1 b 6.3 b 6.7 b 0.84 0.0030

isobutyrate 0.36 0.29 0.22 0.22 0.20 0.46 0.066 0.0525

valerate 1.38 1.10 1.39 1.04 1.49 1.21 0.157 0.2874

isovalerate 1.05 ab 0.91 ab 0.64 b 0.95 ab 1.07 ab 1.20 a 0.110 0.0133

Acetate-to-

propionate ratio

4.20 ab 4.93 a 3.21 b 3.33 b 3.20 b 3.69 ab 0.360 0.0120

a Values are means of six replicates. Means within the same row followed by different letters are signi®cantly

different (p<0.05).
b Standard error of mean.
c Means are calculated from the original data. Comparison among means was carried out after logarithmic

transformation.
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but treatment differences in comparison to the crystalline fat treatment were still fully

present. The daily methane excretion per kg live weight after 3 weeks of treatment was

590, 588, 394, 434, 520 and 564 ml for control, crystalline fat, coconut oil, rapeseed,

sun¯ower seed and linseed diets, respectively. The corresponding values in the same

animals after 7 weeks of treatment were 634, 754, 538, 582, 578 and 634 ml per kg live

weight.

Total daily energy loss via feces, urine, methane and heat was, signi®cantly, lowest

with the crystalline fat diet and highest with the linseed diet (Table 4). However, also the

other oilseeds tended to increase energy loss partly because of an enhanced fecal energy

Table 4

Treatment effects on balance and utilization of energy as well as methane releasea

Treatment group Control Crystalline

fat

Coconut

oil

Rapeseed Sunflower

seed

Linseed SEMb p-Value

Energy balance (MJ dayÿ1)

Energy intake

gross energy (GE) 17.8 17.8 17.7 18.5 18.5 19.1 0.14

digestible energy (DE) 12.0 12.0 12.0 11.6 11.6 12.4 0.25 0.6118

metabolizable

energy (ME)

10.6 10.7 10.9 10.4 10.5 11.0 0.25 0.7532

Energy loss

feces 5.74 bc 5.79 abc 5.69 c 6.93 a 6.90 ab 6.72abc 0.276 0.0044

urine 0.56 0.53 0.51 0.55 0.51 0.62 0.045 0.6391

methane 0.86 0.82 0.64 0.69 0.66 0.78 0.065 0.1323

heat 7.15 6.76 7.23 7.71 7.89 7.97 0.338 0.1467

total loss 14.3 ab 13.9 b 14.1 ab 15.9 ab 16.0 ab 16.1a 0.48 0.0083

Energy retention

protein energy 0.74 0.99 0.82 1.19 0.88 0.99 0.109 0.0992

fat energy 2.74 2.94 2.83 1.47 1.69 2.01 0.492 0.1392

total energy

retention (RE)

3.48 3.93 3.66 2.66 2.57 3.00 0.439 0.1477

Utilization of GE

Apparent digestibility 0.679 0.673 0.678 0.626 0.624 0.646 0.0141 0.0178

Metabolizability 0.599 0.597 0.611 0.558 0.561 0.572 0.0141 0.0550

Ef®ciency of ME utilization

Total (RE MEÿ1) 0.318 0.341 0.321 0.248 0.225 0.263 0.0334 0.0922

Maintenance (km) 0.713 0.712 0.717 0.698 0.699 0.703 0.0049 0.0550

Growth (kf) 0.578 0.610 0.577 0.469 0.421 0.480 0.0561 0.1217

Methane release related to

Live weight

per day (ml kgÿ1)

662 635 489 537 486 593 48.8 0.0697

CO2 release (ml lÿ1) 58.5 ab 63.3 a 46.6 ab 48.2 ab 44.0 b 51.2ab 3.92 0.0121

GE intake (kJ MJÿ1) 48.5 46.4 36.4 37.9 35.2 41.5 3.38 0.0429

DE intake (kJ MJÿ1) 70.9 69.2 53.7 60.4 56.5 64.7 5.20 0.1454

Total energy

loss (kJ MJÿ1)

59.3 a 58.9 a 44.9 ab 43.8 ab 40.8 b 48.8ab 3.96 0.0078

a Values are means of six replicates. Means within the same row followed by different letters are signi®cantly

different (p<0.05).
b Standard error of mean.
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excretion (signi®cant against the coconut oil group), but also because of a slight increase

in heat production. No differences among treatments occurred in the energy excretion of

urine. Corresponding to total energy loss, a somewhat lower body energy retention was

measured with the oilseeds. This obviously did not result from a lower energy retention in

protein because with oilseeds protein energy retention was increased (p<0.1). Apparent

digestibility and metabolizability of gross energy were reduced with the use of oilseeds

(p<0.05 and p<0.1, respectively). Although not statistically signi®cant also the

coef®cients describing the ef®ciency of ME utilization (total and separated for

maintenance and growth) were lowest when oilseeds were supplemented, whereas they

were similar in control and coconut oil and even slightly higher with crystalline fat.

4. Discussion

4.1. Lipid and fatty acid turnover in the digestive tract supplying the different lipid

sources

A great part of unsaturated fatty acids gets hydrogenated in the rumen (Fellner et al.,

1995) when freely accessible to the microbes after lipolysis. In the present investigation

the whole oilseeds were only crushed and therefore the unsaturated fatty acids were

supposed to be partially rumen-protected (Jenkins, 1993), because the seed hulls reduced

the accessibility for the rumen bacteria and, consequently, resulted in a lower lipolysis.

This was con®rmed by results of Casutt et al. (2000) who observed, with the same types

of diet as in the present study, higher contents of C18:1, C18:2 and C18:3 in adipose tissue of

bulls when fed crushed whole rapeseed, sun¯ower seed and linseed, respectively. When

supplementing diets for dairy cows with crushed rapeseed, Murphy et al. (1987) showed

that ruminal biohydrogenation of C18:1 increased with increasing dietary lipid supply and

ranged between 62% (1 kg rapeseed per day) and 73% (2 kg per day). The rates of

biohydrogenation for C18:2 and C18:3 were even higher, ranging between 0.83 and 0.89.

Generally, even when pure sun¯ower oil is used, rumen biohydrogenation is not totally

complete (White et al., 1987). Offering linseed oil to non-lactating cows, Goosen and

Mulder (1971) observed that C18:3 appears to be more susceptible to biohydrogenation

than C18:2 and C18:1. Nevertheless, the rumen microbial population was found to be able

to adapt to an excessive intake of unsaturated fatty acids (Goosen and Mulder, 1971).

The determination of the digestibility of dietary lipids is complicated by the fact that

not all of the fecal lipids are directly of dietary origin. An unknown proportion of the

fecal lipids is derived from secretions into the intestine, the remains of cells sloughed off

the lining of the intestine, bacterial synthesis in both rumen and large intestine, and

bacterial residues. Usually, the apparent digestibility of ether extract increases with

elevated intake (Czerkawski, 1966). In the present study, the apparent digestibility of

ether extract only increased with the inclusion of rumen-protected fat and coconut oil

treatment whereas with the oilseeds only the apparent digestibility of the total fatty acids

was elevated compared to control (less with rapeseed than with the other oilseeds).

Tabulated feed data (FAG, 1994) give digestibilities of the lipids of rapeseed, sun¯ower

seed and linseed of about 94, 96 and 93%, respectively. Assuming that the increase in
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total fatty acid digestibility exclusively came from the lipids additionally supplied, the

total fatty acids contained in crystalline fat, coconut oil, rapeseed, sun¯ower seed and

linseed can be estimated to have been apparently digested at rates of 0.83, 0.91, 0.58, 0.86

and 0.85, respectively. However, these values have to be treated carefully because, along

with the inclusion of the lipid sources, the dietary composition was also somewhat

changed (cf. Table 1).

The apparent digestibilities of the individual fatty acids found in the present study

widely agreed with the results of the study Andrews and Lewis (1970) carried out with

wethers. Because of modi®cation and endogenous contributions no reasonable

coef®cients were noted when only minute amounts of a respective fatty acid have been

consumed. High proportions of C12:0 and C14:0 were apparently digested in the coconut

oil group and of all unsaturated fatty acids in all groups. However, the high digestibility

of the unsaturated fatty acids could have also been partially an artefact due to

modi®cation into saturated fatty acids by biohydrogenation even in the hindgut (Ward

et al., 1964). Accordingly, Murphy et al. (1987) showed that the intestinal digestibility of

unsaturated fatty acids in rapeseed supplemented diets of lactating cows greatly varies

and even could fall short of 0.80. However, using whole sun¯ower seed or sun¯ower oil,

White et al. (1987) measured an almost complete net disappearance of C18 unsaturated

fatty acids reaching the small intestine of steers. In contrast to the unsaturated fatty acids,

C18:0 was only absorbed at a rate of 0.6 in the experiment of White et al. (1987). With

wethers, Andrews and Lewis (1970) found a true digestibility of dietary C18:0 of about

0.82. This coincides with the comparably low digestibility of the quite saturated

crystalline fat which, however, could have additionally suffered in digestibility from the

procedure of rumen protection. In the present study, C18:0 excretion even exceeded intake,

also observed by Andrews and Lewis (1970). Furthermore, the proportion of C18:0 of the

totally excreted fatty acids differed among the treatments (p<0.001) and was 66, 67, 67,

80, 82 and 81% for control, crystalline fat, coconut oil, rapeseed, sun¯ower seed and

linseed diets, respectively. With the oilseeds, part of this increase could have resulted

from undigested C18:0 resulting from biohydrogenation of unsaturated fatty acids in the

rumen or in the hindgut. Accordingly, Drackley et al. (1985) described that the excretion

of C18:0 increased when steers additionally received sun¯ower seed. Independent of the

kind of dietary treatment, a further important part of the high C18:0 excretion in all

treatment groups could be of endogenous or bacterial origin.

4.2. Lipid effects on rumen fermentation and ®ber digestion

The lack of effect of crystalline fat compared to control in ®ber digestibility con®rmed

the rumen-protected character of this lipid which then could be used as a kind of positive

control. Rumen fermentation was, nevertheless, slightly different to the low-fat control

due to the partial exchange of easily-fermentable carbohydrates by lipids (cf. VFA

concentration, acetate-to-propionate ratio).

The coconut oil treatment affected rumen fermentation pattern in a manner similar to

that shown previously by Sutton et al. (1983) in a study with wethers, with a lower VFA

concentration and a smaller acetate-to-propionate ratio. This would indicate a disturbed

ruminal ®ber degradation in the rumen (Jenkins, 1987), but total tract ®ber digestion was
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actually only slightly reduced with coconut oil as was also found earlier with wethers

(MachmuÈller and Kreuzer, 1999). In contrast, Steele and Moore (1968) noted a signi®cant

decrease in crude ®ber digestibility of rams fed 45 g per day C14:0, one of the major fatty

acids in coconut oil. In the study of McAllan et al. (1983), 40 g per day of coconut oil fed

to wethers almost completely inhibited the ruminal digestion of both hemicellulose and

cellulose. Henderson (1973) showed in vitro that medium-chain fatty acids inhibit the

cellulolytic rumen bacteria strains of Butyrivibrio spp. and Ruminococcus spp. However,

the cellulolytic bacteria population in rumen ¯uid was only then signi®cantly reduced

when 100 g kgÿ1 of coconut oil were added to hay, but not to a concentrate-based ration

(Dong et al., 1997). Rumen ciliates, which were clearly and persistently suppressed by

the use of coconut oil in the present investigation, could contribute to 30% of total

microbial ®ber digestion (Demeyer, 1981) and, therefore, were discussed to be one major

microbial group responsible for the depression in ®ber digestion in wethers (Ushida et al.,

1992). The compensatory increase in bacteria number observed when adding coconut oil

(MachmuÈller et al., 1998; MachmuÈller and Kreuzer, 1999) does not necessarily mean that

the reduced ciliate activity is fully counterbalanced by ®ber degradation activity of

bacteria. Nevertheless, adverse effects of coconut oil on rumen ®ber digestion could be

partially compensated by a shift of fermentation from rumen to the hindgut as was found

by Sutton et al. (1983) in wethers.

In this study, the use of oilseeds decreased the VFA concentrations in rumen ¯uid, the

acetate-to-propionate ratio and total tract ®ber digestibility when compared to the low-fat

control and the rumen-protected fat group. There could have been two separate reasons

for that: a low digestibility of the ®brous hulls, and direct adverse effects of the included

unsaturated fatty acids in rumen, with the effect of the latter depending on the degree of

rumen-protection. Devendra and Lewis (1974) suggested four possible mechanisms

through which oils rich in polyunsaturated fatty acids could depress cell-wall

degradation: physical coating of ®ber by lipids, shortage of cations (e.g. calcium) due

to formation of insoluble soaps, inhibition of rumen microbial activity and modi®cation

of the microbial population by intoxication. Broudiscou et al. (1990a) questioned the

adverse effect of lipid adsorption to cell walls on ®ber digestion, with the direct anti-

microbial effects remaining the major explanation for the effects of unsaturated fatty

acids. These are well known with respect to rumen ®ber-degrading bacteria, particularly

for the cellulolytic species (Galbraith et al., 1971; Henderson, 1973; Maczulak et al.,

1981). Feeding rapeseed oil to bulls (Tesfa, 1993) and linseed oil to wethers (Broudiscou

et al., 1994) was furthermore found to decrease rumen ciliate population, but this was

only partially the case with the oilseeds in vitro (MachmuÈller et al., 1998) and in vivo

(present study).

The present results suggest that the crushed oilseeds used in the present study were

only partially rumen-protected and, therefore, direct fatty acid effects cannot be excluded

as one major component of the reduction in ®ber digestion with the oilseeds. The changes

in VFA production were similar to those reported by Chalupa et al. (1984), found in vitro

with the addition of free C18:1, C18:2 and C18:3 to a grass hay-grain diet. Moreover,

concerning lipid effects on rumen fermentation and ®ber digestion, con®rmation is given

by the results of other studies supplying sun¯ower seed to steers (Drackley et al., 1985),

rapeseed oil to bulls (Tesfa, 1993) and linseed oil to wethers (Czerkawski et al., 1975).
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Rapeseed oil reduced ®ber digestion only when given at dietary proportions of

100 g kgÿ1 to bulls (Tesfa, 1993), but not at dietary inclusions of 40 g kgÿ1 when given to

wethers (Pallister and Smithard, 1987).

Since no linear increase in the adverse effect on rumen fermentation pattern occurred

in the order of rapeseed, sun¯ower seed and linseed, as was expected from the increasing

proportions of C18:2 and particularly of C18:3 (Czerkawski et al., 1966b; Sutton et al.,

1983; Broudiscou et al., 1994), a different degree of rumen-protection of the unsaturated

fatty acids and digestibility of the ®brous hulls as well as a different contribution of

hindgut fermentation have to be considered as further reasons. Actually, in the present

study total tract digestibility of ®ber comprising fermentation processes in rumen and

hindgut was found to be similar with rapeseed and linseed, and lower with sun¯ower

seed. This indicates that rumen-protection of unsaturated fatty acids might have been

lowest with sun¯ower seed. Therefore, crushing might have had a different intensity in

the three oilseeds which are of different physical form. A differing effect of crushing also

might explain why similar amounts of rapeseed reduced ®ber digestibility in the study

with wethers of Jahreis and Richter (1993), whereas this was not the case in the

experiment with bulls of Huhtanen and Poutiainen (1985). On the other hand, Van der

Honing et al. (1981) noted that studies with sheep and cattle can disagree partly due to a

different forage-to-concentrate ratio or different level of feeding, the latter particularly

important when comparing performing and non-performing animals. Furthermore, total

tract digestibility of crude ®ber of sun¯ower seed (0.18) seems to be lower than that of

rapeseed and linseed with 0.24 and 0.30, respectively (FAG, 1994). Whole sun¯ower seed

contains 320±360 g kgÿ1 ADF and 60 to 80 g kgÿ1 lignin (McGuffey and Schingoethe,

1982). Consequently, an increasing amount of sun¯ower seed hulls linearly reduced ADF

digestibility in heifers (Park et al., 1982). In sacco incubation in rumen ®stulated cows

showed that whole sun¯ower seeds are hardly digested in rumen (Palmquist, 1995) and

grinding of the seeds, although increasing microbial availability of total dry matter,

further reduced in situ ADF disappearance in steers (White et al., 1987). Accordingly, in

this study sun¯ower seed showed the clearest depression in rumen ¯uid VFA

concentration, acetate-to-propionate ratio and ®ber digestion. This is con®rmed by

results of Drackley et al. (1985) feeding 100 g kgÿ1 rolled sun¯ower seed to steers,

whereas lower amounts like in the present study with growing lambs could be without

effect on ®ber degradation as shown in dairy cows (Finger et al., 1998).

4.3. Lipid effects on utilization and loss of energy

Total energy balance measurements focusing on rumen-protected fat, coconut oil and

oilseeds are still scarce in growing animals although some of these feeds could be

promising ingredients to improve energy supply and feed conversion ef®ciency as was

recently demonstrated with bulls (Sutter et al., 2000). In the present investigation, the

partial exchange of carbohydrates by rumen-protected crystalline fat slightly improved

the ef®ciency of utilization of metabolizable energy because heat energy was slightly

diminshed, possibly as a result of a reduced microbial fermentation energy loss.

Therefore, lambs fed the crystalline fat also had the numerically highest total energy

retention (both as protein and fat) which corroborates the higher growth rate found in
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bulls fed the same type of ration (Sutter et al., 2000) and further emphasizing the relatively

high energetic value of this lipid despite its limited apparent digestibility (see Section 4.1).

Although affecting rumen fermentation, the use of coconut oil had no negative effects

on balance and utilization of energy. Due to inhibition of methane production in the

present study coconut oil even slightly increased metabolizability of gross energy.

Supplying pure medium-chain fatty acids to sheep diets, Blaxter and Czerkawski (1966)

reported differences among the fatty acids. With C10:0 and C14:0, the decrease of energy

loss via methane was higher than the increase of energy loss via feces, whereas for C12:0

this was contrary. Compared to control, coconut oil had only minor effects on heat

production and retention of protein and fat in the body as was previously shown by

MachmuÈller and Kreuzer (1999) with wethers. Infusing coconut oil into the abomasum of

growing sheep, Obitsu et al. (1995) also found no effects on total ef®ciency of ME

utilization relative to a non-supplemented control. Unless depression in ®ber digestion or

in feed intake (MachmuÈller and Kreuzer, 1999) occurs, coconut oil seems to have a high

net energy value for ruminants.

In contrast to the saturated lipids, the use of the oilseeds tended to decrease

metabolizability due to enhanced energy losses via feces. The lower methane energy loss

was not suf®cient to compensate this increase. Furthermore, heat energy losses were

somewhat higher than in the other groups. Overall this reduced total energy retention

when feeding oilseeds. The possible reasons for the lower digestibility and, consequently,

metabolizability are discussed in Section 4.2. Since the ef®ciency of ME utilization

depends on metabolizability (Blaxter and Boyne, 1978; AFRC, 1993), a reduction could

have been expected. Accordingly, the sun¯ower ration was found to have the lowest

ef®ciency values. Blaxter and Boyne (1978) showed that the k-values (km and kf) also

depend on diet composition, particularly on the contents of crude ®ber and crude protein.

The composition of the apparently digested organic matter was modi®ed to the greatest

extent by the use of the oilseeds into a direction of a higher proportion of protein and

lipids and a lower proportion of carbohydrates (cf. Table 2). This affects heat production

because of the different metabolic processes required for body retention from absorbed

metabolites. Bergner and Hoffmann (1996) gave average ef®ciencies of ME utilization

rates for body retention in ruminants for crude protein, lipid, starch, sugar and cellulose in

their natural compound of about 0.38, 0.78, 0.64, 0.50 and 0.58, respectively. The

ef®ciency of ME utilization for body retention also depends on the type of nutrients

retained in the body. The demand of metabilizable energy for protein retention for

ruminants is 2.64 J ME Jÿ1 when assuming an average k-value of 0.38 (Bergner and

Hoffmann, 1996). The k-value for fat retention (0.81) is twice as high, and fat retention

only requires 1.24 J ME Jÿ1. In the present investigation with the control diet, on average,

21% of the calculated energy retention were deposited as protein whereas with the

oilseeds this made up a proportion of 33±34% (sun¯ower seed and linseed) and even 45%

(rapeseed) maybe because of a higher metabolic supply of protein in these groups.

Moreover, when compared to the diets predominantly containing saturated fatty acids

(coconut oil and rumen-protected lipids), it could not be completely excluded that

saturated fatty acids were utilized with a higher ef®ciency for fat retention and ATP

synthesis than the unsaturated fatty acids originating from the oilseeds. Accordingly,

comparing a saturated and unsaturated lipid source in a sheep diet, Wainman and Dewey
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(1987) determined km-values of about 0.83 and 0.78, respectively. However, these

differences were not signi®cant. The values for kf in the same study were quite similar

with 0.61 and 0.60, respectively. Also the results of Czerkawski et al. (1966a), who found

kf-values of 0.75, 0.79 and 0.83 in sheep intraruminally infused C18:1, C18:2 and C18:3,

respectively, demonstrate that k-values depend on fatty acid composition. This is further

con®rmed by Obitsu et al. (1995) when coconut oil, palm oil and rice-bran oil, directly

infused into the abomasum of lambs, resulted in energy retention to ME ratios (overall

ef®ciency) of 0.29, 0.30 and 0.35, respectively. Although there were signi®cant

differences in molar proportion of the volatile fatty acids by the oilseeds compared to

the other treatment groups this should not have in¯uenced metabolic energy utilization as

was shown with sheep by érskov et al. (1979) performing intraruminal infusions of

different proportions of acetate, propionate and butyrate.

4.4. Methane-suppressing potential of the different lipid sources

The use of lipids in the present experiment signi®cantly affected methane release of the

lambs. On average, the application of 28 g kgÿ1 coconut oil suppressed methane by about

25% relative to control. This con®rms our results obtained in vitro with the same type of

diet (MachmuÈller et al., 1998), although the extent of the depression in vitro was higher

(40%). Feeding a diet with 35 g kgÿ1 coconut oil suppressed methane in wethers to a

similar extent (28%) whereas inhibition was far higher with 70 g kgÿ1 (MachmuÈller and

Kreuzer, 1999).

Among the oilseed treatments, sun¯ower seed decreased methane release to the same

extent as coconut oil treatment. Finger et al. (1998), feeding only 40 g kgÿ1 crushed

sun¯ower seed to dairy cows, reported a methane suppression of 16%. Rapeseed and

linseed suppressed methane release relative to live weight on average by 15 and 10%,

respectively. The methane-suppressing effect of linseed oil was extensively investigated

in sheep (e.g. Czerkawski et al., 1966b; Broudiscou and Lassalas, 1991). Intraruminal

infusions of 60 g per day of C18:1, C18:2 and C18:3, respectively, which also were the

predominant fatty acids in the oilseeds presently used, depressed methane in sheep by

31%, 24% and 38%, respectively (Czerkawski et al., 1966a). One explanation for the

highest potential of sun¯ower seed in the present study could be a lower degree of rumen-

protection of the unsaturated fatty acids than in the other oilseed (see Section 4.2) or a

different release pattern during ruminal transit. Czerkawski et al. (1966b) described that a

momentarily high concentration of the fatty acids in rumen ¯uid might be more important

to suppress methane than its constant presence as was shown by infusing the same

amount of linseed oil hydrolysate at once or continuously into the rumen of sheep.

Possible reasons for methane suppression by the lipid sources used are:

1. the reduced supply of fermentable organic matter (lower concentration, lower intake

of organic matter compared to control);

2. a reduced ®ber fermentation because of a depressed digestibility; and

3. direct inhibitory effects against the methane producing rumen microbes.

The ®rst reason fully explains the slight decrease in methane with rumen-protected fat (cf.

also the increasing methane-to-carbon dioxide ratio). Due to the clearly depressed ®ber
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degradation, all three reasons could be valid for the oilseeds, whereas with coconut oil

reason (2) was secondary and the major effect should have been the direct inhibitory

action on methanogens in rumen. Like in the in vitro (MachmuÈller et al., 1998) and in

vivo (MachmuÈller and Kreuzer, 1999) investigations, in the present study supplementa-

tion of coconut oil inhibited the rumen ciliates population. This effect seems to be

persistent when regarding the ciliates numbers counted after 7 weeks of treatment.

Matsumoto et al. (1991) identi®ed the medium-chain saturated fatty acids, especially

C10:0 to C14:0, to be most effective against rumen ciliates. In dietary proportions of

100 g kgÿ1 and more coconut oil would even defaunate the rumen of sheep (Newbold and

Chamberlain, 1988). Although defaunation often suppresses methanogenesis and the

symbiotic association between ciliates and methanogens was repeatedly con®rmed (e.g.

Finlay et al., 1994), Dohme et al. (1999) demonstrated in vitro independence of methane

suppression by defaunation and by coconut oil treatment as was shown previously for

soya oil hydrolysate in vitro (Broudiscou et al., 1990b). Rumen methanogens seem to be

highly susceptible to medium-chain saturated fatty acids (Henderson, 1973; Dohme et al.,

1999). Prins et al. (1972) showed that also C18:1, C18:2 and C18:3 acids inhibit growth of

rumen methanogens in pure culture studies. Recently, Dong et al. (1997) observed that

the in vitro depression of methane by coconut oil and rapeseed oil corresponded to the

measured reduction of methanogen population in rumen ¯uid, and observed an almost

complete elimination of methanogens with 100 g coconut oil kgÿ1.

The somewhat lower methane suppression in vivo as compared to in vitro could be

explained by the lack of lipid effects on methane production in the hindgut which was

found to make up on average 12% of total methane release in wethers when using

differently composed diets, but without lipid supplementation (Torrent and Johnson,

1994). Furthermore, in the present study the supplementation of the different dietary lipid

sources probably increased the proportion of ®ber digested in the hindgut (Sutton et al.,

1983; Demeyer and De Graeve, 1991). In vitro also an increased digesta passage rate, as

reported by Czerkawski et al. (1975) for linseed oil, which would reduce the action of the

fatty acid in the rumen, is not accounted for. Likewise, calcium and magnesium ions

present in the minerals fed to the lambs could have diminished the effect (Galbraith et al.,

1971) by forming soaps which are not longer toxic to the methanogens.

The long-term persistence of methane-suppressing feed manipulations has been

recognized as an important issue, since Johnson et al. (1994) reported in cattle a lack of

persistent effects of different propionate enhancers, but not so in sheep (Mbanzamihigo

et al., 1996). The present results concerning methane release after 3 and 7 weeks of

application of lipid-supplemented diets indicated full persistence of methane suppression

by coconut oil and oilseeds when related to the rumen-protected fat group. Compared

with the low-fat control only a partial persistence was observed. Nevertheless, because of

the few number of observations (n�2 per treatment), this needs further investigation.

5. Conclusions

The present data obtained from growing lambs con®rmed the kind and level of the

suppressing effects of coconut oil and crushed whole oilseeds on methane release and on
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rumen ciliates as previously found in vitro (MachmuÈller et al., 1998). At a relatively low

dietary lipid proportion coconut oil and sun¯ower seeds decreased energy loss via

methane by up to 25%. We, therefore, believe that these feeds have a potential as natural

methane-suppressing feedstuffs in ruminant fattening diets, particularly in comparison

with free polyunsaturated plant oils or synthetic methane inhibitors. Nevertheless,

con®rmation on the applicability of the results in cattle has to be achieved as there might

be a different response than in sheep (Van der Honing et al., 1981), particularly in

methane release (Jentsch et al., 1971). Concerning the feeding value for fattening

ruminants, crystalline fat was slightly superior to the other supplements. In the present

study, when regarding the effects on methane release and energy balance together,

coconut oil appears to be the most bene®cial choice. Depending on the extent of rumen-

protection of the dietary fatty acids as well as on the digestibility of the hulls, the diets

containing the oilseeds showed somewhat reduced digestibilities and utilizations of

dietary energy. For an integrated approach, however, also the potential of the oilseeds to

selectively increase protein retention and to alter fatty acid composition of the animal

products (Casutt et al., 2000) should be taken into consideration.

Acknowledgements

We are grateful to Prof. Wanner, Institute of Animal Nutrition, Faculty of Veterinary

Medicine of the University of Zurich, and his laboratory for analyzing the volatile fatty

acids.

References

AFRC, 1993. Energy and protein requirements of ruminants. CAB International, Wallingford, UK.

Andrews, R.J., Lewis, D., 1970. The utilization of dietary fats by ruminants. II. The effect of fatty acid chain

length and unsaturation on digestibility. J. Agric. Sci. (Camb.) 75, 55±60.

Bergner, H., Hoffmann, L., 1996. Bioenergetik und Stoffproduktion landwirtschaftlicher Nutztiere. Harwood

Academic, Amsterdam.

Blaxter, K.L., Czerkawski, J., 1966. Modi®cations of the methane production of the sheep by supplementation of

its diet. J. Sci. Food Agric. 17, 417±421.

Blaxter, K.L., Boyne, A.W., 1978. The estimation of the nutritive value of feeds as energy sources for ruminants

and the derivation on feeding systems. J. Agric. Sci. (Camb.) 90, 47±68.

Broudiscou, L., Lassalas, B., 1991. Linseed oil supplementation of the diet of sheep: effect on the in vitro

fermentation of amino acids and proteins by rumen microorganisms. Anim. Feed Sci. Technol. 33, 161±171.

Broudiscou, L., Van Nevel, C.J., Demeyer, D.I., 1990a. Effect of soya oil hydrolysate on rumen digestion in

defaunated and refaunated sheep. Anim. Feed Sci. Technol. 30, 51±67.

Broudiscou, L., Van Nevel, C.J., Demeyer, D.I., 1990b. Incorporation of soya oil hydrolysate in the diet of

defaunated or refaunated sheep: effect on rumen fermentation in vitro. Arch. Anim. Nutr. 40, 329±337.

Broudiscou, L., Pochet, S., Poncet, C., 1994. Effect of linseed oil supplementation on feed degradation and

microbial synthesis in the rumen of ciliate-free and refaunated sheep. Anim. Feed Sci. Technol. 49, 189±202.

Brouwer, E., 1965. Report of sub-committee on constants and factors. In: Blaxter, K.L. (Ed.), Energy

Metabolism. Academic Press, London, pp. 441±443.

Casutt, M.M., Scheeder, M.R.L., Ossowski, D.A., Sutter, F., Sliwinski, B.J., Danilo, A.A., Kreuzer, M., 2000.

Comparative evaluation of rumen-protected fat, coconut oil and various oilseeds supplemented to fattening

bulls. 2. Effects on composition and oxidative stability of adipose tissues. Arch. Anim. Nutr., in press.

A. MachmuÈller et al. / Animal Feed Science and Technology 85 (2000) 41±60 57



Chalupa, W., Rickabaugh, B., Kronfeld, D.S., Sklan, D., 1984. Rumen fermentation in vitro as in¯uenced by

long chain fatty acids. J. Dairy Sci. 67, 1439±1444.

Czerkawski, J.W., 1966. The effect on digestion in the rumen of a gradual increase in the content of fatty acids in

the diet of sheep. Br. J. Nutr. 20, 833±842.

Czerkawski, J.W., Blaxter, K.L., Wainman, F.W., 1966a. The metabolism of oleic, linoleic and linolenic acids by

sheep with reference to their effects on methane production. Br. J. Nutr. 20, 349±362.

Czerkawski, J.W., Blaxter, K.L., Wainman, F.W., 1966b. The effect of linseed oil and of linseed oil fatty acids

incorporated in the diet on the metabolism of sheep. Br. J. Nutr. 20, 485±494.

Czerkawski, J.W., Christie, W.W., Breckenridge, G., Hunter, M.L., 1975. Changes in the rumen metabolism of

sheep given increasing amounts of linseed oil in their diet. Br. J. Nutr. 34, 25±44.

Demeyer, D.I., 1981. Rumen microbes and digestion of plant cell walls. Agric. Environ. 6, 295±337.

Demeyer, D.I., De Graeve, K., 1991. Differences in stoichiometry between rumen and hindgut fermentation.

Adv. Anim. Physiol. Anim. Nutr. 22, 50±61.

Devendra, C., Lewis, D., 1974. Fat in the ruminant diet: a review. Indian J. Anim. Sci. 44, 917±938.

Dohme, F., MachmuÈller, A., Estermann, B.L., P®ster, P., Wasserfallen, A., Kreuzer, M., 1999. The role of rumen

ciliate protozoa for methane suppression caused by coconut oil. Lett. Appl. Microbiol. 29, 187±192.

Dong, Y., Bae, H.D., McAllister, T.A., Mathison, G.W., Cheng, K.-J., 1997. Lipid-induced depression of

methane production and digestibility in the arti®cial rumen system (RUSITEC). Can. J. Anim. Sci. 77, 269±

278.

Drackley, J.K., Clark, A.K., Sahlu, T., 1985. Ration digestibilities and ruminal characteristics in steers fed

sun¯ower seeds with additional calcium. J. Dairy Sci. 68, 356±367.

FAG (EidgenoÈssische Forschungsanstalt fuÈr viehwirtschaftliche Produktion), 1994. FuÈtterungsempfehlungen

und NaÈhrwerttabellen fuÈr WiederkaÈuer. Landwirtschaftliche Lehrmittelzentrale, Zollikofen, Switzerland.

Fellner, V., Sauer, F.D., Kramer, J.K.G., 1995. Steady-state rates of linoleic acid biohydrogenation by ruminal

bacteria in continuous culture. J. Dairy Sci. 78, 1815±1823.

Finger, T., Steingaû, H., Drochner, W., 1998. Ein¯uû von teilgeschuÈtzten Fetten in der Ration und

FuÈtterungsniveau auf die Methanbildung bei MilchkuÈhen. Proc. Soc. Nutr. Physiol. 7, 48.

Finlay, B.J., Esteban, G., Clarke, K.J., Williams, A.G., Embley, T.M., Hirt, R.P., 1994. Some rumen ciliates have

endosymbiotic methanogens. FEMS Microbiol. Lett. 117, 157±162.

Galbraith, H., Miller, T.B., Paton, A.M., Thompson, J.K., 1971. Antibacterial activity of long chain fatty acids

and the reversal with calcium, magnesium, ergocalciferol and cholesterol. J. Appl. Bact. 34, 803±813.

Goosen, P.C.M., Mulder, I., 1971. The effect of linseed oil added to the diet of cows on the fatty acid

composition of rumen contents and blood. TierernaÈhrg. u. Futtermittelk. 27, 125±134.

Henderson, C., 1973. The effects of fatty acids on pure cultures of rumen bacteria. J. Agric. Sci. (Camb.) 81,

107±112.

Hoffmann, L., Klein, M., 1980. Die AbhaÈngigkeit der Harnenergie vom Kohlenstoff- und Stickstoffgehalt im

Harn bei Rindern, Schafen, Schweinen und Ratten. Z. Tierphysiol. Arch. TierernaÈhr. 30, 743±750.

Huhtanen, P., Poutiainen, E., 1985. Effect of full-fat rapeseed on digestibility and rumen fermentation in cattle. J.

Agric. Sci. Finl. 57, 67±73.

Jahreis, G., Richter, G.H., 1993. Untersuchungen zum Einsatz von Rapssaat bei WiederkaÈuern. Fat Sci. Technol.

95, 571±574.

Jenkins, T.C., 1987. Effect of fats and fatty acid combinations on ruminal fermentation in semi-continuous in

vitro cultures. J. Anim. Sci. 64, 1526±1532.

Jenkins, T.C., 1993. Lipid metabolism in the rumen. J. Dairy Sci. 76, 3851±3863.

Jentsch, W., Schiemann, R., Hoffmann, L., Nehring, K., 1971. Weitere Untersuchungen mit Einzelfutterstoffen.

In: Schiemann, R., Nehring, K., Hoffmann, L., Jentsch, W., Chudy, A. (Eds.), Energetische Futterbewertung

und Energienormen. VEB Deutscher Landwirtschaftverlag, Berlin, pp. 81±117.

Johnson, D.E., Abo-Omar, J.S., Saa, C.F., Carmean, B.R., 1994. Persistence of methane suppression by

propionate enhancers in cattle diets. In: Aguilera, J.F. (Ed.), Energy metabolism of farm animals, CSIC,

Granada, Spain, pp. 339±442.

Jouany, J.P., 1994. Manipulation of microbial activity in the rumen. Arch. Anim. Nutr. 46, 133±153.

MachmuÈller, A., Kreuzer, M., 1999. Methane suppression by coconut oil and associated effects on nutrient and

energy balance in sheep. Can. J. Anim. Sci. 79, 65±72.

58 A. MachmuÈller et al. / Animal Feed Science and Technology 85 (2000) 41±60



MachmuÈller, A., Ossowski, D.A., Wanner, M., Kreuzer, M., 1998. Potential of various fatty feeds to reduce

methane release from rumen fermentation in vitro (Rusitec). Anim. Feed Sci. Technol. 71, 117±130.

Maczulak, A.E., Dehority, B.A., Palmquist, D.L., 1981. Effects of long-chain fatty acids on growth of rumen

bacteria. Appl. Environ. Microbiol. 42, 856±862.

Matsumoto, M., Kobayashi, T., Takenaka, A., Itabashi, H., 1991. Defaunation effects of medium-chain fatty

acids and their derivatives on goat rumen protozoa. J. Gen. Appl. Microbiol. 37, 439±445.

Mbanzamihigo, L., Van Nevel, C.J., Demeyer, D.I., 1996. Lasting effects of monensin on rumen and caecal

fermentation in sheep fed a high grain diet. Anim. Feed Sci. Technol. 62, 215±228.

McAllan, A.B., Knight, R., Sutton, J.D., 1983. The effect of free and protected oils on the digestion of dietary

carbohydrates between the mouth and duodenum of sheep. Br. J. Nutr. 49, 433±440.

McGuffey, R.K., Schingoethe, D.J., 1982. Whole sun¯ower seeds for high producing dairy cows. J. Dairy Sci.

65, 1479±1483.

Murphy, M., Uden, P., Palmquist, D.L., Wiktorsson, H., 1987. Rumen and total diet digestibilities in lactating

cows fed diets containing full-fat rapeseed. J. Dairy Sci. 70, 1572±1582.

Naumann, K., Bassler, R., 1997. Methodenbuch. Band III. Die chemische Untersuchung von Futtermitteln.

VDLUFA-Verlag, Darmstadt, Germany.

Newbold, C.J., Chamberlain, D.G., 1988. Lipids as rumen-defaunating agents. Proc. Nutr. Soc. 47, 154A.

Obitsu, T., Ieki, H., Taniguchi, K., 1995. Intestinal fatty acid digestion and energy utilization in lambs infused

with different plant oils into the abomasum. Ann. Zootech. (Suppl.) 44, 204.

érskov, E.R., Grubb, D.A., Smith, J.S., Webster, A.J.F., Corrigall, W., 1979. Ef®ciency of utilization of volatile

fatty acids for maintenance and energy retention by sheep. Br. J. Nutr. 41, 541±551.

Owens, A.J., Steed, J.M., Filkin, D.L., Miller, C., Jesson, J.P., 1982. The potential effects of increased methane

on atmospheric ozone. Geophys. Res. Lett. 9, 1105±1108.

Pallister, S.M., Smithard, R.R., 1987. The digestion, by sheep, of diets containing different physical forms of

rapeseed. J. Agric. Sci. (Camb.) 109, 459±465.

Palmquist, D.L., 1995. Digestibility of cotton lint ®ber and whole oilseeds by ruminal microorganisms. Anim.

Feed Sci. Technol. 56, 231±242.

Park, C.S., Erickson, D.O., Fisher, G.R., Haugse, C.N., 1982. Effects of sun¯ower hulls on digestibility and

performance by growing dairy heifers fed varying amounts of protein and ®ber. J. Dairy Sci. 65, 52±58.

Prins, R.A., Van Nevel, C.J., Demeyer, D.I., 1972. Pure culture studies of inhibitors for methanogenic bacteria.

Ant. V. Leeuwenhoek J. Microbiol. 38, 281±287.

Robertson, J.B., Van Soest, P.J., 1981. The detergent system of analysis and its application to human foods. In:

James, W.P.T., Theander, O. (Eds.), The Analysis of Dietary Fiber in Food. Vol. 3. Marcell Dekker, New

York, pp. 123±158.

SAS, 1996. SAS/STAT Software, Release 6.12, SAS Institute Inc., Cary, NC, USA.

Steele, W., Moore, J.H., 1968. The digestibility coef®cients of myristic, palmitic and stearic acids in the diet of

sheep. J. Dairy Res. 35, 371±376.

Su, W., 1994. The role of atmospheric trace gases in chemical climate. In: Zepp, G. (Ed.), Climate Biosphere

Interaction: Biogenic Emissions and Environmental Effects of Climate Change. Wiley, New York, pp. 241±

252.

Sutter, F., Casutt, M.M., Ossowski, D.A., Scheeder, M.R.L., Kreuzer, M., 2000. Comparative evaluation of

rumen-protected fat, coconut oil and various oilseeds supplemented to fattening bulls. 1. Effects on growth,

carcass and meat quality. Arch. Anim. Nutr., in press.

Sutton, J.D., Knight, R., McAllan, A.B., Smith, R.H., 1983. Digestion and synthesis in the rumen of sheep given

diets supplemented with free and protected oils. Br. J. Nutr. 49, 419±432.

Tangerman, A., Nagengast, F.M., 1996. A gas chromatographic analysis of fecal short-chain fatty acids using the

direct injection method. Anal. Bioch. 236, 1±8.

Tesfa, A.T., 1993. Effects of rape-seed oil supplementation on digestion, microbial protein synthesis and

duodenal microbial amino acid composition in ruminants. Anim. Feed Sci. Technol. 41, 313±328.

Torrent, J., Johnson, D.E., 1994. Methane production in the large intestine of sheep. In: Aguilera, J.F. (Ed.),

Energy metabolism of farm animals, CSIC Publishing Service, Granada, Spain, pp. 391±394.

Ushida, K., Umeda, M., Kishigami, N., Kojima, Y., 1992. Effect of medium-chain and long-chain fatty acid

calcium salts on rumen microorganisms and ®ber digestion in sheep. Anim. Sci. Technol. 63, 591±597.

A. MachmuÈller et al. / Animal Feed Science and Technology 85 (2000) 41±60 59



Van der Honing, Y., Wieman, B.J., Steg, A., Van Donselaar, B., 1981. The effect of fat supplementation of

concentrates on digestion and utilization of energy by productive dairy cows. Neth. J. Agric. Sci. 29, 79±92.

Van Nevel, C.J., Demeyer, D.I., 1996. Control of rumen methanogenesis. Environ. Monit. Assessm. 42, 73±97.

Wainman, F.W., Dewey, P.J.S., 1987. The energy value to sheep of saturated and unsaturated fat fed singly or in

combination. Anim. Prod. 44, 227±232.

Ward, P.F.V., Scott, T.W., Dawson, R.M.C., 1964. The hydrogenation of unsaturated fatty acids in the ovine

digestive tract. Biochem. J. 92, 60±68.

White, B.G., Ingalls, J.R., Sharma, H.R., McKirdy, J.A., 1987. The effect of whole sun¯ower seeds on the ¯ow

of fat and fatty acids through the gastrointesinal tract of cannulated Holstein steers. Can. J. Anim. Sci. 67,

447±459.

60 A. MachmuÈller et al. / Animal Feed Science and Technology 85 (2000) 41±60


