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Abstract. This study investigated the effects of supplementing 40 g lauric acid (C12) kg−1 dry
matter (DM) in feed on methane emissions from early-lactating dairy cows and the associated effects
on methane, nitrous oxide and ammonia release from the manure during storage. Stearic acid (C18),
a fatty acid without assumed methane-suppressing potential in the digestive tract of ruminants, was
added at 40 g kg−1 DM to a control diet. The complete feed consisted of forage and concentrate
in a ratio of 1.5:1 (DM basis). The manure was stored for 14 weeks either as complete slurry or,
separately, as urine-rich slurry and farmyard manure representing two common storage systems.
Methane release of the cows, as measured in respiratory chambers, was lower with C12 by about
20%, but this was mostly resulting from a reduced feed intake and, partly, from a lower rate of
fibre digestion. As milk yield declined less than feed intake, methane emission per kg of milk was
significantly lower with C12 (11.4 g) than with C18 (14.0 g). Faeces of C12-fed cows had a higher
proportion of undigested fibre and accordingly methane release from their manure was higher com-
pared with the manure obtained from the C18-fed cows. Overall, manure-derived methane accounted
for 8.2% and 15.4% of total methane after 7 and 14 weeks of storage, respectively. The evolution
of methane widely differed between manure types and dietary treatments, with a retarded onset of
release in complete slurry particularly in the C12 treatment. Emissions of nitrous oxide were lower in
the manures from the C12 treatment. This partially compensated for the higher methane release from
the C12 manure with respect to the greenhouse gas potential. The total greenhouse gas potential (cow
and manure together) accounted for 8.7 and 10.5 kg equivalents of CO2 cow−1 d−1 with C12 and
C18, respectively. At unaffected urine-N proportion ammonia and total nitrogen losses from stored
manure were lower with C12 than with C18 corresponding to the differences in feed and nitrogen
intake. The present results suggest that manure storage significantly contributes to total methane
emission from dairy husbandry, and that the identification of effective dietary mitigation strategies
has to consider both the digestive tract of the animals and the corresponding manure.
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1. Introduction

In the aftermath of the United Nation’s environmental conference in Rio 1992,
political concern about the emissions of greenhouse gases such as carbon dioxide
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(CO2), methane (CH4) and nitrous oxide (N2O) gave rise to research for reduc-
tion potentials. Within the past 200 years, the atmospheric concentration of CH4

and N2O has increased by 115 and 15%, respectively (IPCC, 1996). Worldwide,
agriculture is responsible for 35% of greenhouse gas emissions (IPCC, 1996), and
domestic livestock is estimated to produce 80 Tg a−1 of CH4 with another 25 Tg
a−1 being emitted from their manure (Chynoweth, 1996). The annual greenhouse
gas budget in Switzerland accounted for the equivalent of 0.046 Tg CO2, of which
10% were CH4 and 8% N2O (Schmid et al., 2000). Ruminants are responsible for
a major part of CH4 release, particularly in grassland dominated regions where
ruminants are the most important natural converters of fibrous biomass to valuable
protein for human nutrition (Immig, 1996). Similar as for rice paddies (Agnihotri
et al., 1999), mitigation strategies for ruminant livestock are intensively under
investigation. Van Nevel and Demeyer (1996) as well as Moss et al. (2000) re-
viewed the current knowledge on effective nutritional means to suppress CH4. As
one promising natural option the use of lipids was described, and medium-chain
fatty acids (Dohme et al., 2001) and fats thereof (Machmüller and Kreuzer, 1999;
Dohme et al., 2000) turned out to be particularly efficient against ruminal CH4

synthesis. It is, however, unclear, whether or not CH4 mitigation strategies, which
are effective in the enteric fermentation of the animal, are prone to a compensatorily
higher CH4 release from the manure during storage, as the amount of residual
fermentable organic matter available may be higher. Hashimoto et al. (1981) and
Külling et al. (2001) described in cattle that certain diets had an effect on manure
CH4 production. The CH4 from stored manure as a proportion of total CH4 from
cattle was estimated to range from 13 to 14% (Anonymous, 1996; Minonzio et
al., 1998). However, there are still principal problems in the estimation of CH4

emission from livestock manure (Johnson and Ward, 1996) and, to our knowledge,
a simultaneous comparison of CH4 derived from the animal and their manure has
not yet been performed under controlled and varying conditions.

Further importance for the overall estimation of the greenhouse gas potential of
ruminant systems is given by the level of emission of nitrogenous trace gases from
manure (Sommer et al., 2000). Both N2O, directly contributing to the global warm-
ing potential, and ammonia (NH3), possibly inhibiting CH4 release from manure
(Hansen et al., 1998), are important in this respect. So far only few investigators
(e.g. Amon et al., 1998; Külling et al., 2001, 2002) have followed the emission
of both greenhouse gases and NH3 during several weeks of manure storage and it
seems that the system and the duration of storage play an important and interactive
role for the overall release of greenhouse gases.

The objectives of the present study were (i) to determine the proportion of CH4

emitted from the rumen and during manure storage; (ii) to monitor the effects of
replacing a long-chain saturated fatty acid (stearic acid; C18) by a medium-chain
saturated fatty acid (lauric acid, C12) known as one of the fatty acids effective
against ruminal CH4 release in vitro (Dohme et al., 2001); (iii) to assess the effect
of system (complete slurry vs urine-rich slurry/farmyard manure) and duration (7
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vs 14 weeks) of manure storage for the overall release of CH4. In order to identify
interactions of CH4 formation and the emission of other trace gases, N2O and NH3

release from manure were also followed.

2. Materials and Methods

2.1. ANIMAL EXPERIMENT

Twelve early-lactating Brown Swiss cows (31.3±5.1 kg milk d−1 with 4.17±0.39%
fat and 3.14±0.15% protein) weighing on average 635±56 kg were subjected to
two dietary treatments in two subsequent series of three cows per each treatment.
The treatments differed in the type of fatty acid, either lauric acid (C12) or stearic
acid (C18), both purchased from Cognis Deutschland GmbH (Düsseldorf, Ger-
many) and supplemented at a level of 40 g kg−1 feed dry matter (DM) equivalent
to approximately one third of all fatty acids in the feed (Table I). The complete
diets were composed of forage and concentrate in a ratio of 3:2 on a DM basis. The
forage ration consisted of a mixture of young rye-grass dominated grass silage,
maize silage and hay harvested at a late growth stage from a permanent meadow
highly diverse in species composition. The barley-based concentrate (Table I) was
provided separately from the forage. The supply of absorbable protein and net
energy was calculated according to RAP (1999). Feed was allocated in a restricted
manner which was oriented towards the individual requirements of the cows for
maintenance and milk yield as defined by RAP (1999).

Each animal performed a 10-day control period on the C18 diet and a 15-day
main period receiving either the C12 or the C18 diet. During the last six days
of the main period faeces and urine were quantitatively collected. Additionally,
gaseous exchange of the cows was measured in open-circuit respiratory chambers
as described by Sutter and Beever (2000) on days three and four of the collection
period. The animals were tethered in individual stalls complete with slatted floor
fitted for quantitative collection of faeces and urine. These were similar in the
cow-shed and in the respiratory chambers. Urine was separated from the faeces
by urinals attached with Velcro straps glued onto the clipped skin with special
adhesive (Cyanolit 202, 3M AG, Rüschlikon, Switzerland). A small proportion of
urine was acidified with 5 M sulphuric acid for determination of the initial urine
N content. Excreta were sampled daily and stored separately at 4 ◦C. The two
respiratory chambers, fitted also for milking twice daily, were air conditioned (re-
lative humidity 59.3±1.05% (mean ± SD), air temperature 17.3±0.42 ◦C, air flow
27.2±0.71 m3 hr−1). Methane concentrations of the air flowing into the chambers
(internal volume: 20 m3) were measured for 0.3 min every 20 min while outgoing
air was analysed for CH4 every 1.3 min with an infrared analyser (Binos 1001,
Leybold-Heraeus, Zurich, Switzerland). The air volume leaving the chambers was
continuously recorded with in-line electronic flow meters (Swingwirl DV 630;
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TABLE I

Composition of the diets as offered and as consumed in the animal experiment

Dietary treatment Lauric acid (C12) Stearic acid (C18)

As offered As consumed As offered As consumed

Ingredients (g kg−1 dry matter (DM))

Forage 600 710 600 600

Concentrate 400 290 400 400

Forage ingredients (g kg−1 DM)

Grass silage 510 510

Maize silage 320 320

Hay 170 170

Concentrate ingredients (g kg−1 DM)

C12 100 –

C18 – 100

Barley 660 660

Maize gluten 140 140

Molasses 70 70

Mineral and vitamin premixa 30 30

Analysed composition

Organic matter (g kg−1 DM) 920 914 919 919

Total fatty acids (g kg−1 DM)b 63 52 56 56

C12 (g kg−1 total fatty acids) 328 241 11 11

C18 (g kg−1 total fatty acids) 19 21 346 346

Neutral detergent fibre 329 358 320 320

(g kg−1 DM)

Nitrogen (g kg−1 DM) 25.0 24.3 25.3 25.3

Absorbable protein at intestine 100 95 101 101

(g kg−1 DM)c

Net energy for lactation 7.3 6.9 7.2 7.2

(MJ kg−1 DM)c

a Supplied per kg concentrate: 5.1 g Ca, 1.5 g P, 1.2 g Mg, 1.2 g Na, 30 000 IU vitamin A, 6 000 IU
vitamin D3, 45 mg vitamin E.
b Calculated as triglyceride equivalents.
c According to RAP (1999).
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Flowtec AG, Reinach, Switzerland). The chamber system was manually calibrated
in advance of the CH4 measurements, and automatic calibrations were performed
every 3 hr including one calibration at the end of the 48 hr period. Calibrations
lasted for about 9 min each. The experiment was conducted in accordance with the
Swiss guidelines for animal welfare.

2.2. MANURE STORAGE EXPERIMENT

Two typical farm manure collection and storage systems were simulated, the slurry
system as applied in the buildings with slatted floors (tied or loose housing systems)
collecting all excreta in the slurry, and the urine-rich slurry/farmyard manure sys-
tem as typically applied in the traditional tied housing systems (Menzi et al., 1997).
In the latter system faeces are largely retained by straw and added twice daily to a
manure stack outside the building, while the urine largely flows into an extra pit.
The manure storage experiment was carried out as described in detail in Külling
et al. (2001). In the present experiment, only faeces and urine collected in the
first series of the animal experiment were employed, i.e. samples simultaneously
obtained from three cows per treatment. These samples were homogenised and
unified to one sample per treatment. In each experimental manure type 5 kg of ex-
creta were filled into open plastic buckets. Complete slurry consisted of the actually
excreted proportions of faeces and urine. Following the assumptions of Walther et
al. (1994) for Swiss farm practice conditions, urine-rich slurry contained 90% of
urine and 10% of faeces and the remainder formed the farmyard manure. Both slur-
ries were mixed and diluted with 2.5 kg (deionised) water. Farmyard manure was
supplemented with 0.23 kg straw (chopped to 5.1±0.2 cm length) corresponding to
the typically added 1.75 kg straw cow−1 d−1 (Walther et al., 1994). The complete
farmyard manure samples were compacted with a weight of 2 kg cm−2. The storage
period lasted for 14 weeks. The slurries were held at 20 ◦C and 70% ambient hu-
midity in a 40 m3 sized laboratory ventilated at 0.33 m3 s−1. The farmyard manure
containing buckets were kept in a heated bath at temperatures typical for stacked
manure exposed to self heating as was determined in a preliminary investigation
(Külling et al., 2001). Accordingly, the initial temperature was set to 41 ◦C and
then was gradually reduced by 2 ◦C per week. The two dietary treatments were
tested in four replicates for each of the three manure types (total n = 24).

As suggested by Mosier (1989), a closed chamber was used to monitor CH4

and N2O emission rates, and NH3 release was measured with a dynamic chamber.
Chambers and their operation are described in detail in Külling et al. (2001). The
buckets containing the manure samples and the covering buckets of the dynamic
chambers had a height of 26 cm, an inner diameter of approximately 24 cm and a
volume of 11.5 L. The manure samples used about 8 L and had a surface of 0.05 m2,
equivalent to 0.01 m2 kg−1 undiluted manure. The volume of the closed chamber
used for the determination of CH4 and N2O emission rates was variable from 11.5
to 15.5 L, thus allowing the repeated extraction of air samples (three samples per
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bucket and measurement date) without interrupting the accumulation. Methane in
air samples was analysed with gas chromatography (CH4/Non-CH4 Carbohydro-
gen Analyser 55C, Thermo Environmental Instruments Inc., Franklin, MA, U.S.A.)
and N2O with diode laser spectroscopy (TDLAS 004, Aerodyne, U.S.A.). Ammo-
nia measurements, carried out once a week per bucket in the beginning and every
other week later on, were performed every 10 s during 30 min after covering the
manure storage buckets by the dynamic chamber equipped with two ventilators
(wind speed, 0.2 and 1.2 m s−1 at the inlet and the outlet, respectively). The final
NH3 values represented steady state and were used for further calculations. Out-
flow of chamber air (91.6 L min−1) was measured during the 30 min by a flow
meter (G/T 1000, Nr. 1024/MKC23BAL10000, Brooks Instruments B.V., Veen-
endaal, The Netherlands). Ammonia content of the outflowing air was analysed for
NH3 by a chemiluminescence analyser (model 17 & 42C; Thermo Environmental
Instruments Inc., Franklin, MA, U.S.A.).

At the start and the end of the storage experiment, manures were thoroughly
homogenised and samples were drawn. Total passive storage N losses were meas-
ured by the N balance technique (Pollet et al., 1998). The ventilators enforced
NH3 emissions during the short periods of measurement leading to an average
overestimation accounting for the 1.81 fold level of that of the unforced emission as
determined by comparing NH3 emission rates integrated over storage time and ac-
tual N losses according to N balances. Therefore, NH3 data reflect potential losses
rather than passive emissions during undisturbed storage. In contrast, integration
over time yielded unbiased estimates of CH4 and N2O emissions. Greenhouse
gas potential was calculated as kilogram-equivalents of CO2 from the gaseous
emissions measured using conversion factors of 21 and 310 for CH4 and N2O,
respectively (IPCC, 1996). CO2 emissions were not considered as CO2 released
from animals and manure in this case was only part of carbon cycling and no
source of additional CO2. This is different for additional CO2 from fossile carbon
sources combusted in conjunction with animal husbandry which was included in
calculations for instance by Johnson et al. (2001). Carbon dioxide from fossile
sources was not quantified here since it greatly differs even between farms using
similar systems.

2.3. CHEMICAL ANALYSES

Dry matter and organic matter contents of feed and faeces were analysed by heating
samples in a muffle furnace with steps at 105 and 550 ◦C using automatic weight
loss measurement until weights remained constant (TGA 500, Leco Instruments,
St. Joseph, MI, U.S.A.). Neutral detergent fibre (NDF) in feed and faeces was de-
termined as recommended by Van Soest et al. (1991). Contents of fatty acids in feed
were measured by gas chromatography (HP 5890A, Hewlett Packard, Avondale,
PA, U.S.A.) equipped with a SupelcowaxT M 10 column (Fused Silica Capillary
Column, 30 m × 0.32 mm) as described earlier (Dohme et al., 2000). Nitrogen
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contents were analysed in feed, faeces and urine (automatic C/N-Analyzer type
FP-2000, Leco instruments, St. Joseph, MI, U.S.A.) as well as manure (Kjeldahl
technique). Initial manure contents of P and K were determined by inductively
coupled plasma atomic emission spectroscopy (Perkin-Elmer Plasma II, Norfolk,
CO, U.S.A.). Manure pH was measured with a pH meter (model 632 equipped
with the electrode 6.0202.000 containing 3 M KCl electrolyte; Metrohm, Herisau,
Switzerland) in homogenised samples within 30 min after mixing as well as at a
depth of 10 cm at the start and the end of storage. These values corresponded well
enough and were used to calculate initial and final pH. Manure carbon contents
were determined by a CHN analyser (CHN-600; LECO Corporation, St. Joseph,
MI, U.S.A.) in samples first dried at 80 ◦C for 20 hr and then at 105 ◦C for 2 hr.

2.4. STATISTICAL EVALUATION

For the statistical evaluation of the results, data were subjected to analysis of vari-
ance by ANOVA applying the statistic package S+ (version 4, 1997; MathSoft Inc.,
Data Analysis Products Division, Seattle, WA, U.S.A.). Dietary treatment (α) was
considered as main effect in the animal experiment (Equation (1)), while in the
manure storage experiment as additional main effect manure type (β) as well as
the interaction of diet × manure type (αβ) were regarded in Equation (2):

yij = µ + αj + eij (1)

yijk = µ + αj + βk + (αβ)jk + eijk . (2)

Furthermore, diet effects (α) within manure type were evaluated by monofactorial
analyses of variance in Equation (3):

yij = µ + αj + eij . (3)

The tables and figures display mean values and the respective standard errors of the
means. Complete slurry and the urine-rich slurry/farmyard manure system were
compared using joint emission factors for urine-rich slurry and farmyard manure
which were based on the figures related to the daily excretion of faeces and urine
per cow also applying Equations (2) and (3), respectively.

3. Results

3.1. DAIRY COW EXPERIMENT

The complete rations as offered were similar in analysed nutrient composition,
except their concentrations of C12 and C18 (Table I). The crude protein contents
(6.25 × N) of 156 and 158 g kg−1 DM were within the range typical for winter
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TABLE II

Differences between cow-related traits in the two dietary treatment groupsa

Dietary treatment C12 C18 SEM

Daily intake and performance

DM (kg) 14.4∗ (13.9) 17.7∗∗ (17.9) 0.85

NDFb intake (kg) 5.1 (5.2) 5.8 (6.1) 0.31

N intake (g) 354∗ (309) 449∗∗ (442) 26.8

Milk yieldc (kg) 27.0 (24.6) 28.0 (27.4) 1.51

Daily excretion

Faeces (kg) 29.5 (29.6) 32.7 (32.8) 1.79

Urine (kg) 17.0 (13.9) 17.4 (13.9) 2.77

Complete faeces and urine (kg) 46.5 (43.5) 50.1 (46.6) 3.81

Faecal NDFb (kg) 2.4 (2.5) 2.4 (2.5) 0.13

Faecal N (g) 135∗ (125) 182∗∗ (181) 11.0

Urine N (g) 85 (63) 108 (89) 8.8

Complete faeces and urine N (g) 220∗ (188) 290∗∗ (270) 17.3

Urine N

(% of total faeces and urine N) 38.2 (33.6) 37.1 (33.5) 1.74

NDFb content (g kg−1)

Faeces

In DM 522∗∗ (583) 430∗ (450) 17.4

As excreted 81.2 (85.0) 74.3 (77.0) 2.24

Complete faeces and urine

As excreted 51.8 (57.7) 49.4 (54.3) 2.89

Methane release

g day−1 304∗ (304) 385∗∗ (403) 15.1

g kg−1 DM intake 21.3 (21.9) 21.9 (22.9) 1.08

g kg−1 digested NDF 112 (116) 118 (116) 7.81

g kg−1 milk 11.4∗ (12.3) 14.0∗∗ (15.0) 0.76

a Means by treatment, n = 6; values in brackets: means of cows whose manure
was used for the storage experiment (n = 3). ∗, ∗∗, significant treatment differ-
ences at P < 0.05 applying Equation (1). SEM, standard error of mean.
b Neutral detergent fibre.
c Energy corrected milk after RAP (1999).
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rations. The two complete diets also were equivalent in calculated supply of ab-
sorbable protein and net energy. Although cows of both dietary treatments were
offered the same amount of feed, cows of the C12 group refused about half of the
concentrate due to palatability reasons. This also changed the composition of the
C12 diet as consumed. Particularly the forage to concentrate ratio was varied from
1.5:1 to 2.4:1. Also the respective calculated total dietary C12 and C18 contents
(29 and 40 g kg−1) and measured intakes (369 and 617 g day−1) differed when
the diets as consumed were compared. Table II gives the effects of the type of
fatty acid in the diet and compares the overall means with those found for cows
allocated to the manure storage experiment. These cows showed values very similar
to the overall means in most traits, which justifies the use of this subpopulation that
yielded the required manure at the same time point. There were certain diet effects.
Concentrate refusals by the C12 group at almost unchanged forage intake caused a
lower DM intake compared to the C18-fed cows at a level of 3.3 kg d−1 (P < 0.05).
This also reduced the intake of nitrogen and fibre (NDF). As only concentrate,
containing less fibre than forage, was refused the NDF intake was relatively less
affected by C12 than total feed intake. Considering certain initial differences in
milk yield between the cows allocated to the C12 and C18 group (30.8 vs 28.7 kg
d−1 milk; not given in Table II), performance was also reduced by C12, which was
more obvious in the selected subpopulation of cows (values in brackets) that did
not differ in initial milk yield (27.6 vs 28.1 kg d−1 milk). The treatment differences
in intake were reflected in excretion of faeces and nitrogen (significant for faecal
N) while the proportion of urinary N in total N remained unaffected by the diet.
C12-fed cows digested NDF less efficiently than C18 cows (0.536 vs 0.576) and
their faeces had a significantly higher NDF content in DM. Complete excreta were
also slightly higher in NDF content in this group. Methane release (g day−1) was
significantly (P < 0.05) lower by 21% with C12 than with C18 but was equal per
unit of fibre digested. The decline in methane release with C12 instead of C18 was
3 and 19%, respectively, when related to DM intake and milk yield, corresponding
to the diet group differences in DM intake and milk yield.

3.2. MANURE STORAGE EXPERIMENT

Manures differed in initial composition both with respect to dietary treatments and
manure type according to the different excretory pattern of the animals and the
deliberate variation between manure types in urine proportion (Table III). Manures
of the C12-fed cows had a significantly lower N content and, consequently, pH than
manure from the C18 treatment while the C/N ratio did not differ. Similar to the
variation in N content, the C12 manures had lower P contents than the C18 manures
(0.58 vs 0.86 g kg−1) but similar K contents (4.53 vs 4.70 g kg−1). The initial
group differences in total N and pH were still partly present after 14 weeks of
storage, and small but partially significant differences were then found in the C/N
ratio between dietary treatments. As the urine collected had been void of faeces
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particles, spontaneous N loss from non-acidified urine during collection was found
to be very low in occasional control measurements ensuring that samples used for
manure mixing were still representative with respect to initial N content.

Methane release from the C12 and C18 treatment manures showed a different
evolution with storage time (Figure 1). Methane emission started earlier with C18

in the complete slurry, with significantly greater values at day 10 of storage as
one deliberately selected time point reflecting an early stage of storage (Table III).
This was later reversed leading to overall higher CH4 emission rates in all manure
types derived from the C12-fed cows compared with the C18 manures (significant
for complete slurry and farmyard manure). In the case of complete slurry derived
from the C12-fed cows, the maximum of CH4 emission was only reached shortly
before the end of the 14 weeks lasting storage period (Figure 1). When related to
the faeces and urine amount as daily excreted by the cows, the diet effects were
even more clearly expressed in complete slurry after 14 weeks of storage although
effects were much less pronounced after 7 weeks of storage (Table IV). In the
urine-rich slurry/farmyard manure system, CH4 emissions were lower during 14
weeks of storage than in slurry. The pattern of CH4 release with time also clearly
differed between manure types with high initial values in farmyard manure and a
retarded onset of emission in the slurries (Figure 1).

Combining ruminal and manure emissions over 14 weeks of storage, CH4 re-
lease was lower by 26 g cow−1 day−1 (5.8%) with C12 than with C18 in the complete
slurry system (Table IV). The corresponding reduction was 90 g cow−1 day−1

(21.3%) in the two-component system. Accordingly, the reduction found in animal-
derived CH4 release was mostly compensated by manure CH4 in complete slurry
and partially in the two-component system. The proportions of total CH4 emission
originating from manure storage over 7 weeks were 7.8 and 8.7% in the slurry
system and the two-component system, respectively. The corresponding values for
14 weeks of storage were 18.4 and 12.5%. Total CH4 released per unit of milk
combining data of both storage systems was lower with C12 than with C18 applying
a storage period of 7 weeks (13.4 vs 14.1 g kg−1; P < 0.05) whereas the ranking of
the average values was reversed after 14 weeks of storage (15.3 vs 14.4 g kg−1).

Emissions of N2O were low in urine-rich slurry and remained unaffected by
the diet. Diet also had no effect on N2O emissions from the complete slurry, but
complete slurry had a N2O emission rate 43 times higher than the urine-rich slurry
(Table III). The level of N2O emission was highest in farmyard manure, particularly
from the C18-fed cows, which reached a level of N2O more than twice as high
as in the C12 manure. The onset of significant N2O emissions in complete slurry
and farmyard manure took place not before 7 or 8 weeks of storage had passed
(Figure 2). When related to the daily amount of excreta per cow, N2O emissions
were similar in all treatments except in the urine-rich slurry/farmyard manure sys-
tem with C18 slurry (Table IV). Overall N2O emissions partially counterbalanced
CH4 emissions from manure in terms of greenhouse gas potential and corroborated
with treatment differences in animal CH4 release. Total greenhouse equivalents
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Figure 1. Effects of diet and manure type on the evolution of CH4 emission rate during manure
storage (�, C12 diet;�, C18 diet). Each value reflects the average of twelve individual measurements
(four replicated buckets and three extracted air samples per time point and bucket).
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Figure 2. Effects of diet and manure type on the evolution of N2O (left) and NH3 (right) emission
rate during manure storage (�, C12 diet;�, C18 diet). Each N2O (three extracted air samples per time
point and bucket) and NH3 value reflects the average of twelve and four individual measurements
(four replicated buckets per value), respectively.

(GHGeq) from CH4 (including animal-derived CH4) and N2O were lower in the
C12 treatment than with C18 (Table IV). Differences between types of slurry were
less clear. Nitrous oxide contributed 0.2 and 12.1% to the GHGeq in the system
with complete slurry stored for 7 and 14 weeks, respectively. The corresponding
values for the two-component manure storage system were 4.7 and 11.5%. Overall,
N2O emissions made up 51% of manure-derived GHGeq (31 to 79%) during 14
weeks of manure storage.
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Total N losses and NH3 emission rates over 14 weeks of storage were generally
higher in the C18 than in the C12 treatment in all manure types (P < 0.05), while
the losses relative to initial manure N contents were quite similar between diet-
ary treatments (Table III). Ammonia emission showed a logarithmically-shaped
decline without major dietary differences, except in complete slurry when after 7
weeks of storage a pronounced NH3 decrease in the C18 but not in the C12 treatment
occurred (Figure 2).

4. Discussion

4.1. EFFECT OF DIETARY LIPID SOURCE ON ANIMAL AND MANURE-DERIVED

METHANE EMISSION

In ruminant husbandry, CH4 formation is mainly the result of fibre fermentation
both in the rumen and, at a proportion of 6 to 14 %, in the hindgut (Immig,
1996). Easily-degradable nutrients such as starch contribute far less to CH4 release
(Kreuzer et al., 1986). This may explain the almost identical CH4 rates per unit of
dry matter intake and, associated with that, digested fibre found in the two groups
within the present study. Lipids have been identified as effective nutritional options
to suppress ruminal CH4 formation (Van Nevel and Demeyer, 1996; Moss et al.,
2000). Focus was first put on oils rich in polyunsaturated fatty acids. However,
these fatty acids have a strong negative influence on fibre degradation in the rumen
(Van Nevel and Demeyer, 1996), and so their use is associated with a consider-
able loss of energy. More recently, the efficacy of various fats rich in saturated
fatty acids of medium chain length against methane release was shown in vitro
(Dohme et al., 2000) and in vivo (Machmüller and Kreuzer, 1999; Machmüller
et al., 2000). These fats affect fibre digestion in the rumen and the total digest-
ive tract to a smaller extent than unsaturated oils, as can also be seen from the
present study with only an insignificant decrease in fibre digestibility using C12

instead of C18. Dohme et al. (2001) identified C12 and C14 (myristic acid) in vitro
as the only members of the group of the medium-chain fatty acids (C8 to C16)
active against ruminal CH4 formation. However, in the present study C12 failed
to exhibit a clear CH4 suppressing effect when expressed per kg DM intake. The
lower CH4 release of the C12-fed cows compared with those receiving C18 could
be explained by the associated suppression of concentrate intake to about half of
the amount allocated. This was presumably a result of the particular odour and
soapy taste of C12. The reasons for the lack of a direct CH4 suppressing effect
of C12 remain unclear. The significant refusal of concentrate, associated with a
higher dietary proportion of forage, may have decreased passage rate through the
rumen enabling methanogens to produce more CH4 than at an unchanged forage
to concentrate ratio. Also, interactions with carbohydrates and minerals (Soliva et
al., 2000), binding and inactivating particularly free C12, may explain why the in
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vivo efficacy was higher with the use of fats such as coconut oil where the C12 was
incorporated in triglycerides (Machmüller and Kreuzer, 1999; Machmüller et al.,
2000). Another reason could be a compensation of a lower ruminal fibre digestion
and CH4 formation by a correspondingly increased activity of the hindgut, which
was noted for fibre digestion with coconut oil supplementation before (Sutton et
al., 1983). The potential CH4-inhibiting action of C12 is no longer present in the
hindgut, since at this site C12 has been already absorbed from the gut. However, the
rate of CH4 released per unit of fermented fibre is also lower in the hindgut than in
the rumen (Immig, 1996).

The use of C12 increased the fibre content of the faeces in the present study
because the forage proportion in feed was increased and fibre digestibility was
slightly decreased. Nevertheless, the amount of fibre (NDF) excreted per cow per
day was identical in both groups. Accordingly, summarising 7 weeks of manure
storage, complete slurry showed no diet effect on CH4 emission from manure when
related to daily excreta amount per cow. However, CH4 emission was higher with
C12 in the urine-rich slurry/farmyard manure system stored for 7 and 14 weeks and
in complete slurry stored for 14 weeks. It appears that the compositional differ-
ences between the C12 and the C18 type of manure resulted in a higher CH4 release
only under favourable fermentation conditions, which seems to have been achieved
earlier in the two-component system than in the complete slurry system (cf. Fig-
ure 1). The known antagonism of NH3 and CH4 release from manure (Hansen et
al., 1998) does not give an explanation for the retarded onset of the major part of
CH4 release only in the C12 group because NH3 declined even more rapidly in the
C18 type of manure. When manure was only stored for 7 weeks, feeding of C12

instead of C18 generally resulted in slightly lower overall (animal together with
manure) CH4 emission per kg of milk which is an important measure of efficiency.
This effect disappeared with 14 weeks of storage, and even the positive effect found
at 7 weeks of storage duration is questionable since the C12-fed cows performed
too well in terms of milk yield regarding their reduced feed intake, so being ob-
viously forced to mobilise significant quantities of energy from body reserves. In
comparison with the C18 group, the C12-fed cows later have to compensate for
this spent energy (approx. 12 MJ day−1) by a correspondingly higher DM intake
(1.7 kg day−1) equivalent to daily 44 g enteric CH4. This is half of the difference
of the 81 g enteric CH4 day−1 found between the C12 and the C18 group.

4.2. EFFECT OF TYPE AND DURATION OF MANURE STORAGE ON METHANE

RELEASE

Values on CH4 emission from differently stored manure are still scarce. Accord-
ing to the present results, the levels and the differences between manure storage
systems in CH4 emissions were distinctly determined by the duration of storage.
Initially farmyard manure was a more important source of CH4 than the two types
of slurry similar to previous findings (Külling et al., 2001, 2002), with higher
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values in the urine-rich slurry/farmyard manure system than with complete slurry.
However, the ranking changed around week 7, when CH4 emission had almost
ceased in all manures, except in complete slurry. Over a storage period of 14 weeks,
CH4 emissions from the urine-rich slurry/farmyard manure system were lower than
for complete slurry. Two thirds of the CH4 emission from solid manure storage
were emitted within the first of three months in experiments of Amon et al. (1998,
2001). With farmyard manure also in the present study the major proportion of CH4

was released within this period, but not with complete slurry. Undisturbed crust
formation and surface covers may substantially reduce CH4 release from slurry,
and the onset of the major CH4 release can be retarded (Sommer et al., 2000).
Accordingly, in order to get reliable data for a feeding or manure system compar-
ison in CH4 emission, the measurement period should be chosen sufficiently long,
particularly with slurry systems.

Decomposition of animal manures is potentially a larger source of CH4 than
fermentation in the gastrointestinal tract provided disposals are primarily subjected
to anaerobic conditions (Johnson and Ward, 1996). However, in the present study
manures only contributed between 5 and 27% (11.8% on average) to total CH4

emission. This was in the range of 13 to 14% assumed for various calculations
(Anonymous, 1996 and 1999; Minonzio et al., 1998). The value is higher with 14
weeks (15%) and lower with 7 weeks of storage (8%) then being comparable to
data from Kinsman et al. (1995) of about 6%.

Methane release from manure almost exclusively takes place during storage and
no longer at the aerobic conditions after field distribution (Yamulki et al., 1999).
Therefore, it can be assumed that the CH4 emission as reported here comprises al-
most the complete CH4 loss from dairy husbandry under the conditions described.
However, the present results only represent a certain stage of the lactation cycle of
the cows. In order to be able to give annual data, standard milk yield curves and/or
feeding intensity level have to be considered (Pelchen et al., 1998). Kirchgessner
et al. (1991) developed regressions on annual CH4 emission of cows based on
lactational milk yields. Accordingly, from the present data annual CH4 emission
rates of the C18-fed cows (controls; estimated annual milk yield of 7000 kg) can
be calculated to account for approximately 120 kg cow−1 a−1. These values have
to be adjusted by the additional CH4 from manure adding up to 130 and 138 kg
CH4 cow−1 a−1 for 7 and 14 weeks of manure storage, respectively. This is slightly
above the range of other studies of 117 to 127 kg cow−1 a−1 (Kinsman et al.,
1995; Sneath et al., 1997, Seipelt et al., 1999) using cows of similar milk yield
(Kinsman et al., 1995) as in the present investigation. In contrast the estimate of
Amon et al. (1998) is far lower with 71 kg cow−1 a−1 which can be explained by
the presumably lower feed intake of the cows investigated as they only produced
18.5 kg milk day−1 (equivalent to approx. 4500 kg milk a−1). Estimates on yearly
CH4 formation are similar for the C12 treatment when applying 14 weeks of storage
and slightly lower with 7 weeks of manure storage. The manure-derived CH4 from
the C18-fed cows, adjusted to the actual Swiss situation with 70% of dairy excreta



146 D. R. KÜLLING ET AL.

stored in the urine-rich slurry/farmyard manure system (Menzi et al., 1997), can be
estimated to account for 5.8 and 9.4 kg cow−1 a−1 with 7 and 14 weeks of storage,
respectively. The value measured for 14 weeks of storage corresponds well to the
value of 10.5 kg cow−1 a−1 applied for the Swiss national CH4 inventory (Minonzio
et al., 1998), but is lower than the IPCC standard value of 14.0 kg cow−1 a−1

(Anonymous, 1996).

4.3. EFFECT OF TYPE OF DIET AND MANURE ON NITROGENOUS EMISSIONS

Nitrogen emissions were quantified in the present study as total gaseous N loss and
as NH3 as well as N2O. In line with the lower N intake and N excretion of the C12-
fed cows, total N and NH3 emission during storage were lower in the C12 treatment
than in the C18 treatment in all types of manure, and N losses relative to initial
N content remained unaffected. This was expected since the proportion of urine
N, which is rapidly converted to ammoniacal N in manure, was not varied by the
type of diet. The crude protein content of the diet, as one major factor determining
urine N percentage of total N (Külling et al., 2001), was unchanged between diets.
Nitrous oxide, by contrast, was clearly lower in the manures from the C12 treatment.
One reason for this observation might be sought in the antagonism of N2O and NH3

release, which showed a contrary development in terms of level and evolution in
the different treatment groups. In the experiments of Külling et al. (2001, 2002)
N2O level was also found to be low as long as NH3 emission did not reach a low
value. Similar to composting of household waste (Beck-Friis et al., 2000), N2O
thus considerably increased with a prolonged storage of manure.

The system comparison of complete slurry and the two-component type of stor-
age overall demonstrated quite similar total N losses (75 vs 74 g cow−1 d−1), NH3

emission rates (60 vs 68 µg m−2 s−1) and N2O emissions (4.0 vs 3.3 g cow−1 d−1)
during 14 weeks of storage. However, during 7 weeks of storage, N2O emissions
were 23 times higher in the urine-rich slurry/farmyard manure system than with
complete slurry. Overall, these N-related effects of storage type confirm results of
an earlier system comparison investigating a wide range of dietary crude protein
contents either through modifications in forage (Külling et al., 2002) or in con-
centrate (Külling et al., 2001). In the two-component manure storage system, N2O
originated almost exclusively from farmyard manure as expected while in urine-
rich slurry N2O was mostly not detectable in the air samples extracted from the
closed chambers. Extrapolated to an annual basis, emissions were 0.2 and 1.3 kg
cow−1 a−1 of N2O within 7 and 14 weeks of storage, respectively, on average of all
manure types and dietary treatments. The level of N2O emitted within 7 weeks was
lower than the 0.7 kg cow−1 a−1 found previously during the same period of storage
(Külling et al., 2001), whereas the amount calculated for 14 weeks of storage was
quite similar to the value of 1.6 kg cow−1 a−1 estimated by Schmid et al. (2000).

Different from NH3, where emission rapidly declines with time, for reliable
measurements of total N2O release like with CH4 an extended storage duration
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turned out to be very important. Experimentally restricting storage to periods shorter
than actually applied in farm practice thus may lead to both an underestimation of
the real level and misleading results of diet and manure system comparisons.

4.4. EFFECT OF TYPE OF DIET AND MANURE ON GLOBAL WARMING

POTENTIAL OF DAIRY HUSBANDRY

There was a certain compensation of differences between diets and between ma-
nure systems (after 14 weeks of storage) in overall CH4 and in N2O emissions
in terms of overall global warming potential by the greenhouse gases due to their
mostly contrary variation with treatment. Despite its low absolute levels, N2O con-
tributed about 7% to total and 51% to manure-derived GHGeq after 14 weeks of
manure storage owing to its far higher global warming potential compared with
CH4. However, at a reduced storage time of 7 weeks, N2O proportion of total
GHGeq was minor in the two-component system and negligible in complete slurry.
By contrast, N2O was estimated to be more important for GHGeq than CH4 in U.S.
dairy (1.5 fold; Phetteplace et al., 2001) and beef production systems (1.2 fold;
Johnson et al., 2001). However, these studies assumed high N2O losses during
grazing on well fertilised pastures, and CH4 emission from excreta is low under
pasture conditions (Williams, 1993). Furthermore manure-derived N2O is only one
source of total direct and indirect system N2O losses.

5. Conclusions

In this study for one of the first times a direct comparison of CH4 emitted from
animals and manure was carried out within one investigation. The results indicate
that there could be a certain tendency for a compensatory increase in CH4 forma-
tion in manure in cases of reduced enteric CH4 formation when associated with a
reduced fibre fermentation. It is nevertheless considered profitable to reduce enteric
CH4 formation since this CH4 is inevitably lost whereas manure storage technology
and duration offer opportunities to avoid high CH4 losses or even allow to collect
CH4 as biogas. It still remains open whether or not a compensation takes place
in situations of a CH4 suppression independent from digestible fibre supply. The
relatively long manure storage duration followed and the consideration of ruminal
CH4 emissions gave new insights on long-term effects of feeding and manure type.
Irrespective of manure type and storage duration, enteric CH4 release obviously is
always of greater importance for the global warming potential of dairy husbandry
systems than CH4 and N2O emissions during manure storage, but the contribution
of these two trace gases for GHGeq increases with storage time. Methane emissions
therefore have to be considered in a more integrated and holistic way in future as
has been recommended and partly realised earlier (Demeyer and Van Cleemput,
1996). Also further assessment of the relative importance of CH4 and N2O for
GHGeq under various dietary conditions and on pasture is necessary.
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