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HIGHLIGHTS

o Effects of replacing grass silage with corn silage and of extruded linseed supplementation on enteric methane emissions in optimized diets for high-yielding dairy
cows.

e Replacing grass with corn silage had no effect on production or methane emissions.

e Extruded linseed reduced methane production and yield in a corn-based diet.

e Adding extruded linseed to a grass-based diet had no impact on methane emissions.

e Extruded linseed as a methane mitigator depends on diet composition.

e Methane mitigation may fail when optimizing diets for high yielding dairy cows.

ARTICLE INFO ABSTRACT

Keywords: Recognized strategies to mitigate methane (CHy4) emissions from dairy cows include increased levels of dietary
Efft?rlc_Ch4 starch or lipids. Most studies have tested extreme experimental diets that are rarely applied in practice, as
Mitigation strategy farmers generally apply lower concentrations. In the present study we evaluated the effects of partial replace-

Grass silage
Corn silage
Extruded linseed

ment of grass silage (GS) with corn silage (CS) and extruded linseed (EL) supplementation in optimized dairy
cattle diets under conventional farming conditions. Three 15-week experiments were conducted in three periods:
adaptation (3 weeks), pre-treatment (6 weeks), and treatment (6 weeks). A reference group receiving a control
diet was compared to each treatment group. In EXP1, GS (65 % GS, 35 % CS) was partially replaced with CS (35
% GS, 65 % CS). In EXP2 and EXP3, EL (13.8 % of dietary DM, fat increased by 1.5 %) was added to a CS-based
(EXP2) and to a GS-based diet (EXP3). No significant effect was observed on milk production and CH4 emissions
when replacing GS with CS. EL addition to the CS-based diet showed a trend toward a 9 % reduction in CHy
production and yield (p = 0.097 and p = 0.074), while no significant effect of EL was observed for the GS-based
diet. In summary, replacing GS with CS had no effect on production or CH4 emissions, while adding EL to a CS-
based diet showed potential for CH4 mitigation. This study shows that recognized CH4 mitigation strategies may
not prove effective when diets are optimized based on practical guidelines for high-producing dairy cows.

1. Introduction greenhouse gas (GHG) with a global warming potential (GWP100) 28
times larger than carbon dioxide (CO3) (IPCC, 2021). According to the

The agricultural sector undeniably contributes to climate change Paris Agreement (UNFCCC, 2015), mitigation strategies must be
(IPCC, 2021). Ruminants are important contributors due to their pro- implemented to limit global temperature rise to 1.5 °C. The diet of dairy
duction of enteric methane (CH4) (Pereira et al., 2022), a potent cows plays a crucial role in the production of CH4 emissions (Johnson

Abbreviations: CS, corn silage; DMI, dry matter intake; DIM, days in milk; EL, extruded linseed; FOM, fermentable organic matter; FPCM, fat and protein corrected
milk; GS, grass silage; NEI, net energy lactation; MP, metabolizable protein; MUN, milk urea nitrogen; OEB, rumen degradable protein balance; OCC, open circuit
chambers; VFA, volatile fatty acids.
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and Johnson, 1995). Modifications in forage composition or the addition
of ingredients with mitigating properties may reduce these emissions
(Beauchemin et al., 2008; Knapp et al., 2014; Olijhoek et al., 2025). Both
the replacement of grass silage with corn silage (Brask et al., 2013;
Doreau et al., 2014; van Gastelen et al., 2015) and the addition of
extruded linseed (Benchaar et al., 2015; Hassanat and Benchaar, 2021;
Martin et al., 2010) are proven mitigation strategies. Increasing the
amount of starch stimulates propionate production and the use of H,
resulting in less Hy available for CH4 formation (Moss et al., 2000;
Pereira et al., 2022). Dietary lipids reduce enteric CH4 production in
several ways. (1) Lipids bypass ruminal fermentation; (2) poly-
unsaturated fatty acids have inhibitory effects on cellulolytic bacteria
and protozoa, resulting in shifts towards more propionate production
(Martin et al., 2010; Pereira et al., 2022); (3) ruminal biohydrogenation
of unsaturated fatty acids acts as an alternative Hy sink (only limited to
1-2 % of Hy from CH4 production) (Johnson and Johnson, 1995); and
(4) lipids have a coating effect on structural carbohydrates (Ellis et al.,
2008; Jenkins, 1993). Extruded linseed (EL), an excellent source of fat, is
rich in a-linolenic acid, making it a promising source of dietary fat with a
significant CH4-mitigating potential (Martin et al., 2010; Mustafa et al.,
2002; Petit, 2010).

In experimental settings, large differences between diets are often
used to maximize the contrast in treatment effects. However, many
studies compare rather extreme dietary compositions that tend not to
align with common practice in commercial dairy farming. For example,
studies investigating the effects of replacing GS with MS often use a
complete substitution (Brask et al., 2013; Doreau et al., 2014), some-
times combined with high concentrate levels (>50 %) (Doreau et al.,
2014; van Gastelen et al., 2023). In contrast, typical dairy cow diets in
Western Europe consist of approximately 60 % roughage, primarily a
mixture of fiber-rich grass silage (GS) and starch-rich corn silage (CS) in
varying proportions. A more practice-oriented approach was taken by
Van Gastelen et al. (2015), who examined four forage-rich diets (80:20
forage-to-concentrate ratio) with increasing amounts of corn silage. In
that study, all diets were supplemented with the same concentrate,
regardless of forage composition. This is in contrast to commercial dairy
farming, where forage mixtures are balanced with by-products, grains,
compound feeds, and protein sources to better meet the energy and
protein requirements to ensure optimal milk production of high-yielding
COWS.

Similarly, studies evaluating extruded linseed often include high
levels of crude fat (e.g., 4 % in Benchaar et al., 2015; 6.47 % and 5.84 %
in Hassanat and Benchaar, 2021; 4.1-7.6 % in Martin et al., 2010).
Crude fat inclusion should generally be limited to 6 % to prevent adverse
effects on production parameters (Patra, 2013). This potential risk,
combined with the higher cost of lipid sources compared to other
concentrate ingredients (Ariza et al., 2019), means that the inclusion of
extruded linseed (EL) in commercially optimized dairy diets poses
practical challenges. In practice, therefore, EL inclusion is often lower
than in experimental studies (Ariza et al., 2019).

With these considerations in mind, the present study was designed to
explore CHy4 mitigation strategies in accordance with practical feeding
strategies where different ration compositions, supplemented with
various additives, are used to meet the nutritional requirements of dairy
cows. The aim of the study was to evaluate the impact of (1) partial
replacement of GS with CS (EXP1) and (2) supplementation with a
commercially viable amount of EL in both a CS-based diet (EXP2) and a
GS-based diet (EXP3) on enteric CHs emissions. We hypothesized that
CH. emissions would be reduced when a higher proportion of CS was
included in the diet and that the inclusion of EL would lower enteric CHa
production without negatively affecting production parameters in both
diet types.

2. Materials and methods

All animal trials were carried out at the experimental dairy farm of

Livestock Science 300 (2025) 105783

ILVO (Flanders Research Institute for Agriculture, Fisheries and Food,
Melle, Belgium). All experimental procedures were approved by the
ILVO Animal Ethics Committee (EC2014-239).

2.1. Experimental design

All experiments lasted for 15 weeks and were divided into three
periods: adaptation (3 weeks, without data collection), pre-treatment (6
weeks), and treatment (6 weeks). During the final week of the pre-
treatment period and the treatment period, the cows were housed in
open-circuit chambers (OCC; De Campeneere and Peiren (2014)). The
first experiment (EXP1) included 12 animals, while the second (EXP2)
and the third experiment (EXP3) included 10 animals. Fig. 1 shows the
experimental design of EXP1, EXP2, and EXP3. In all experiments, ani-
mals were randomly divided into two homogenous groups: a reference
group (REF; EXP1: n = 6, EXP2: n = 2 and EXP3: n = 2) and a treatment
group (TRT; EXP1: n = 6; EXP2: n = 8 and EXP3: n = 8). The random-
ization was balanced for parity, days in milk, milk production (kg/day),
milk protein ( %), milk fat ( %), dry matter intake (DMI, kg/day), and
body weight (kg). Due to limited availability of the OCC (n = 6), animals
of EXP1 were divided in two groups (A and B) containing REF animals
(REF A: n = 3; and REF B: n = 3) and TRT animals (TRT A: n = 3; and
TRT B: n = 3). In EXP 2 and EXP3, REF cows remained the same and
stayed in the OCC for two consecutive measurement periods of 3 days. In
EXP2, this measurement period was staggered by 1 week, while in EXP3
two measurement periods were performed consecutively. The TRT ani-
mals in EXP2 and EXP3 were also divided into two batches (TRT A: n =
4; and TRT B: n = 4). When data was analyzed, data collected in different
REF and TRT batches within each experiment were considered as one
group (REF and TRT). In EXP1, one reference cow was injured and left
the trial, and emissions data of two cows (one REF and one TRT cow)
were lost due to technical problems in one OCC. All data on these three
cows were omitted. In EXP2, one TRT B cow left the trial due to illness.
All data collected on this animal was removed.

2.2. Animals and housing

Each experiment was performed with a different set of lactating
Holstein Friesian cows. At the start of the experiment, the 12 animals in
EXP1 averaged (4 SD) 97 + 25 days in milk (DIM) and 31.5 + 3.0 kg
milk/day. EXP2 included 10 dairy cows, 190 + 48 DIM, and a mean
daily milk yield of 30.7 &+ 4.5 kg. The 10 animals in EXP3 had average
DIM of 276 + 88 and a mean daily milk yield of 29.3 + 2.7 kg. In EXP1,
all cows were housed in a free stall with cubicles during each experi-
mental period except for the last week. Animals of EXP2 and EXP3 were
only housed in the free stall during the adaptation period. In both the
pre-treatment and treatment period, cows of EXP2 and EXP3 were
housed in a tie stall. During the last week of the pre-treatment and
treatment period of each experiment, all animals were housed in the
OCC for CH4 measurement and sample collection. EXP1 consisted of 5
days of data collection in the OCC, whereas in EXP 2 and EXP3 consisted
of only 3 days of data collection.

2.3. Diets and treatments

The ingredient composition of the control and treatment diet in all
experiments is shown in

Table 1. In EXP1, the reference roughage mixture was a GS-based
diet which consisted of 64 % pre-wilted GS, with 34 % corn silage and
1 % straw on dry matter basis and was offered as a partial mixed ration.
The treatment diet of EXP1 was a CS-based roughage mixture, consisting
of 36 % GS, 63 % CS, and 1 % straw on dry matter basis. The REF animals
continued to receive the reference roughage mixture, while the TRT
group received the treatment roughage mixture when the treatment
period started (Table 1). In EXP2 and EXP3, the roughage mixture in the
reference diet and treatment diet remained unchanged. In EXP 2, the
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Fig. 1. Schematic overview of the experimental design of EXP1, EXP2 and EXP3. All experiments started with an adaptation period of 3 weeks (AD), followed by a
pre-treatment period where animals received the reference diet (R), and a treatment period where TRT animals received the treatment diet (T) and REF animals
continued to receive the reference diet. Both periods lasted for 6 weeks. The treatment period started upon completion of the pre-treatment period measurements in
the OCC. Because the number of OCC was limiting (n = 6), the animals in EXP1 were divided into two batches (A and B) of 6 animals each which were further
subdivided into REF animals (REF A: n = 3 and REF B: n = 3) and TRT animals (TRT A: n = 3 and TRT B: n = 3). In EXP2 and EXP3, animals were divided into one
batch of REF animals (n = 2) and two batches of TRT (TRT A: n = 3 and TRT B: n = 3) animals were measured in separate weeks (shown in bold). In EXP2, REF
animals (n = 2) were housed two consecutive weeks in the OCC, while TRT A and TRT B were housed in the OCC in separate weeks (shown in bold). In EXP3, REF
animals were measured last week of each period, while TRT A animals were housed in the OCC in the first part of the last week and animals from TRT B were housed
in the OCC in the second part of the last week (weeks shown in bold). Weeks shown with the dashed shading, are included in the statistical analysis. Black shaded

cells are not included in the statistical analysis.

roughage mixture was based on CS and consisted of 65 % CS, 25 % pre-
wilted GS, and 10 % pressed sugar beet pulp on dry matter basis. In
EXP3, the roughage mixture was based on GS and consisted of 65 % GS,
25 % CS, and 10 % pressed sugar beet pulp on dry matter basis. Starting
from the ad libitum intake of the roughage mixture, cows received
concentrate supplementation (

Table 1) to fulfill 105 % of the individual requirements for net energy
for lactation (NE;, MJ/kg DM) and metabolizable protein and to fulfill a
rumen degradable protein balance (OEB) of 200 g/day in EXP1 and 150
g/day in EXP2 and EXP3. The Dutch feed evaluation system was used to
calculate the diets (Tamminga et al., 1994), which were formulated
based on preliminary chemical analyses of the ingredients to ensure they
were isoenergetic for all experiments and isonitrogenous for EXP1. To
ensure sufficient starch provision in the GS diet in EXP1, a balanced
concentrate rich in starch was used. In the CS diet, this starch-rich
concentrate was exchanged for a balanced lower-starch concentrate.
During the treatment periods of EXP2 and EXP3, the balanced concen-
trate of the treatment diet cows was partly replaced by an EL product
(Linex 10/500, Arvesta NV, Belgium) consisting of 30 % linseed and
other ingredients such as wheat (17 %), rapeseed meal (15 %), corn meal
(8 %), and sunflower meal (11 %). The replacement was based on an
equal NE;, provision.

2.4. Measurements and analysis

In all experiments, the roughage mixture was offered twice daily
(8:30 am and 5:30 pm). Concentrates were offered four times a day in
equal proportions (7:30 am, 11:00 am, 3:00 pm, and 5:30 pm) and DMI
was measured, taking leftovers into account. All animals had free access
to drinking water during the entire trial. Samples of all feed ingredients

were taken once weekly, except for GS, which was sampled twice
weekly. For chemical analysis, feed samples of CS and GS were pooled
per period (pre-treatment period and treatment period) and all other
ingredients were pooled over the whole trial. Silage samples were dried
in a ventilated oven at 65 °C and all feed samples were ground using a 1
mm screen (Whiley, Rheotec). Next, samples were dried at 103 °C to
obtain residual moisture content (EC, 1971a) and incineration at 550 °C
to determine the crude ash content (ISO:5984, 2002). Kjeldahl was used
to determine the crude protein (Nx 6.25) content (ISO:5983-2, 2005).
Petroleum ether was used to extract crude fat, for the concentrate in-
gredients, a hydrolyzing step with hydrochloric acid was performed
beforehand (ISO: 6492, 1992). Crude fiber was obtained by the Ankom
Fiber Analyser (AnkomTechnology, Macedon NY, USA) after boiling
subsequently with sulphuric acid and sodium hydroxide (EC, 1992). The
Ankom Fiber Analyser was used to determine the NDF, ADF and ADL.
aNDFom was obtained using o-amylase and sodium sulfite and
expressed on an ash-free basis (Van Soest et al., 1991). After drying and
weighing, the residue was treated with sulphuric acid to determine
ADLom. ADFom and ADLom were corrected for ash in the ADL residue
(Van Soest et al., 1991). Starch was determined after autoclaving and
hydrolysis with amyloglucosidase (NEN, 1974). Sugars were extracted
with 40 % ethanol and analyzed according to the Luff-Schoorl method
(EC, 1971Db). The silage fermentation products and ammonia of the si-
lages were determined on a water extract: lactic acid by an enzymatic
method (Gawehn.; Noll, 1966), and acetic acid, propionic acid, butyric
acid, and alcohols with gas chromatography (Jouany, 1981). The DM
content and consequently the chemical composition of the silages were
corrected for losses of volatile substances during drying ((Dulphy and
Demarquilly, 1981). Additionally, the crude protein content was cor-
rected for ammonia losses. (Dulphy and Demarquilly, 1981).
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Mean composition of the diet on dry matter base (g/kg DM), and chemical composition (g/kg DM) of the total diets in both experimental periods (reference period
(REF) and treatment period (TRT) of EXP1 (partially replacing GS with CS; REF: n = 4; TRT: n=5), EXP2 (addition of EL to a CS diet; REF: n = 2; TRT: n= 7), and EXP3

(addition of EL to a GS diet; REF: n = 2; TRT: n= 8).

EXP1 EXP2 EXP 3
PTP' TP? PTP TP PTP TP
REF® TRT* REF TRT REF TRT REF TRT REF TRT REF TRT
Ingredients of the diet (g/kg DM)
Corn silage 254 245 240 430 470 447 464 458 178 176 178 178
Pre-wilted grass silage 444 428 475 247 183 174 188 186 452 448 468 470
Pressed beet pulp 81 77 81 80 85 84 82 82
Straw 7 7 7 10 8 8 8 8
Soybean meal 46 42 44 54 35 35 35 35 10 10
Treated soybean meal® 17 18 16 18 8 16 7 17 18 11 17 11
Balanced concentrates 0 0 0 247 190 195 190 31
Balanced concentrates starch 268 300 253 23 261 270 251 90
Rapeseed meal 19 42 19 43
Extruded linseed product 138 160
Urea mix 0.4 0.2 0.4 6.7 6 4 6 5
Chemical composition of total diet
DM (g/kg) 464 472 496 487 514 530 515 521 484 488 492 494
Crude protein 164 164 163 163 143 150 144 157 146 144 147 154
Crude fat 29 29 30 28 30 30 28 43 29 29 30 46
Crude fiber 183 178 184 165 167 165 152 153 174 173 171 176
aNDFom 352 344 355 324 347 342 347 344 319 318 316 324
ADFom 205 200 213 193 192 190 194 195 186 184 187 194
Starch 189 195 189 252 233 225 220 200 163 166 159 122
Sugar 54 56 61 47 39 42 39 38 68 69 60 62
NE;, 4.27 4.30 4.19 4.30 4.39 4.40 4.36 4.39 4.53 4.54 4.49 4.51
MP (1994)° 92 94 91 91 920 98 89 95 92 91 91 87
OEB (1994)° 15 14 17 17 -2 —4 -2 6 0 -1 4 12
FOM 571 572 559 584 589 585 590 558 605 607 599 583
1 prP = pre-treatment period.
2 TP = treatment period.
3 REF = reference cows.
4 TRT = treatment cows.
5

Formaldehyde treated soybean meal, aNDFom = neutral detergent fiber (using a-amylase and sodium sulfite and expressed on an ash-free basis), ADFom = acid

detergent fiber (expressed on ash-free basis) NE; = Net energy lactation (MJ), MP = metabolizable protein, OEB = rumen degradable protein balance, FOM =

fermentable organic matter.

Metabolizable protein (DVE) and rumen degradable protein balance
(OEB) were calculated based on in-sacco measurements of rumen
degradation and intestinal digestibility (Tamminga et al., 1994). The
VEM of the feeds was predicted with regression equations (Boever et al.,
1999) based on chemical composition and in vitro organic matter de-
gradability using cellulase (De Boever et al., 1988). Cows were milked
twice daily at 7:30 am and 5:30 pm. When housed in the OCC, milk
samples were taken during four consecutive milkings and analyzed for
milk fat, protein, lactose, and urea using Fourier-Transform infrared
spectroscopy (FTIR) (Lactoscope Advanced, Delta instruments,
Drachten, The Netherlands). Fat and protein corrected milk (FPCM) was
calculated using the following formula: FPCM = Milk yield (MY) x
[0.337 4 (0.116 x milk fat %) + (0.06 x milk protein %) (Subnel et al.,
1994). CH4 and CO4 emissions were continuously measured in the OCC
(De Campeneere and Peiren, 2014) using an NDIR analyzer (MGA3500
Multi-Gas Analyser, ADC Gas Analysis Limited, UK). The air inlet and
outlet were sampled every 16 min for 1 min and the ventilation rate was
continuously measured.

2.5. Statistical analyses

For all experiments, only data collected when cows were housed in
the OCC was used in this analysis. Data on DMI, MY, FPCM, %fat, %
protein, % lactose, milk urea content (MUN) and CH4 emissions were
averaged for each cow and each measurement period (the last 5 or 3
days of the pre-treatment and treatment period). Statistical analysis was
performed using the statistical software program R (EXP1: version 3.5.1
and for EXP2 and EXP3: version, 4.1.2, (www.r-project.org) and
analyzed using a linear mixed model.

Yijk = Gi +Pj + (GP)U + Ck + 8ijk7

where Yy is the dependent variable; G; is the fixed effect of the ith Group
(i = REF, TRT), P; is the fixed effect of the j™ period (j= pre-treatment
period, treatment period); (GP); is the interaction effect of the ith
Group in the jth period; Cy is the random effect of cow, and Eij is the
residual error. The results are presented as least square means (LS
means) per group and period. Differences were considered significant at
P< 0.05 and a trend was considered as 0.05 < P< 0 0.1. A significant
interaction effect was interpreted as a treatment effect, as it indicates a
different evolution between the groups over the two treatment periods.
The analyzed outcomes were assumed to be sufficiently normally
distributed based on the graphical evaluation of the residuals of the
models used (histogram and QQ-plot).

3. Results
3.1. Change from a GS-based diet to a CS-based diet

Changing from the GS-based diet to the CS-based diet in EXP1 did not
significantly affect total DMI, MY, FPCM production, or milk composi-
tion (Table 2). Milk fat content showed a trend (p-value Group*-
Period=0.10) toward evolving differently between REF cows and TRT
cows because milk fat content for the cows that changed from the GS- to
the CS-based diet decreased by 0.10 percent units. In contrast, milk fat
content increased by 0.16 percent units for the reference cows during
the same period. The replacement of GS with CS showed a significant
effect (P-value Group*Period<0.05) on the intake of all nutrients except
for the intake of OEB. When comparing the treatment period to the pre-
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Table 2.

LS means of DMI, production of milk and fat-protein-corrected milk (FPCM), milk composition (fat, protein, lactose and MUN) in both experimental periods and for
each group (reference cows (REF) and treated cows (TRT)) of EXP1 (partially replacing grass silage (GS) with corn silage (CS); REF: n = 4; TRT: n = 5), EXP2 (addition
of extruded linseed (EL) to a CS diet; REF: n = 2; TRT: n = 7), and EXP3 (addition of EL to a GS diet; REF: n = 2; TRT: n = 8).

PTP' TP’ P-value
Item REF® TRT* REF TRT SEM® Group Period Group*period
EXP1
DMI (kg day™) 20.6 20.3 21.8 21.4 1.07 0.846 <0.01 0.435
MY (kg day'l) 28.8 26.5 27.9 26.1 0.86 0.264 0.388 0.691
FPCM (kg day'l) 29.4 27.8 29.1 27.2 1.83 0.513 0.681 0.822
Milk composition
Fat ( %) 4.16 4.37 4.32 4.27 0.31 0.620 0.159 0.100
Protein ( %) 3.41 3.41 3.43 3.46 0.17 0.989 0.665 0.755
Lactose ( %) 4.75 4.55 4.64 4.52 0.09 0.076 0.0275 0.196
MUN (mg/L) 209 244 205 211 21.7 0.220 0.840 0.177
EXP2
DMI (kg day'l) 22.4 23.5 20.9 21.7 1.4 0.491 <0.01 0.191
MP (kg day™) 27.7 29.7 28.3 28.9 4.3 0.698 0.721 0.498
FPCM (kg day'l) 30.3 32.1 29.9 31.6 3.9 0.693 0.815 0.928
Milk composition
Fat ( %) 4.73 4.59 4.53 4.83 0.23 0.610 0.411 0.159
Protein ( %) 3.59 3.56 3.31 3.44 0.25 0.918 0.054 0.334
Lactose ( %) 4.67 4.65 4.64 4.56 0.06 0.730 0.368 0.285
MUN (mg/L) 198 199 170 203 23.2 0.967 <0.01 <0.01
EXP3
DMI (kg day'l) 20.2 21.4 21.1 21.6 1.1 0.362 <0.001 <0.001
MP (kg day’l) 25.5 27.6 24.4 27.9 2.7 0.522 0.235 0.210
FPCM (kg day™) 27.9 30.3 26.4 29.4 1.5 0.360 0.084 0.810
Milk composition
Fat ( %) 4.56 4.72 4.51 4.47 0.38 0.726 0.790 0.729
Protein ( %) 3.76 3.74 3.66 3.42 0.23 0.939 0.151 <0.05
Lactose ( %) 4.65 4.72 4.57 4.61 0.09 0.522 0.219 0.649
MUN (mg/L) 155 146 146 140 24 0.745 0.525 0.853
L pTP = pre-treatment period.
2 TP = treatment period.
3 REF: reference cows,* TRT: treated cows.
5

Highest value of SEM is published in the table. DMI = Dry matter intake, MY = Milk production, FPCM = fat and protein corrected milk production, MUN = Milk
urea nitrogen.

treatment period, the intake of ADL and sugar was lower in the TRT 3.2. EL supplementation in a CS-based diet (EXP2)
group while the intake of starch was higher. No significant differences

among absolute enteric CH4 production (g CH4 day 1), CH, yield (g CH4 Results of DMI, MY and milk composition are shown in Table 2. DMI
kg DMI'Y), and CH, intensity (g CH4 kg FPCM™) were observed between was not significantly affected by EL supplementation. However, both
the GS-based diet and the CS-based diet (Table 3). REF and TRT showed a lower DMI during the treatment period
Table 3

. LS means of CH, emissions in both experimental periods and each group (reference cows (REF) and treated cows (TRT) in EXP1 (partially replacing grass silage (GS)
with corn silage (CS); REF: n = 4; TRT: n=5), EXP2 (addition of extruded linseed (EL) to a CS diet; REF: n = 2; TRT: n=7), and EXP3 (addition of EL to a GS diet; REF: n
= 2; TRT: n= 8).

2

PTP' TP? P-value

Item REF® TRT* REF TRT SEM® Group Period Group*
period

EXP1

g CH, day™? 435 423 437 439 27 0.760 0.863 0.535

g CHy kg DMI! 21.1 20.9 20.0 20.5 0.8 0.790 0.114 0.441

g CH4 kg MY 15.3 16.0 15.9 16.8 1.2 0.648 0.181 0.779

g CH, kg FPCM™! 15.1 15.3 15.2 16.3 1.3 0.874 0.703 0.257

EXP2

g CH, day™” 445 450 452 420 25.2 0.867 0.642 0.097

g CH, kg DMI'! 19.8 19.2 21.6 19.4 1.2 0.675 <0.05 0.074

g CHy kg MY! 16.7 15.5 16.7 15.4 2.6 0.690 0.999 0.971

g CH,4 kg FPCM™ 15.1 14.3 15.7 13.9 2.1 0.773 0.502 0.372

EXP3

g CH, day™? 493 499 460 442 23 0.844 0.280 0.515

g CH4 kg DMI! 24.4 23.4 21.8 20.4 1.1 0.474 0.112 0.816

g CH4 kg MY™! 19.5 18.4 19.2 16.1 1.6 0.585 0.752 0.143

g CH, kg FPCM™! 25.6 23.6 25.4 21.7 1.6 0.318 0.906 0.450

1 PTP = pre-treatment period.

2 TP = treatment period.

REF: reference cows.

TRT: treated cows.

Highest value of SEM is published in the table. DMI = Dry matter intake, My = milk yield, FPCM = fat and protein corrected milk yield.

w
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compared to the pre-treatment period (P< 0.01). This resulted in a lower
(P< 0.01) intake of all nutrients, except for OEB in both groups. MY and
milk composition were not significantly affected by EL addition. Milk
urea nitrogen (MUN, mg 1) was reduced in the REF group but remained
at a similar level in the TRT group (p-value Group*Period <0.01) when
comparing the treatment period and the pre-treatment period. EL
addition significantly influenced the intake of all nutrients except for
crude fiber. When EL replaced the balanced concentrates, starch intake,
DVE, and FOM decreased, while crude fat, crude protein intake, and OEB
increased. NE| intake decreased equally for both groups (REF and TRT)
in the treatment period. Table 3 shows the effect on CH4 emissions.
Under EL supplementation to the CS diet in EXP2, absolute CHy4 pro-
duction (g CH4 day™!) and CH, yield (g CH, kg DMI'Y), both show a trend
(P=0.097 and P = 0.074) toward a reduction of 9 %. When expressed
per kg milk or kg FPCM, EL supplementation showed no significant ef-
fect nor trend toward significance.

3.3. EL supplementation in a GS-based diet (EXP3)

DMI of the REF cows increased while DMI of TRT cows remained
stable over the two periods. Supplementation of EL significantly influ-
enced the intake of all nutrients. On the GS diet, intake of starch, DVE,
crude fiber, and FOM decreased, while intake of crude fat, crude protein,
and OEB increased under EL supplementation. NE, intake was reduced
in the TRT group, while no notable changes were observed for the REF
group when comparing the treatment period to the pre-treatment
period. MY and milk composition (Table 2) were not significantly
affected by the addition of EL, except for protein content ( %). EL did not
significantly affect the absolute CH4 production, CHy4 yield, and CH4
intensity (kg MY and kg FPCM production) (Table 3).

4. Discussion
4.1. The change from a GS-based diet to a CS-based diet

In the present study the effect of a partial substitution of GS with CS
was evaluated for animal production and CH,4 emissions, with a focus on
the implications for diets used on commercial dairy farms. Maintaining
production is crucial in dairy farming, thus both diets were formulated
to be isoenergetic and isonitrogenous. Protein demands, for example,
must still be met when replacing GS with CS; this requires protein
supplementation with products such as soybean meal. To fulfill net en-
ergy and more in particular glucogenic requirements (to support milk
lactose output) diets rich in GS (> 40 % of total dry matter) are generally
supplemented with additional sources of starch, such as cornmeal or
wheat. Although no strict starch requirements have been published,
commercially optimized diets for high-producing cows seldom have a
starch content below 20 % of DM (Chase, 2007). In the current study, the
GS-based diet had a starch content of 19 % of DM, compared to a starch
content of 25 % in the CS diet. The GS diet was supplemented with a
starch-rich balanced concentrate (197 g crude protein, 53 g crude fiber,
120 g aNDFom, 358 g starch, 129 g DVE per kg DM) and the CS diet was
supplemented with a different balanced concentrate (180 g crude pro-
tein, 85 g crude fiber, 185 g aNDFom, 225 g starch, 122 g DVE per kg
DM). In this trial, MY was not affected by the change from the GS to CS
diet plus provision of their respective concentrates. Only a trend toward
lower milk fat (p= 0.10) was found. According to Van Straalen and Tas
(2010) half of the milk fat originates in acetic and butyric acid, which
are produced mainly in the rumen and to a minor extent during hindgut
fermentation. The cows on the CS-based diet were fed a diet with lower
crude fiber, aNDFom, and sugar; one can therefore hypothesize that the
absolute production of acetic, butyric acid and/or acetic acid to propi-
onic acid ratio is lower, which may result in lower milk fat production
(Bannink et al., 2006; Maxin et al., 2011). Several papers, when
reviewing options for enteric CH4 mitigation, state that (partial)
replacement of GS with CS is a promising nutritional strategy to reduce
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CH4 emissions (Beauchemin et al., 2008; Grainger and Beauchemin,
2011; Hristov et al., 2013). This is due to the starch content in corn
silage, which favors rumen propionate at the expense of acetate pro-
duction, resulting in lower CH4 (Grainger and Beauchemin, 2011).
Changes in milk fat content in our trial suggest reduced acetic acid
production in the CS-based diet, but this was not reflected in CHy4
emissions. Van Gastelen et al. (2015) noted that a critical starch con-
centration is needed to reduce CHy4, as they found a quadratic decrease
with increased corn silage. Unlike van Gastelen et al. (2015), the present
trial replicated practical diets by adjusting the type and amount of
concentrates based on the net energy and protein needs of the cow based
on milk production and milk composition. Livingstone et al. (2015) also
adjusted the contrasting diets to be isonitrogenous and to have a similar
NDF and starch content. No differences in CH4 production, yield, and
intensity were found between their CS-based diet and their GS-based
diet. In our experiment, NDF and starch intake differed significantly,
but DMI and NEL intake were similar between diets, with no observed
differences in CHy4 production, yield, or intensity (Table 2). Hammond
et al. (2015) suggested that the source of NDF and starch can affect the
rates of fermentation in the rumen and consequently affect CH4 emis-
sions, which can be related to inconsistent effects of the comparisons
between GS and CS-based diets. Similar to van Gastelen et al. (2015), in
both of our present experiments, feed intake was restricted (90 % of DMI
in the tie stable) during the cows’ stay in the OCC to avoid large indi-
vidual differences in CH4 and MY due to fluctuations in DMI. If ad
libitum intake of roughages would have been possible in the OCC, the
results could have been different because DMI is expected to be higher
with corn silage (O’Mara et al., 1998; Grainger and Beauchemin, 2011;
Hammond et al., 2015).

4.2. EL supplementation

In this study, as EL was added to different practical diets in two
separate experiments, no direct comparisons between the two diets can
be made. In general, it is known that dietary fats can have detrimental
effects on DMI when supplemented in high amounts. However, these
effects are heterogeneous and depend on the source, form, fatty acid
composition, and amount of fat added to the total diet (Jenkins, 1993). A
general threshold of 6 % fat content in the diet has been identified,
below which no adverse effects on DMI are observed in lactating dairy
cows (Livingstone et al., 2015; Martin et al., 2016) or growing dairy
heifers (Hammond et al., 2015). Similarly, Meignan et al. (2017) showed
that fat derived from EL could be added up to 2.9 % of the diet without
negatively affecting DMI. The increased fat content of the TRT in both
EXP2 and EXP3 (Table 1) remained well below both thresholds, thus no
negative effects were expected. The interaction between Group and
Period observed in EXP3 may not indicate a detrimental effect of EL on
DMI, but might be related to the rather low DMI of the REF animals
during the pre-treatment period. A meta-analysis showed an overall
increase of 0.72 kg milk for each increase of 0.5 % in total fat content
derived from EL (Meignan et al., 2017). In the present study, fat intake
increased from 3.0 % up to 4.3 % and from 2.9 % up to 4.6 % in EXP2
and EXP3 respectively, albeit without a significant increase in milk
yield. Both diets were formulated to be isoenergetic with decreasing
starch content and increasing fat content, resulting in a shift from glu-
cogenic to lipogenic energy. In isoenergetic diets, shifts such as these
mainly affect milk composition rather than milk yield (van Knegsel
et al., 2007). A decrease in protein content was only observed when EL
was added to the GS diet. One proposed explanation for the reduction in
protein content following dietary fat supplementation is a decreased
availability of glucose precursors, as suggested by Wu and Huber (1994).
This effect was probably only observed in the GS diet due to its inher-
ently lower absolute starch amount and the greater reduction in starch
after EL supplementation, which together may have limited the supply
of glucose precursors required for milk protein synthesis. However, total
protein yield (g day™*) was not significantly influenced by the addition of
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EL. Only Period showed an effect (P< 0.05, data not presented), with a
decrease in both groups (REF and TRT) in the treatment period
compared to the pre-treatment period. A dilution effect of the protein
content can therefore be assumed (Meignan et al., 2017). Neither EL
experiment showed an effect on milk fat content under EL addition.
Literature shows heterogeneous results. Our results are in agreement
with some authors (Livingstone et al., 2015; Martin et al., 2016), while
others found a contrasting decrease in milk fat content (Fuentes et al.,
2008; Hurtaud et al., 2010). Given the knowledge that polyunsaturated
fatty acids are precursors to induce milk fat depression, diets in the
present study contained probably enough fiber to counteract this
negative side effect (Bauman and Griinari, 2003). Due to a lower DMI of
both the REF and the TRT cows fed on the CS diet in the treatment
period, the OEB decreased. In contrast, the addition of EL led to an
increased OEB which in turn increased the MUN. This is due to a positive
OEB, which increases the ammonia production in the rumen. The excess
is absorbed through the rumen wall and is converted in the liver to urea
that in turn perfuses all bodily fluids, including milk (Tamminga, 2006).

Unlike carbohydrates, lipids are not fermented in the rumen
(Jenkins, 1993). Substituting carbohydrates by lipids is thus expected to
reduce CH4 production. However, the present study only revealed a
trend toward reduced CH4 production and yield when the CS-based diet
was supplemented with EL. Hammond et al. (2015) found no significant
reduction in CH4 production and CH4 yield when EL was added to
CS-based and GS-based diets in two experiments with dairy heifers. In
their experiments, the oil content increased from 3.61 % to 4.93 % and
from 4.15 % to 5.46 % for CS and GS diets in the EXP1 and from 3.56 %
to 4.48 % and from 3.68 % to 5.53 % for CS and GS diets in the EXP2.
Livingstone et al. (2015) found the same lack of an effect when adding
EL to a CS and a GS diet, resulting in an increase in total FA content ( %)
from 2.19 % to 3.13 % and from 2.18 % to 2.86 % for the CS and GS diet,
respectively. Both studies assumed that a too-low increase in fat content
explained the lack of effect on CH4 emissions (Hammond et al., 2015;
Livingstone et al., 2015). In contrast, the dose-response study of Martin
etal. (2016) showed in both a hay-based and a CS-based diet a reduction
in CH4 production (—15 % and —6 %) and CH4 yield (—7 % and —4 %)
starting at the lowest dose of EL (from 2.3 % to 4.1 % increase in total FA
in the diet). In our study, the fat content increased from 3.0 % to 4.3 %
and from 2.9 % to 4.6 % in EXP2 and EXP3, respectively, which ac-
cording to Martin et al. (2016) should have been sufficient to reduce the
CH4 production. When EL was added to the CS diet, CH4 production and
CH,4 yield tended toward a reduction of the same magnitude (9 %). This
indicates that CH4 emissions are reduced by other mechanisms than a
lower DML. EL supplementation led to a reduction in FOM of the diet, as
a part of the carbohydrates (mainly starch) was replaced by fat. In an
attempt to balance the net energy of the REF and TRT diet in EXP2 and 3,
the FOM difference between the reference and the treatment diet was
considerably smaller in EXP 3 (—2.7 % change in FOM content between
TRT vs REF) than in EXP2 (—5.4 % change in FOM content between TRT
vs REF). This could partly explain the presence and absence of a trend
toward an effect of EL in EXP2 and EXP3, respectively. In our experi-
ments, the supplementation of the same amount of EL in the CS-based
diet only led to a trend toward a significant decrease in CH4 produc-
tion and yield. Similar results were found by Chung et al. (2011) where
ground linseed led to a reduction (—36 % and —33 %) in CH4 production
(—36 %) and CH,4 yield (—33 %) in a barley silage-based diet. When the
same amount was added to a hay-based diet, no reduction was found as
the depressive effects (e.g., lower protozoal number, impaired ruminal
fermentation, digestibility) were less prominent. When FA derived from
linseed oil were added either to a CS diet or a red clover silage-based
diet, both resulted in a reduction in enteric CH4 emissions (—9 % and
—26 %, respectively). However, the addition of FA led to reductions in
DM, digestibility, protozoal count, acetate to propionate ratio, and milk
production but only in the CS diet (Benchaar et al., 2015). Overall, a
larger CHy-suppressing effect of FA can be observed in diets that are
higher in starch content (Patra, 2013). Numerically, the intake of starch
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in EXP2 was higher (233 and 225 g kg DM in the pre-treatment period
and 220 and 200 g kg DM! in the treatment period for the REF and TRT
animals, respectively) compared to the intake in EXP3 (163 and 166 kg
day™? in the pre-treatment period and 159 and 122 kg day™ in the
treatment period for the REF and TRT animals, respectively). However,
in the present study statistical comparisons cannot be made between
these experiments. More research is needed to gain more insight into this
interaction.

5. Conclusions

The present study revealed no effect of partial replacement of GS
with CS in accordance with optimized diets used in agricultural practice
on enteric CH4 emissions, milk production and milk protein content.
Only milk fat content was decreased because of the increased levels of
starch and decreased levels of crude fiber. Use of an EL product to in-
crease the dietary fat amount to 4.2 % resulted in a trend toward a
reduction in CHy yield of 9 % in the CS diet but not in the GS diet. The
addition of EL had no effect on animal production in either diet. The
results of this study suggest an interactive effect between the mitigating
potential of EL and the composition of the basal diet. However, further
experiments with a larger number of animals are needed to confirm this,
as well as more mechanistic research to better understand the interac-
tion with the diet composition. To conclude, mitigation strategies (e.g.,
increasing dietary starch and supplementing with sources of unsaturated
fatty acids such as extruded linseed) may fail to meet their theoretical
potential when diets are optimized according to practical guidelines for
formulating rations for high-producing dairy cows.

Funding

This research was funded by the government agency Flanders
Innovation and Entrepreneurship (VLAIO, former IWT - Belgium;
LA135081) and co-financed by a consortium of companies, including
Arvesta NV (Belgium). Joni Van Mullem is a SB PhD fellow at Fonds voor
Wetenschappelijk Onderzoek-Vlaanderen (FWO, Research Foundation,
Flanders), under project number 1SC6324N.

Declaration of generative Al and Al-assisted technologies in the
writing process

During the preparation of this work, the author(s) used ChatGPT in
the writing process to improve readability. After using this tool/service,
the author(s) reviewed and edited the content as needed and take(s) full
responsibility for the content of the publication.

CRediT authorship contribution statement

J. Van Mullem: Writing — review & editing, Writing — original draft.
D. Van Wesemael: Writing — original draft, Project administration,
Investigation, Formal analysis. B. Ampe: Writing — review & editing,
Formal analysis. V. Fievez: Writing — review & editing, Supervision. L.
Vandaele: Writing — review & editing, Supervision, Methodology,
Conceptualization. N. Peiren: Writing — review & editing, Supervision,
Funding acquisition, Conceptualization.

Declaration of competing interest

This research was performed by J. Van Mullem (ILVO/Ghent uni-
versity), Dr. D. Van Wesemael (ILVO), Dr. B. Ampe (ILVO), Prof. Dr. V.
Fievez (Ghent university), Dr. L. Vandaele (ILVO), and Dr. N. Peiren
(ILVO). With the submission of this manuscript, the authors affirm that
the content of this manuscript has not been published elsewhere,
accepted for publication elsewhere or under editorial review for publi-
cation elsewhere; and that the representatives of the Institutes ILVO and
Ghent University are fully aware of this submission. We have no



J. Van Mullem et al.

conflicts of interest to disclose.
Acknowledgements

Thanks to the staff of the ILVO dairy farm: the animal caretakers and
milkers, the feed mill staff and the farm managers. Special thanks go to
Stefan Meirlaen, Michaél De Guchtenaere, Sara Van Lembergen, Jorne
Brouckaert, Thijs De Mulder, Karen Goossens, Pieter Deckers and Eli-
sabeth Vandekerckhove for all their practical help during and after the
experiments. We also thank the ILVO ANIMALAB for all feed and milk
analyses and we acknowledge Miriam Levenson (ILVO) for English-
language editing.

References

Ariza, J.M., Meignan, T., Madouasse, A., et al., 2019. Effects on milk quantity and
composition associated with extruded linseed supplementation to dairy cow diets.
Sci. Rep. 9, 17563. https://doi.org/10.1038/541598-019-54193-z.

Bannink, A., Kogut, J., Dijkstra, J., France, J., Kebreab, E., Van Vuuren, A.M.,
Tamminga, S., 2006. Estimation of the stoichiometry of volatile fatty acid production
in the rumen of lactating cows. J. Theor. Biol. 238 (1), 36-51. https://doi.org/
10.1016/j.jtbi.2005.05.026.

Bauman, D.E., Griinari, J.M., 2003. Nutritional regulation of milk fat synthesis. Annu.
Rev. Nutr. 23, 203-227. https://doi.org/10.1146/annurev.nutr.23.011702.073408.

Beauchemin, K., MO, K., O'Mara, F., Mcallister, T., 2008. Nutritional management for
enteric methane abatement: a review. Austral. J. Experimen. Agricult. - AUST J EXP
AGR 48. https://doi.org/10.1071/EA07199.

Benchaar, C., Hassanat, F., Martineau, R., Gervais, R., 2015. Linseed oil supplementation
to dairy cows fed diets based on red clover silage or corn silage: effects on methane
production, rumen fermentation, nutrient digestibility, N balance, and milk
production. J. Dairy. Sci. 98 (11), 7993-8008. https://doi.org/10.3168/jds.2015-
9398.

Boever, J., Cottyn, B.G., Brabander, D.L., Vanacker, J.M., Boucqué, Ch.V., 1999.
Equations to predict digestibility and energy value of grass silages, maize silages,
grass hays, compound feeds and raw materials for cattle. Nutr. Abstr. Rev. 69,
835-850.

Brask, M., Lund, P., Hellwing, A.L.F., Poulsen, M., Weisbjerg, M.R., 2013. Enteric
methane production, digestibility and rumen fermentation in dairy cows fed
different forages with and without rapeseed fat supplementation. Anim. Feed. Sci.
Technol. 184 (1), 67-79. https://doi.org/10.1016/].anifeedsci.2013.06.006.

Chase, L., 2007. Can we feed less starch to our cows?. In: Proc. Cornell Nutr. Conf. for
Feed Manufac., Syracuse, NY.

Chung, Y.-H., He, M.L., McGinn, S.M., McAllister, T.A., Beauchemin, K.A., 2011. Linseed
suppresses enteric methane emissions from cattle fed barley silage, but not from
those fed grass hay. Anim. Feed. Sci. Technol. 166-167, 321-329. https://doi.org/
10.1016/j.anifeedsci.2011.04.022.

De Boever, J.L., Cottyn, B.G., Andries, J.I., Buysse, F.X., Vanacker, J.M., 1988. The use of
a cellulase technique to predict digestibility, metabolizable and net energy of
forages. Anim. Feed. Sci. Technol. 19 (3), 247-260. https://doi.org/10.1016/0377-
8401(88)90088-0.

De Campeneere, S., Peiren, N., 2014. Technical Manual on Respiration Chamber Designs.
Chapter 3: ILVO’s Ruminant Respiration Facility. Ministery of Agriculture and
Forestry, Melle, Belgium.

Doreau, M., Ferlay, A., Rochette, Y., Martin, C., 2014. Effects of dehydrated lucerne and
soya bean meal on milk production and composition, nutrient digestion, and
methane and nitrogen losses in dairy cows receiving two different forages. Animal 8
(3), 420-430. https://doi.org/10.1017/51751731113002206.

Dulphy, J.P., Demarquilly, C., 1981. Correction de la teneur en matiere seche des
ensilages. In: Andrieu, J., Demarquilly, C. (Eds.), Prévision Dela Valeur Nutritive Des
Aliments des Ruminants. INRA publications, pp. 91-96.

EC, 1971a. Determination of moisture. Offic. J. Euro. Commun. 279, 3-5. L.

EC, 1971b. Determination of Sugar. Offic. J. Euro. Commun. L155, 17-20.

EC. (1992). Determination of crude fibre.

Ellis, J.L., Dijkstra, J., Kebreab, E., Bannink, A., Odongo, N.E., McBRIDE, B.W.,

France, J., 2008. Aspects of rumen microbiology central to mechanistic modelling of
methane production in cattle. J. Agric. Sci. 146 (2), 213-233. https://doi.org/
10.1017/50021859608007752.

Fuentes, M.C., Calsamiglia, S., Sanchez, C., Gonzdlez, A., Newbold, J.R., Santos, J.E.P.,
Rodriguez-Alcala, L.M., Fontecha, J., 2008. Effect of extruded linseed on productive
and reproductive performance of lactating dairy cows. Livest. Sci. 113 (2), 144-154.
https://doi.org/10.1016/j.livsci.2007.03.005.

Gawehn, K. (n.d.). Determination of lactic acid. In H. U. Burgmeyer (Ed.), Methods of
Engymatic Analysis: Vol. VI. Verlag Chemie.

Grainger, C., Beauchemin, K.A., 2011. Can enteric methane emissions from ruminants be
lowered without lowering their production? Anim. Feed. Sci. Technol. 166-167,
308-320. https://doi.org/10.1016/j.anifeedsci.2011.04.021.

Hammond, K.J., Humphries, D.J., Crompton, L.A., Kirton, P., Reynolds, C.K., 2015.
Effects of forage source and extruded linseed supplementation on methane emissions
from growing dairy cattle of differing body weights. J. Dairy. Sci. 98 (11),
8066-8077. https://doi.org/10.3168/jds.2015-9669.

Hassanat, F., Benchaar, C., 2021. Corn silage-based diet supplemented with increasing
amounts of linseed oil: Effects on methane production, rumen fermentation, nutrient

Livestock Science 300 (2025) 105783

digestibility, nitrogen utilization, and milk production of dairy cows. J. Dairy Sci.
104 (5), 5375-5390. https://doi.org/10.3168/jds.2020-18853.

Hristov, A.N., Oh, J., Firkins, J.L., Dijkstra, J., Kebreab, E., Waghorn, G., Makkar, H.P.S.,
Adesogan, A.T., Yang, W., Lee, C., Gerber, P.J., Henderson, B., Tricarico, J.M., 2013.
SPECIAL TOPICS — Mitigation of methane and nitrous oxide emissions from animal
operations: I. A review of enteric methane mitigation options1. J. Anim. Sci. 91 (11),
5045-5069. https://doi.org/10.2527/jas.2013-6583.

Hurtaud, C., Faucon, F., Couvreur, S., Peyraud, J.-L., 2010. Linear relationship between
increasing amounts of extruded linseed in dairy cow diet and milk fatty acid
composition and butter properties. J. Dairy. Sci. 93 (4), 1429-1443. https://doi.org/
10.3168/jds.2009-2839.

Intergovernmental Panel on Climate Change, 2021. Climate Change 2021: The Physical
Science Basis. https://report.ipcc.ch/ar6/wgl/IPCC_AR6_WGI FullReport.pdf.

1SO: 6492, 1992. Animal Feeding Stuffs—Determination of Fat Content. ISO.
https://www.iso.org/standard/12865.html.

1S0:5983-2, 2005. Animal Feeding Stuffs—Determination of Nitrogen Content and
Calculation of Crude Protein Content—Part 2: BlockDigestion/Steam Distillation
Method, Stan-dard 5983-2. International Standards Organization, Geneva,
Switzerland, p. 14.

ISO:5984, 2002. Animal Feeding Stuffs—Determination of Crude Ash, Standard 5984.
International Standards Organization, Geneva, Switzerland, p. 6.

Jenkins, T.C., 1993. Lipid Metabolism in the Rumen. J. Dairy. Sci. 76 (12), 3851-3863.
https://doi.org/10.3168/jds.S0022-0302(93)77727-9.

Johnson, K.A., Johnson, D.E., 1995. Methane emissions from cattle. J. Anim. Sci. 73 (8),
2483-2492. https://doi.org/10.2527/1995.7382483x.

Jouany, J.-P., 1981. Dosage des acides gras volatils et des alcools dans les ensilages par
chromatographie en phase gazeuse. Bull. Tech. C.R.Z.V 63-66.

Knapp, J.R., Laur, G.L., Vadas, P.A., Weiss, W.P., Tricarico, J.M., 2014. Invited review:
enteric methane in dairy cattle production: quantifying the opportunities and impact
of reducing emissions. J. Dairy. Sci. 97 (6), 3231-3261. https://doi.org/10.3168/
jds.2013-7234.

Livingstone, K.M., Humphries, D.J., Kirton, P., Kliem, K.E., Givens, D.I., Reynolds, C.K.,
2015. Effects of forage type and extruded linseed supplementation on methane
production and milk fatty acid composition of lactating dairy cows. J. Dairy. Sci. 98
(6), 4000-4011. https://doi.org/10.3168/jds.2014-8987.

Martin, C., Ferlay, A., Mosoni, P., Rochette, Y., Chilliard, Y., Doreau, M., 2016.
Increasing linseed supply in dairy cow diets based on hay or corn silage: effect on
enteric methane emission, rumen microbial fermentation, and digestion. J. Dairy.
Sci. 99 (5), 3445-3456. https://doi.org/10.3168/jds.2015-10110.

Martin, C., Morgavi, D.P., Doreau, M., 2010. Methane mitigation in ruminants: from
microbe to the farm scale. Anim.: Int. J. Anim. Biosci. 4 (3), 351-365. https://doi.
0rg/10.1017/581751731109990620.

Maxin, G., Rulquin, H., Glasser, F., 2011. Response of milk fat concentration and yield to
nutrient supply in dairy cows. Animal 5 (8), 1299-1310. https://doi.org/10.1017/
$1751731111000206.

Meignan, T., Lechartier, C., Chesneau, G., Bareille, N., 2017. Effects of feeding extruded
linseed on production performance and milk fatty acid profile in dairy cows: a meta-
analysis. J. Dairy. Sci. 100 (6), 4394-4408. https://doi.org/10.3168/jds.2016-
11850.

Mustafa, A.F., McKinnon, J.J., Christensen, D.A., He, T., 2002. Effects of micronization of
flaxseed on nutrient disappearance in the gastrointestinal tract of steers. Anim. Feed.
Sci. Technol. 95 (3), 123-132. https://doi.org/10.1016/50377-8401(01)00337-6.

Moss, A.R., Jouany, J., Newbold, J., 2000. Methane production by ruminants: its
contribution to global warming. Ann. Zootech. 49 (3), 231-253. https://doi.org/
10.1051/animres:2000119.

NEN, 1974. Onderzoekingsmethodenvoor Veevoeders. Bepaling van HetGehalte aan
Zetmeel m.b.v.Enzymatische Hydrolyse Standard 3574. The Nether-lands,
Nederlandse Norm, Delft, p. 4.

Noll, F. (1966). Methode zur quantitativenBestimmung van L(+)-Lactat mittelsLactat-
Dehydrogenase und Glutamat-Pyruvat-Transaminase. 346, 41-49.

Olijhoek, D.W., Mogensen, L., Lund, P., Nielsen, N.I., Weisbjerg, M.R., Bgrsting, C.F.,
Kristensen, T., 2025. Perspectives on the effectiveness of applicable nutritional
strategies to mitigate enteric methane over different intensive dairy production
system characteristics. Livest. Sci. 294, 105666. https://doi.org/10.1016/j.
livsci.2025.105666.

O’Mara, F.P., Fitzgerald, J.J., Murphy, J.J., Rath, M., 1998. The effect on milk
production of replacing grass silage with maize silage in the diet of dairy cows.
Livest. Prod. Sci. 55 (1), 79-87. https://doi.org/10.1016/50301-6226(98)00115-8.

Patra, A.K., 2013. The effect of dietary fats on methane emissions, and its other effects on
digestibility, rumen fermentation and lactation performance in cattle: a meta-
analysis. Livest. Sci. 155 (2), 244-254. https://doi.org/10.1016/j.
livsci.2013.05.023.

Pereira, A.M., de, Lurdes, Nunes Enes Dapkevicius, M., Borba, A.E.S., 2022. Alternative
pathways for hydrogen sink originated from the ruminal fermentation of
carbohydrates: which microorganisms are involved in lowering methane emission?
Anim. Microbiome 4 (1), 5. https://doi.org/10.1186/542523-021-00153-w.

Petit, H.V., 2010. Review: feed intake, milk production and milk composition of dairy
cows fed flaxseed. Can. J. Anim. Sci. 90 (2), 115-127. https://doi.org/10.4141/
CJAS09040.

Subnel, A.P.J., Meijer, R.G.M., Van Straalen, W.M., Tamminga, S., 1994. Efficiency of
milk protein production in the DVE protein evaluation system. Livest. Prod. Sci. 40
(3), 215-224. https://doi.org/10.1016/0301-6226(94)90089-2.

Tamminga, S., 2006. The effect of the supply of rumen degradable protein and
metabolisable protein on negative energy balance and fertility in dairy cows. Anim.
Reprod. Sci. 96 (3), 227-239. https://doi.org/10.1016/j.anireprosci.2006.08.003.


https://doi.org/10.1038/s41598-019-54193-z
https://doi.org/10.1016/j.jtbi.2005.05.026
https://doi.org/10.1016/j.jtbi.2005.05.026
https://doi.org/10.1146/annurev.nutr.23.011702.073408
https://doi.org/10.1071/EA07199
https://doi.org/10.3168/jds.2015-9398
https://doi.org/10.3168/jds.2015-9398
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0004
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0004
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0004
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0004
https://doi.org/10.1016/j.anifeedsci.2013.06.006
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0006
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0006
https://doi.org/10.1016/j.anifeedsci.2011.04.022
https://doi.org/10.1016/j.anifeedsci.2011.04.022
https://doi.org/10.1016/0377-8401(88)90088-0
https://doi.org/10.1016/0377-8401(88)90088-0
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0009
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0009
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0009
https://doi.org/10.1017/S1751731113002206
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0011
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0011
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0011
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0012
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0013
https://doi.org/10.1017/S0021859608007752
https://doi.org/10.1017/S0021859608007752
https://doi.org/10.1016/j.livsci.2007.03.005
https://doi.org/10.1016/j.anifeedsci.2011.04.021
https://doi.org/10.3168/jds.2015-9669
https://doi.org/10.3168/jds.2020-18853
https://doi.org/10.2527/jas.2013-6583
https://doi.org/10.3168/jds.2009-2839
https://doi.org/10.3168/jds.2009-2839
https://report.ipcc.ch/ar6/wg1/IPCC_AR6_WGI_FullReport.pdf
https://www.iso.org/standard/12865.html
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0024
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0024
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0024
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0024
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0025
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0025
https://doi.org/10.3168/jds.S0022-0302(93)77727-9
https://doi.org/10.2527/1995.7382483x
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0028
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0028
https://doi.org/10.3168/jds.2013-7234
https://doi.org/10.3168/jds.2013-7234
https://doi.org/10.3168/jds.2014-8987
https://doi.org/10.3168/jds.2015-10110
https://doi.org/10.1017/S1751731109990620
https://doi.org/10.1017/S1751731109990620
https://doi.org/10.1017/S1751731111000206
https://doi.org/10.1017/S1751731111000206
https://doi.org/10.3168/jds.2016-11850
https://doi.org/10.3168/jds.2016-11850
https://doi.org/10.1016/S0377-8401(01)00337-6
https://doi.org/10.1051/animres:2000119
https://doi.org/10.1051/animres:2000119
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0036
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0036
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0036
https://doi.org/10.1016/j.livsci.2025.105666
https://doi.org/10.1016/j.livsci.2025.105666
https://doi.org/10.1016/S0301-6226(98)00115-8
https://doi.org/10.1016/j.livsci.2013.05.023
https://doi.org/10.1016/j.livsci.2013.05.023
https://doi.org/10.1186/s42523-021-00153-w
https://doi.org/10.4141/CJAS09040
https://doi.org/10.4141/CJAS09040
https://doi.org/10.1016/0301-6226(94)90089-2
https://doi.org/10.1016/j.anireprosci.2006.08.003

J. Van Mullem et al.

Tamminga, S., Van Straalen, W.M., Subnel, A.P.J., Meijer, R.G.M., Steg, A., Wever, C.J.
G., Blok, M.C., 1994. The Dutch protein evaluation system: the DVE/OEB-system.
Livest. Prod. Sci. 40 (2), 139-155. https://doi.org/10.1016/0301-6226(94)90043-4.

UNFCCC, 2015. The Paris Agreement—Publication. https://unfccc.int/documen
ts/184656.

van Gastelen, S., Antunes-Fernandes, E.C., Hettinga, K.A., Klop, G., Alferink, S.J.J.,
Hendriks, W.H., Dijkstra, J., 2015. Enteric methane production, rumen volatile fatty
acid concentrations, and milk fatty acid composition in lactating Holstein-Friesian
cows fed grass silage- or corn silage-based diets. J. Dairy. Sci. 98 (3), 1915-1927.
https://doi.org/10.3168/jds.2014-8552.

van Gastelen, S., van Dooren, H.J., Bannink, A., 2023. Enteric and manure emissions
from Holstein-Friesian dairy cattle fed grass silage-based or corn silage-based diets.
J. Dairy Sci. 106 (9), 6094-6113. https://doi.org/10.3168/jds.2022-22378.

van Knegsel, A.T.M., van den Brand, H., Dijkstra, J., van Straalen, W.M., Jorritsma, R.,
Tamminga, S., Kemp, B., 2007. Effect of Glucogenic vs. Lipogenic diets on energy

Livestock Science 300 (2025) 105783

balance, blood metabolites, and reproduction in primiparous and multiparous dairy
cows in early lactation. J. Dairy. Sci. 90 (7), 3397-3409. https://doi.org/10.3168/
jds.2006-837.

Van Soest, P.J., Robertson, J.B., Lewis, B.A., 1991. Methods for dietary fiber, neutral
detergent fiber, and nonstarch polysaccharides in relation to animal nutrition.

J. Dairy. Sci. 74 (10), 3583-3597. https://doi.org/10.3168/jds.50022-0302(91)
78551-2.

Van Straalen, W.M., Tas, B.M., 2010. Principles and application of glucogenic nutrient
feed evaluation for ruminants. Dynamics in Animal Nutrition. Wageningen
Academic Publishers, pp. 147-160.

Wu, Z., Huber, J.T., 1994. Relationship between dietary fat supplementation and milk
protein concentration in lactating cows: a review. Livest. Prod. Sci. 39 (2), 141-155.
https://doi.org/10.1016/0301-6226(94)90180-5.


https://doi.org/10.1016/0301-6226(94)90043-4
https://unfccc.int/documents/184656
https://unfccc.int/documents/184656
https://doi.org/10.3168/jds.2014-8552
https://doi.org/10.3168/jds.2022-22378
https://doi.org/10.3168/jds.2006-837
https://doi.org/10.3168/jds.2006-837
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
https://doi.org/10.3168/jds.S0022-0302(91)78551-2
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0049
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0049
http://refhub.elsevier.com/S1871-1413(25)00144-1/sbref0049
https://doi.org/10.1016/0301-6226(94)90180-5

	Methane mitigation in practically applicable dairy diets: Impact of diet composition and extruded linseed
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Animals and housing
	2.3 Diets and treatments
	2.4 Measurements and analysis
	2.5 Statistical analyses

	3 Results
	3.1 Change from a GS-based diet to a CS-based diet
	3.2 EL supplementation in a CS-based diet (EXP2)
	3.3 EL supplementation in a GS-based diet (EXP3)

	4 Discussion
	4.1 The change from a GS-based diet to a CS-based diet
	4.2 EL supplementation

	5 Conclusions
	Funding
	Declaration of generative AI and AI-assisted technologies in the writing process
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


