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ABSTRACT

Ruminants have the ability to utilize forages to pro-
duce high-quality products for human consumption.
However, feeding high-forage diets can increase enteric
methane (CH,) production. Therefore, this study exam-
ined the viability of using a high-ether extract concen-
trate as a compensatory strategy to mitigate elevated
CH, production, while assessing effects on performance,
digestibility, energy utilization, and ruminal and fecal
microbiota. Four multiparous Nordic Red dairy cows in
early lactation (averaging 61 = 16.4 DIM) were randomly
assigned to a 4 x 4 Latin square design in a 2 x 2 factorial
arrangement of dietary treatments. There were four 21-d
experimental periods, each consisting of a 16-d adapta-
tion and a 5-d sampling period in metabolic chambers.
The diets comprised TMR based on grass silage with a
forage-to-concentrate (FC) ratio of 70:30 (high-forage;
HF) or 50:50 (low-forage; LF) mixed with either a low-
ether extract concentrate (LEE) containing rapeseed
meal and barley or a high-ether extract concentrate
(HEE) containing rapeseed cake and oats. Ether extract
concentrations were 36, 48, 32, and 53 g/kg of DM for
HF-LEE, HF-HEE, LF-LEE, and LF-HEE, respectively.
The DMI was 3.2 kg/d lower in cows fed HF compared
with LF diets, with no effect of concentrate type. Digest-
ibility of NDF and OM was significantly lower in the
LF-HEE diet compared with the other diets. Addition-
ally, HF diets reduced milk yield, which further declined
with HEE supplementation. The LF and HF diets had
similar daily CH,4 production (grams/day), and CH, yield
(grams/kilogram of DMI) was greater for HF compared
with LF diets. Ether extract supplementation was more
effective in reducing CH, yield in the HF than the LF
diet (7.1 vs. 4.2 g CHy/kg of DMI per each kilogram
added ether extract). Methane intensity was the lowest
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in the LF-HEE diet; however, HF-HEE diet reduced CH,
intensity (grams/kilogram of ECM) by 5.5% compared
with HF-LEE, matching that observed with LF-LEE diet.
Significant changes in rumen bacterial, archaeal, and
fungal abundances were induced by the dietary FC ratio,
and rumen protozoa and fecal fungi abundances were
affected more by concentrate type. In conclusion, incor-
porating HEE in an HF diet reduced CH, intensity to lev-
els comparable to those achieved with LEE in LF diets.
These findings suggest that supplementing HF diets with
HEE concentrates could be a practical and cost-effective
strategy for sustainable dairy production.

Key words: dietary manipulation, greenhouse gas,
rapeseed cake, oats, microbiota

INTRODUCTION

Dairy production is a vital component of global food
security due to the ruminants’ ability to convert human-
inedible ingredients such as forages and by-products
into high-quality dairy and meat products for human
consumption. However, ruminants are also significant
contributors to climate change through GHG emissions.
Livestock contribute 14.5% of global anthropogenic
GHG emissions from the agrifood sector (Ripple et al.,
2014), with enteric fermentation accounting for 91%
of the livestock methane (CH,;) emissions (FAOSTAT,
2021). Besides the climatic consequences of enteric CHy
emission, it also represents about a 6.0% + 1.18% loss
in gross energy (GE) intake of dairy cows (Niu et al.,
2018). Reducing CH,, which is a potent, short-lived, and
the second most important anthropogenic GHG, by 34%
could potentially limit global warming to 1.5°C by 2030
(IPCC, 2023). Consequently, there has been growing
research focused on developing abatement strategies to
attain this target (Arndt et al., 2022).

It is well-known that feeding supplementary concen-
trates can boost milk production and lower CH, inten-
sity of dairy production (Arndt et al., 2022). However,
its intensified use may have adverse effect on cow’s
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Table 1. The chemical composition of concentrate ingredients'

Item Barley Oats Rapeseed meal Rapeseed cake®

DM, g/kg 860 860 890 910

Composition in DM (g/kg, unless

otherwise stated)
Ash 29 38 80 80
Cp 115 127 379 370
EE 22 60 44 120
Starch 610 440 45 —
NDF 210 290 270 —
iNDF 37 115 125 —
ME, MJ/kg of DM 13.2 12.1 11.4 13.1
MP 96 92 169 162

'Chemical composition of barley, oats and rapeseed meal extracted from Finnish feed tables (Luke, 2025).
2Cold pressed rapeseed cake with low concentrations of glucosinolates and erucic acid (Alavuden Oljynpuristamo

Oy, Alavus, Finland).
*iINDF = indigestible NDF.

health while also contributing to feed-food competition.
Forage production, on the other hand, contributes to
climate-friendly farming by enhancing carbon seques-
tration, biodiversity, and soil structure (Richter et al.,
2024). Although the use of grass as feedstock in green
biorefinery to provide novel feed and food ingredients is
gaining interest (Gaffey et al., 2023), ruminants are still
the main utilizers of forages. Increasing forage in diets
of dairy cows may improve animal health and promote
cost-effectiveness and sustainability in dairy production,
but it could also lead to higher enteric CH4 production
(Aguerre et al., 2011).

Dietary fats and oils are known for their potential to
reduce enteric CH, production (Boadi et al., 2004; Arndt
et al., 2022) while modifying the rumen microbiome
(Martin et al., 2010). In a study conducted by Bayat et al.
(2017), supplementing sunflower oil (50 g/kg of DM) was
more effective in reducing enteric CH, production with
high- rather than low-forage diets (forage-to-concentrate
[FC] ratio of 65:35 vs. 35:65). In previous studies (Brask
et al., 2013; Bayat et al., 2022), rapeseed cake, a by-
product of the oil industry, was used as a feed ingredient
containing a high amount of residual oil and reduced
enteric CH, production without negative effects on feed
intake. Oats (4Avena sativa) grain is another natural feed
ingredient with relatively high-lipid content (70-90 g/kg
of DM) that can be used in combination with rapeseed
cake to increase the lipid content of the diet (Rdisdnen et
al., 2024). Aside from reducing CH, production, the di-
etary inclusion of plant oils or oilseeds can enhance feed
efficiency and enrich the nutritional value of milk fatty
acids (Bayat et al., 2018). Nevertheless, the feasibility of
this approach will depend on the relative costs associated
with forage and concentrates, as well as profitability in
terms of product prices.

This study aimed to find practical solutions for reduc-
ing enteric CH, production in a high-forage diet through
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natural feed ingredients. The chosen concentrate compo-
nents are readily accessible, making the findings practical
for dairy farms striving for sustainable production. We
hypothesized that high-ether extract concentrates could
offset increased CH,4 production from high-forage diets
in lactating dairy cows. The objective of the study was to
evaluate the effects of lipid inclusion to high-forage diets
on enteric CH, production, animal performance, ruminal
fermentation, nutrient utilization, and ruminal and fecal
microbial populations.

MATERIALS AND METHODS
Cows, Experimental Design, and Diets

The experiment was conducted at the experimental
dairy barn of the Natural Resources Institute Finland
(Luke), Jokioinen (60°49'N, 23°28'E) from January
to April 2022. Animal management and experimental
procedures used in this study received authorization
from the National Project Authorization Board (ESA-
V1/40540/2021; Finland) according to established guide-
lines by the European Community Council Directive
2010/63/EU (European Union, 2010). Four multiparous
Nordic Red lactating dairy cows were randomly selected
for the study. The cows were at (mean = SD) 61 + 16.4
DIM, weighing 663 + 28.9 kg and producing 45.7 + 2.57
kg of milk per day at the beginning of the experiment.
There were 4 experimental periods (21 d each) compris-
ing a 16-d diet adaptation period and a 5-d data and
sample collection period. During the adaptation period,
the cows were loose-housed, while during the collection
period, each cow was housed in a metabolic chamber.

The experimental design was a 4 x 4 Latin square with
2 x 2 factorial arrangements of dietary treatments. The
diets were composed of TMR based on grass silage ac-
commodating 2 dietary factors. The first factor was the
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Table 2. Formulation of dietary concentrates and TMR, and their chemical composition as well as grass silage composition

TMR'
Low forage High forage
Low-EE High-EE
Item Grass silage’ concentrate concentrate Low EE High EE Low EE High EE
Feed ingredient, g/lkg DM
Grass silage — — — 500 500 700 700
Barley grain — 500 — 250 — 150 —
Oats grain — — 500 — 250 — 150
Molasses sugar beet pulp — 220 220 110 110 66 66
Rapeseed meal’® — 250 — 125 — 75 —
Rapeseed cake® — — 250 — 125 — 75
Vitamin and mineral mixture’® — 30 30 15 15 9 9
Composition, g/kg of DM unless
otherwise stated
DM, g/kg as fed 227 875 883 551 555 421 424
OM 938 925 925 931 931 934 934
CP 132 171 171 151 151 144 144
EE 41 24 65 32 53 36 48
Starch NA® 330 265 165 132 99 79
NFC 295 498 428 396 361 356 335
NDF 470 233 262 351 366 399 408
GE, MJ/kg of DM 18.0 18.0 19.0 18.1 18.6 18.1 18.4
ME,” MJ/kg of DM 11.8 12.1 12.0 10.6 10.7 10.0 10.4
MP* 85.6 112 109 98.8 97.3 93.5 92.6

'Total mixed ration consisted of either 50% or 70% forage (low- or high-forage; on a DM basis) supplemented with low- or high-EE concentrates.
’Fermentation quality: pH 3.92; in DM, g/kg: lactic acid, 62; formic acid, 15; acetic acid, 21; propionic acid, 0.5; butyric acid, 0.6; ethanol, 15; water-
soluble carbohydrates, 17; in vitro cellulase OM digestibility 0.785 g/g of OM; in total N, g/kg: soluble N, 499; ammonium-N, 43.

*Solvent extracted rapeseed meal with low concentrations of glucosinolates and erucic acid (Lantménnen Agro Oy, Kouvola, Finland).

“Cold pressed rapeseed cake with low concentrations of glucosinolates and erucic acid (Alavuden Oljynpuristamo Oy, Alavus, Finland).
*Lypsykivenniinen Tiineys+, Hankkija Oy, Hyvinké, Finland; Mineral and vitamin composition: Ca, 210 g/kg; P, 15 g/kg; Na, 95 g/kg; Mg, 90 g/kg;
Zn 5350 mg/kg; Mn 3180 mg/kg; Cu, 810 mg/kg; I, 180 mg/kg; Co, 20 mg/kg; sodium selenite, 20 mg/kg; selenomethionine 10 mg/kg; Vitamin A,
250,000 IU; Vitamin D;, 110,000 IU; Vitamin E, 3000 mg/kg; biotin 30 mg/kg.

°NA = not analyzed.

"Calculated for individual feeds using Finnish feed evaluation system (Luke, 2025) and for diets based on metabolic chamber measurements.
8Calculated for both individual feeds and diets using Finnish feed evaluation system (Luke, 2025).

FC ratio, which was 70:30 (high forage; HF) or 50:50
(low forage; LF) on DM basis. The second factor was
concentrate type (CT) being either a low-ether extract
concentrate (LEE), containing rapeseed meal and bar-
ley, or a high-ether extract concentrate (HEE), contain-
ing rapeseed cake and oats, while other feed ingredients
were kept similar. Dried barley and oat grains were
ground using a roller mill before adding to the concen-
trates. The experimental grass silage was prepared from
primary growth of mixed timothy (Phleum pratense)
and meadow fescue (Festuca pratensis) sward, preci-
sion chopped to ~3 cm, wilted for 2 h, and preserved
in a bunker silo. At harvest, the grass had 202 g/kg of
DM content and was treated with a formic and propionic
acid-based silage additive (AIV Assi, Eastman) applied
at a rate of 5.0 L/t fresh matter.

The control diet (LF-LEE) was formulated based
on Luke (2025) to meet ME and MP requirements of
dairy cows producing 40 kg milk/d. The experimental
TMR was mixed 3 times weekly using a TMR mixer
(Mammut Maschinenbau GmbH) and stored in cool
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temperature (ca. 10°C) until fed. The cows were fed
twice daily at 0700 (1/4 of daily portion) and 1300 h
(3/4 of daily portion) during the adaptation period and
4 times per day (0700, 1300, 1700, and 1900 h; equal
portions) during the sampling period, allowing for
approximately 10% of refusals. The quantity of TMR
provided was adjusted individually for each cow con-
sidering their previous days’ feed intake. The chemical
composition of the concentrate ingredients is presented
in Table 1, and grass silage, concentrate mixtures, and
experimental diets are presented in Table 2.

Data Collection and Sampling

Representative grass silage and concentrate samples
were collected twice weekly during the collection pe-
riod. The silage DM was analyzed using forced-air oven
(105°C, 24 h) twice weekly throughout the experiment
to maintain the FC ratio of the TMR. Feed samples were
stored at —20°C before determining DM concentration
and chemical composition. Feed intake was recorded
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daily by subtracting the amount of feed refusals from the
amount of feed given, but only data from the sampling
period were used for statistical analysis.

Cows were milked twice daily at 0700 and 1645 h. Milk
yields were recorded daily for the entire experimental pe-
riod, but only measurements between d 17 and 21 were
used for statistical analysis. Milk samples were collected
during 6 consecutive milkings from d 18 (evening) to d
21 (morning) of each period. The samples were treated
with a preservative (bronopol broad spectrum microtabs)
and stored at +4°C until infrared analysis of milk fat,
CP, and lactose by Valio Ltd. (Seindjoki, Finland) using
MilkoScan 133B (Foss Electric). The composition of
milk was calculated based on the average of morning and
evening milk yields.

Gas (0O,, CO,, CHy, and H,) exchanges of individual
cows were measured using 4 open-circuit respiratory
chambers (width x length % height: 288 x 396 x 220
cm) over a 4-d period (d 17 to 21). The first day was
designated for the cows to acclimate to the conditions
within the chambers. The cows were tied and restrained
within the chambers by a neck yoke on a dedicated plat-
form (180 x 126 cm) covered with a rubber mat while
having free access to fresh water and a salt block. Gas-
exchange measurements in the respiratory chambers
are described in detail by Bayat et al. (2022). At the
beginning of each measurement, the gas analyzers were
calibrated using standard gases (AGA Ltd.). A carbon
dioxide recovery test was performed on the chambers
after the experiment. A primer gas dose of 114 g of CO,
was released into each chamber when the air blowers
were off to facilitate a faster achievement of steady
state conditions and after that CO, was released at the
rate of 7.5 g/min continuously for at least 75 min when
the blowers were active, and the chambers were mea-
suring the gas exchanges. The gas recovery ratio was
calculated using data collected after CO, concentration
became stable and as a ratio between measured and re-
leased gases multiplied by 100. The CO, recovery was
96.7 £ 3.49% (mean = SD). To eliminate the potential
interference from cow and chamber effects in the sta-
tistical model, each cow was kept in the same chamber
throughout the different periods of the experiment.

Total excretion of feces and urine was collected over
3 consecutive days, beginning on d 18 at 1000 h. The
weight of feces was recorded, and a 5% subsample was
stored at —20°C for subsequent chemical analysis. At
the end of the experiment, the samples were thawed at
room temperature for 1 to 2 d, thoroughly mixed, and a
subsample was taken from each animal from each period
for chemical analysis. Urine was collected using a light-
weight harness and flexible tubing attached to the vulva,
connected to plastic containers containing 600 mL of 5 M
sulfuric acid and they were changed at 12-h intervals. On
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each sampling day, a urine sample of 0.1% was collected
and stored at —20°C for analysis of N and urea concentra-
tion. In addition, a 0.2% subsample was collected and
stored at —20°C to be freeze-dried for analysis of GE.
Precipitations in the urine containers due to interaction
with sulfuric acid were collected, stored at —20°C, and
dried before N determination.

On d 21 of each experimental period, samples of ru-
men liquid (500 mL) were collected at 1000 h via the
esophagus using the Ruminator sampling device (Profs
Products), taking precautions to minimize saliva con-
tamination, to determine rumen-fermentation character-
istics and rumen microbiota composition. Immediately
after collection, rumen pH was measured using a por-
table pH meter (VWR International). A 5-mL subsample
of rumen liquid was mixed with 0.5 mL of saturated
HgCl, and 2.0 mL of 1 M NaOH solutions, chilled on
ice, and stored at —20°C for VFA determination. Imme-
diately after preparation, all subsamples were kept on
ice before storing at —20°C until analysis for VFA pro-
file by procedures described in Huhtanen et al. (1998).
For rumen microbial analysis, rumen liquid samples of
2 mL were snap-frozen in dry ice and stored at —80°C
until DNA extraction. For fecal microbial analysis, fe-
cal samples were collected from the rectum on d 19 at
1000 h of each experimental period. The samples were
placed into mini-grip bags, snap-frozen in dry ice, and
stored at —80°C until DNA extraction.

Chemical Analyses

All analytical procedures for feed, fecal, and urine
samples were performed at the Natural Resources In-
stitute Finland (Luke) laboratory (Jokioinen, Finland),
following routine laboratory methods according to SFS-
EN ISO/IEC 17025:2017 standards, accredited by the
Finnish Accreditation Service (T024, Helsinki, Finland).
The fermentation profile (lactic acid, formic acid, VFA,
ethanol, water-soluble carbohydrates, soluble N, ammo-
nia N, and pH) and in vitro OM digestibility of silages
were analyzed using the following procedures. Lactic
acid concentration was determined according to Haacker
et al. (1983) and formic acid was made according to
instructions of the commercial kit (r-Biopharm, Formic
acid, UV-method, Roche Diagnostics) with a UV-visible
(vis) double-beam UV-1800 spectrophotometer (Shi-
madzu Co.). Determination of VFA was done according
to Huhtanen et al. (1998) using an external standardiza-
tion and HP 6890 gas chromatograph with an automatic
injector HP 7683, FID detector, and GC Chemstation
Rev.C.01.04 (Agilent OpenLab). Ethanol was analyzed
according to manufacturer’s instructions through a spec-
trophotometric method using a commercial kit (Cat. No.
10 176 290 035, Boehringer Mannheim GmbH), and wa-
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ter-soluble carbohydrates were determined using a Shi-
madzu double-beam UV-vis spectrophotometer UV-1800
according to Somogyi (1945). Soluble N was determined
according to the Kjeldahl procedure based on standard
method 984.13 (AOAC International, 2019), and ammo-
nia N was analyzed from water extract of samples ac-
cording to McCullough (1967). In vitro OM digestibility
of silages was measured according to the method pro-
posed by Nousiainen et al. (2003), with results corrected
using an equation provided by Huhtanen et al. (2006).
The DM concentration of feed samples was determined
by drying samples at 55°C for 48 h in a forced-air oven
(AOAC International, 2019), and silage DM concentra-
tion was corrected for volatile compounds losses using
equations by Huida et al. (1986). Secondary DM content
was analyzed by drying at 105°C for 16 h (AOAC Inter-
national, 2019). The concentration of NDF was analyzed
using an ANKOM 220 fiber analyzer (ANKOM Technol-
ogy) with Na,SO; according to Van Soest et al. (1991)
and results were reported without residual ash. Total
N content of feed samples was analyzed by the Dumas
method (AOAC International, 2019) using a Leco 628
CHN-elemental analyzer (Leco Corp.; MI 49085) while
ether extract (EE) was determined based on AOAC Inter-
national standard method 920.39 (AOAC International,
2019) using an automated extraction unit, Soxtec 8000
(Foss). Ash concentration was determined by igniting the
feed samples at 510°C for 16 h in a muffle furnace. Gross
energy in silage, concentrates, feces, and urine samples
wasmeasured using bomb isoperibol calorimetry (C6010
Bomb, IKA-Werke GmbH & Co. KG), calibrated with
benzoic acid (IKA C 723). The starch concentration in
concentrates was determined according to manufactur-
ers’ recommendations in commercial kits: total starch
assay kit K-TSTA/amyloglucosidase/a-amylase method
(Neogen-Megazyme) using a UV-vis double-beam
UV-1800 spectrophotometer (Shimadzu Co.). Urine N
concentration was assessed by the Kjeldahl method us-
ing Cu as the digestion catalyst and a Foss Kjeltec 2400
analyzer unit, and DM concentration was measured as
described for feed samples. Feces were dried at 60°C,
ground through a 1-mm sieve, and analyzed for DM, ash,
N, NDF, and EE (after hydrolysis with 3 M HCI) using
the same procedures as for feed samples.

Microbiota Analyses

Total DNA was extracted from 0.5 mL of rumen liquid
and 220 to 270 mg of feces using the DNeasy Power-
Soil Pro Kit and following the manufacturer’s protocol
with initial cell disruption performed by bead beating at
6m/s x 1 min x 3 times in FastPrep (MP Biomedicals).
Rumen and fecal bacterial community composition was
determined using universal primers 515F and 806R for
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16S rRNA gene (Caporaso et al., 2011). The anaerobic
fungi community was determined using AGF-LSU-EnVs
primers that code the D2 region of the 28S rRNA gene
(Young et al., 2022), and rumen ciliate protozoa were
determined using P-SSU-316F and GIC758R primers
targeting 18S rRNA gene (Ishaq and Wright, 2014). The
sequencing libraries were prepared and sequenced at
Edinburgh Genetics Ltd. (Penicuik, UK) on an Illumina
MiSeq platform. Demultiplexing of sequences was per-
formed by the sequencing provider. Sequence read qual-
ity control, which included filtering, denoising, merging,
and removal of chimeric reads, as well as clustering of
microbiota sequences into amplicon sequence variants
(ASV), was performed using default settings in DADA?2
(Callahan et al., 2016) as implemented in QIIME v. 2
(Bolyen et al., 2019). The ciliate protozoa sequence
data were processed as described by Huuki et al. (2022).
The sequencing processes resulted in a total of 548,841
quality-filtered reads for rumen bacteria, 275,883 rumen
ciliate protozoa, and 134,032 rumen anaerobic fungi, as
well as 487,056 reads for fecal bacteria and 734,320 fecal
anaerobic fungi. The ASV with less than 10 reads in total
or present in only one sample were removed. The Silva
138.1 database (Quast et al., 2013) was used to assign
taxonomy to bacteria, and the RIM-DB database (Seedorf
et al., 2014) was used for archaea. The ciliate protozoa
reference database was obtained from Kittelmann et al.
(2015), and the anaerobic fungi AF_LSU database v1.0
was obtained from the Anaerobic Fungi Network (www
.anaerobicfungi.org), which was developed based on data
previously published by Hanafy et al. (2020). The raw
sequence reads are available in the NCBI Sequence Read
Archive under BioProject PRINA1139040 (https:/www
.ncbi.nlm.nih.gov/sra/?term=PRINA1139040).

Calculations and Statistical Analysis

Energy intake and excretion in feces and urine were
calculated by multiplying DMI or excreted feces and
urine DM contents by their respective GE contents. Ap-
parent total-tract digestibility of each nutrient was cal-
culated as intake minus fecal excretion, divided by the
intake. The ME intake was calculated as energy intake
minus fecal, urinary, and CH, energy, and MP intake was
calculated as N intake minus fecal and urinary N excre-
tions. In addition, the ME of diets was calculated as ME
intake divided by DM intake, and the MP of diets was
calculated using the MP of individual feeds according to
the Finnish feed evaluation system (Luke, 2025). Yield
of ECM was calculated based on the yields of fat, CP, and
lactose (ECM = milk (kg/d) x [38.3 x fat (g/kg) + 24.2
x CP (g/kg) + 16.54 x lactose (g/kg) + 20.7]/3,140) and
energy secretion in milk was estimated by multiplying
ECM by 3.14 MJ/kg (Sjaunja et al., 1990). Heat produc-
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Table 3. Feed and nutrient intakes, and apparent total-tract nutrient digestibility of lactating dairy cows fed low or high-forage diets supplemented

with low- or high-oil concentrates

Low forage High forage P-value®
Item Low EE High EE Low EE High EE SEM?® FC CT FC xCT
DM intake, kg/d
Silage 13.5 14.1 16.9 16.8 0.54 <0.01 0.55 0.49
Concentrates 12.8 13.7 6.9 7.0 0.30 <0.01 0.10 0.18
Total 26.2 27.8 23.8 23.8 0.83 <0.01 0.30 0.34
Nutrient intake, kg/d unless
otherwise stated
oM 24.4 25.9 222 223 0.78 <0.01 0.30 0.35
CP 3.96 4.20 3.41 342 0.124 <0.01 0.30 0.34
NDF 9.3 10.2 9.5 9.8 0.33 0.68 0.084 0.26
EE 0.85° 1.47% 0.86° 1.14° 0.040 <0.01 <0.01 <0.01
Starch 4.22 3.60 2.26 1.88 0.168 <0.01 0.015 0.51
GE, MJ/d 474 516 430 439 15.2 <0.01 0.11 0.25
Digestibility, g/kg unless
otherwise stated
DM 715% 693° 709* 712% 39 0.15 0.036 0.011
OM 735% 711° 727" 728" 3.6 0.25 <0.01 <0.01
CP 633 666 621 656 9.6 0.15 <0.01 0.87
NDF 590° 538° 6317 624° 6.7 <0.01 <0.01 0.007
EE 560 679 547 655 16.1 0.24 <0.01 0.70
GE, kI/MJ 702° 682° 686" 691 4.5 0.45 0.16 0.028

““Treatment means with different letters within a row are significantly different (P < 0.05) based on the LSD test. The comparison was done only

when the FC x CT interaction was significant.

'Total mixed rations consisted of either 500 or 700 g forage/kg of DM (low or high forage, respectively) supplemented with low- or high-EE concen-

trates (24 vs. 65 g EE/kg of DM).

?FC = effects of forage-to-concentrate ratio; CT = effects of concentrate type; FC x CT = interaction between forage-to-concentrate ratio and concen-

trate type.
3SEM for n = 4.

tion of the cows was calculated based on the exchanged
oxygen, carbon dioxide, and CH, gases, and urinary N
excretion was measured in the respiratory chambers us-
ing the equation: heat production (kJ/d) = 16.18 x O,
+5.02 x CO, — 5.99 x urinary N — 2.17 x CHy, where
gas exchanges are expressed as L/d and urinary N as g/d
(Brouwer, 1965). The conversion factor 55.24 kJ/g was
used to calculate methane energy (Kriss, 1930). Energy
balance was calculated by subtracting energy excretion
as feces, urine, CHy, milk, and heat measured in respi-
ratory chambers from the total energy intake. Similarly,
N balance was calculated as the difference between N
intake and its excretion in feces, urine, and milk.

Obtained data were analyzed by ANOVA using the
GLIMMIX procedure of SAS (version 9.4, SAS Institute,
Cary, NC) with a model including period, FC ratio, CT
(i.e., LEE vs. HEE), and interaction of FC ratio and CT
as fixed effects, and cow as a random effect. Normality
testing was done using the Shapiro—Wilk test and het-
erogeneity was explored visually. Treatment effects were
declared significant at P < 0.05 with tendency assumed
at 0.05 < P <0.10 and least squares means were also re-
ported. Pairwise comparisons between treatment means
were performed using the LSD test when the interaction
of FC ratio and CT was significant.
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Rumen and fecal microbiota a diversity were as-
sessed using Shannon and Simpson diversity indexes
as well as richness estimate as implemented in the Mi-
crobiotaProcess R package (Xu et al., 2023). To evalu-
ate diet effects on microbiota community structure,
between-sample diversity was calculated as Bray—Cur-
tis dissimilarities following Hellinger transformation
and visualized using principal coordinate analysis. The
significance of FC ratio, CT, and their interaction was
evaluated by distance-based permutational multivariate
ANOVA (adonis) and defined at the P < 0.05 level after
999 permutations, as implemented in the vegan R pack-
age (Oksanen et al., 2025). Diet effects on individual
microbiota ASV were evaluated using the GLIMMIX
procedure as described above. For this analysis, only
ASV observed at above 0.01% abundance in at least
50% of samples were included. Before the test, the
number of reads was log-base transformed [log,(x + 1)]
and standardized by data centering. For easier interpre-
tation of results, ASV that were significantly affected
by treatments were presented in tables as relative abun-
dances (%) within each microbial category. To explore
the association between the rumen microbiota and ru-
men fermentation and feed digestibility characteristics,
Spearman correlations were calculated. Only ASV
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significantly affected by the treatments were included.
Significance was defined at P < 0.05.

RESULTS
Feed Composition, Intake, and Digestion

The chemical compositions of grass silage, concen-
trates, and experimental diets are presented in Table 2.
The variations in the nutrient composition of experi-
mental diets were influenced by the changing dietary
FC ratio as well as the intrinsically differing concentrate
ingredients (rapeseed meal and barley vs. rapeseed cake
and oats). Rapeseed cake and oats typically contain more
lipids than rapeseed meal and barley, with oats also hav-
ing a higher fiber content than barley. Experimental diets
with the same FC ratio had similar CP concentration, but
as planned, the EE concentration (average 51 vs. 34 g/kg
of DM) was greater for diets with HEE than LEE. Inclu-
sion of HEE resulted in a 65.6% and 33.3% higher EE
concentration than LEE in LF and HF diets, respectively.
Furthermore, starch concentration was lower in the HF
than LF diets (89 vs. 149 g/kg of DM), but an opposite
trend was observed for the NDF concentration (404 vs.
359 g/kg of DM). Diets including HEE had higher NDF
concentration than those with LEE, primarily due to the
replacement of barley with more fibrous oats in HEE.
Conversely, diets with LEE had a higher starch content
than those with HEE due to the greater starch concentra-
tion in barley compared with oats. The HF and LF diets
had comparable GE concentration (18.3 vs. 18.4 MJ/kg
of DM). However, diets with HEE had slightly higher
GE concentration than those with LEE (18.5 vs. 18.1 MJ/
kg of DM) due to the increased EE content. The grass
silage was characterized by a low pH and ammonia N
concentration, indicating good fermentation quality.

Total DMI was lower (11.9%; P < 0.01) for cows on
HF compared with those on LF diets. Similarly, intakes
of OM, CP, starch, and GE were lower (P < 0.01) for the
HF than LF diets (Table 3). Additionally, feeding HEE
led to lower (P = 0.02) starch intake and tended (P =
0.09) to increase NDF intake. Furthermore, EE intake
increased with feeding HEE more profoundly in LF than
HF diets (72.9% vs. 32.6%), with the greatest EE intake
observed in cows fed the LF-HEE diet compared with the
other diets (P < 0.01 for FC x CT interaction). Apparent
total-tract digestibility of DM, OM, NDF, and GE was
affected (P < 0.03) by the interaction between FC ratio
and CT. Supplementing HEE decreased DM, OM, and
NDF digestibility in cows fed LF diets but they were un-
affected when HEE was incorporated in the HF diets (P <
0.011 for FC x CT interaction). Dietary FC ratio did not
affect CP and EE digestibility whereas their digestibility
increased in response to feeding HEE (P < 0.01).
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Milk Production and Milk Composition

An interaction between FC ratio and CT (P <0.01) was
observed for milk yield, where HEE led to a 5.6% de-
crease in yield in HF diets but resulted in a 13.4% increase
in LF diets (Table 4). Feeding HEE increased yields of
ECM and milk lactose by 8.9% and 14.7%, respectively,
in the LF diets without differing when supplemented in
the HF diets (P < 0.01 for FC x CT interaction). Milk fat
yield tended to increase (by 8.7%; P = 0.06 for FC x CT
interaction) when HEE was supplemented only in the LF
and not in HF diets. Furthermore, milk protein yield was
lower (13.5%; P = 0.035 for FC x CT interaction) in the
HF compared with LF diets. Feeding HF diets increased
milk fat concentration by 8.5% but caused a 2.1% de-
crease in milk lactose concentration compared with LF
diets (P <0.026), with CT having no effect. Supplement-
ing with HEE reduced milk protein concentration by
8.2% in LF diets, but not in HF diets (P < 0.01 for FC x
CT interaction). Feeding HEE resulted in a lower feed ef-
ficiency expressed as milk/DMI in the HF diet compared
with the LF diet (P = 0.027 for FC x CT interaction).
In contrast, feed efficiency, expressed as ECM/DMI, and
efficiency of N utilization for milk production were not
affected by either FC ratio or CT (P > 0.16).

Rumen Fermentation and Methane Production

Rumen pH increased due to HEE supplementation in
LF diets, whereas it did not differ in HF diets (P = 0.015
for FC x CT interaction; Table 5). High-EE concentrates
tended to lower (P = 0.06 for FC x CT interaction) total
rumen VFA concentration in the LF diet, but not in the
HF diets. The acetate molar proportion was greater (P <
0.01) in HF compared with the LF diets. Feeding HEE
increased the molar proportion of propionate only when
included in the LF diet but not in HF diets (P = 0.031
for FC x CT interaction). These associations resulted
in a higher (P < 0.01) acetate-to-propionate ratio in HF
compared with LF diets. Butyrate production tended (P
=0.09 for FC x CT interaction) to decrease with supple-
menting HEE in the LF but not in the HF diet.

Daily CH4 production (g/d) declined (P < 0.01) by
6.0% and 8.3% equal to 0.17 and 0.06 g CH,4/g of supple-
mented EE when HF and LF diets were supplemented
with HEE, respectively (Table 6). Methane yield (g/kg
of DMI) and CH,4 conversion factor (as % of GE intake)
were higher (P < 0.01) for cows fed HF compared with
those fed LF, and lower (P < 0.01) in cows fed HEE
compared with LEE. However, when expressed as CH,
yield per kilogram of supplemented EE, HEE reduced
CH, yield by 7.1 g/kg in HF compared with 4.2 g/kg
CH, in LF diets. Feeding HEE lowered CH, intensity,
as expressed in grams/kilogram of milk, by 17.3% for
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Table 4. Milk yield and composition, and feed utilization efficiency of lactating dairy cows fed low or high-forage diets supplemented with low or

high-oil concentrates'

Low forage High forage P-value®
Item Low EE High EE Low EE High EE SEM® FC CT FC x CT
Yield, kg/d
Milk 41.7° 47.3° 39.3¢ 37.1¢ 0.75 <0.01 0.023 <0.01
ECM* 47.2° 51.4° 45.0% 43.6° 1.82 <0.01 0.087 <0.01
Fat 2.07 225 2.03 2.01 0.138 0.019 0.12 0.057
Protein 1.52° 1.58° 1.38° 1.30° 0.026 <0.01 0.77 0.035
Lactose 1.90° 2.18° 1.76° 1.67° 0.040 <0.01 0.021 <0.01
Milk composition, %
Fat 4.96 4.76 5.16 5.39 0.292 0.012 0.89 0.12
Protein 3.64° 3.34° 3.52° 3.51° 0.056 0.49 <0.01 <0.01
Lactose 456 4.61 4.48 4.50 0.075 0.026 0.39 0.62
Total solids 14.2° 13.8° 14.3* 14.5° 0.31 0.017 0.44 0.031
Urea, mg/100mL 13.2 113 9.8 8.9 0.72 <0.01 <0.01 0.17
Feed conversion efficiency
Milk/DMI 1.59% 1.70° 1.65" 1.57° 0.039 0.38 0.74 0.027
ECM/DMI 1.80 1.85 1.89 1.83 0.058 0.48 0.92 0.30
N use efficiency (milk N/N intake) 0.38 0.37 0.40 0.38 0.011 0.16 0.17 0.41

*ITreatment means with different letters within a row are significantly different (P < 0.05) based on the LSD test. The comparison was done only

when the FC x CT interaction was significant.

'Total mixed rations consisted of either 500 or 700 g forage/kg of DM (low or high forage, respectively) supplemented with low- or high-EE concen-

trates (24 vs. 65 g EE/kg of DM).

?FC = effects of forage-to-concentrate ratio; CT = effects of concentrate type; FC x CT = interaction between forage-to-concentrate ratio and concen-

trate type.
*SEM for n = 4.
‘ECM calculated according to Sjaunja et al. (1990).

LF diets (P < 0.01 for FC x CT interaction) but did not
differ in the HF diets. High-EE concentrate supplemen-
tation in both HF and LF diets decreased CH, intensity
(g/kg of ECM), with the greatest decrease observed
with the LF diet (P < 0.015 for FC x CT interaction).
When calculated per kilogram of EE supplementation,
the decrease in CH, intensity response was 2.7 and
2.5 g/kg ECM for LF and HF, respectively. Methane
intensity was similar between the HF diet supplemented
with HEE and the LF diet supplemented with LEE (12.0
and 12.3 g/kg of ECM, respectively; P > 0.05). Carbon
dioxide intensity (g/kg of milk and ECM) was lower (P
<0.031 for FC x CT interaction) in the LF diet supple-
mented with HEE compared with other diets. Daily
hydrogen production was the highest for the LF diet
supplemented with HEE and the lowest for HF diets (P
=0.027 for FC x CT interaction).

Energy and Nitrogen Utilization

Intakes of GE and ME were lower (P < 0.01) when HF
diets were fed compared with LF diets, and HEE tended to
increase (P =0.09) ME intake compared with LEE (Table
7). The proportion of GE excreted in feces increased with
HEE supplementation in the LF diets, but not in HF di-
ets (P = 0.028; for FC x CT interaction). Cows fed HF
excreted a higher proportion of GE intake as urine (P <
0.01) compared with LF diets, whereas CT had no effect
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(P = 0.76). Milk energy secreted as a proportion of GE
intake was unaffected (P > 0.39) by either FC ratio or
CT. A greater proportion of forage in the diet increased
(P £ 0.015) the proportion of GE intake lost as CHy, as
well as heat, compared with LF diets, and they decreased
(P < 0.038) with HEE supplementation compared with
LEE supplementation. Energy balance was negative for
all treatments, but it was lower (P = 0.017) in the HF
diets compared with LF diets.

There were no interactions between FC ratio and CT
for N metabolism (P > 0.41). Feeding a greater propor-
tion of forage caused a 16.5% decrease (P < 0.01) in N
intake compared with feeding LF diets, without any ef-
fect of CT. High-EE concentrates caused a decrease (P
< 0.01) in fecal N as a proportion of N intake compared
with LEE, and urinary N excretion as a proportion of N
intake increased (P = 0.036) in the HF diets compared
with the LF diets. Negative N balance was observed in all
treatments, and it was lower (P = 0.013) for HF than LF
diets. Nitrogen balance was higher (P = 0.029) for cows
fed HEE compared with LEE.

Rumen Microbiota

Dietary FC ratio but not CT affected a diversity,
where rumen bacteria and anaerobic fungi had signifi-
cantly higher a diversity estimates in HF compared with
LF diets (Shannon P < 0.05, Simpson P = 0.01). Treat-
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Table 5. Rumen-fermentation characteristics of lactating dairy cows fed low- or high-forage diets supplemented with low- or high-oil concentrates'

Low forage High forage P-value®
Item Low EE High-EE Low EE High-EE SEM?® FC CT FC x CT
Rumen pH 6.42° 6.63° 6.72° 6.59® 0.072 0.045 0.45 0.015
Total VFA, mmol/L 124 110 104 110 4.9 0.070 0.38 0.061
Molar proportion, mmol/mol
Acetate 652 648 678 681 6.1 <0.01 0.96 0.55
Propionate 180° 1917 164° 162¢ 4.9 <0.01 0.083 0.031
Butyrate 135 125 125 126 2.9 0.16 0.20 0.090
Isobutyrate 5.5° 6.8° 6.6 6.5° 0.16 0.040 <0.01 <0.01
Isovalerate 5.9° 8.8 7.7 7.2 0.61 0.81 0.032 <0.01
Caproate 8.1 7.1 7.0 6.1 0.53 0.090 0.12 0.89
Valerate 13.7 12.8 12.0 10.7 0.53 <0.01 0.048 0.61
Acetate:propionate 3.62 341 4.18 4.21 0.144 <0.01 0.32 0.18

““Treatment means with different letters within a row are significantly different (P < 0.05) based on the LSD test. The comparison was done only

when the FC x CT interaction was significant.

'Total mixed rations consisted of either 500 or 700 g forage/kg of DM (low or high forage, respectively) supplemented with low- or high-EE concen-

trates (24 vs. 65 g EE/kg of DM).

?FC = effects of forage-to-concentrate ratio; CT = effects of concentrate type; FC x CT = interaction between forage-to-concentrate ratio and concen-

trate type.
3SEM for n = 4.

ments had no effect on o diversity estimates for rumen
ciliate protozoa (Table 8).

Bray—Curtis dissimilarity analysis demonstrated a
significant influence of FC ratio (P = < 0.001) on ru-
men bacterial community structure (Supplemental Figure
S1; see Notes; Tapio, 2025). The ASV affiliated with
Bacteroidales RF16, Christensenellaceae R-7, Lach-
nospiraceae NK3A20, Rikenellaceae RC9 gut groups,
Muribaculaceae sp., Desulfovibrio, or Kiritimatiellae
WCHB1-41 were significantly more abundant (P < 0.05)
in HF diets, but Succinivibrionaceae UCG-002, Acet-
itomaculum, and Succiniclasticum were more abundant
in LF diets. Diversification among dietary preferences
was observed among Prevotella ASV (Supplemental
Table S1; see Notes; Tapio, 2025). In pairwise compari-
sons, significant community structure differences were
observed between LF-LEE and HF-HEE diets (adonis P
=(0.03). The HF-HEE diet positively affected abundances
of Oscillospiraceae NK4A214 group, Lachnospiraceae
NK3A20 group, Christensenellaceae R-7 group, [Eubac-
terium] coprostanoligenes group, Gastranaerophilales,
and Muribaculaceae sp., but had a negative effect on the
abundances of Mogibacterium, Fructilactobacillus, or
Absconditabacteriales (SR1) affiliated ASV.

The rumen archaeal community was affected by the di-
etary FC ratio but not CT. Although ASV affiliated with
the Methanobrevibacer ruminantium clade, Methanos-
phaera sp.1SO3-F5, Methanomassiliicoccaceae Group12
sp. ISO4-HS5, and Methanomassiliicoccaceae Group 10
were significantly (P < 0.05) more abundant in LF di-
ets, 2 Methanobrevibacter gottschalkii clade ASV were
observed at significantly (P < 0.05) higher abundance
in HF diets (Supplemental Table S2; see Notes; Tapio,
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2025). Concentrate type had a significant effect, more
than FC ratio, on the rumen ciliate protozoa community
structure (adonis P < 0.01; Supplemental Figure S2; see
Notes; Tapio, 2025). Several operational taxonomic units
(OTU) affiliated with Dasytricha ruminantium, Ento-
dinium furca monolobum, Epidinium sp., Eudiplodinium
rostarum, and Isotricha prostoma were significantly (P
< 0.05) more abundant in HEE diets. The opposite ef-
fect was observed for Entodinium sp., Eudiplodinium
magii, Ostracodinium dentatum, and Tripalmaria dogieli
affiliated OTU (P < 0.05; Supplemental Table S3; see
Notes; Tapio, 2025). Dietary FC ratio had a significant
influence on the fungal community structure (adonis P =
0.024; Supplemental Figure S3; see Notes; Tapio, 2025).
Among individual ASV, Neocallimastix and SK3 were
significantly more enriched in the LF diet, and Piromy-
ces and Orpinomyces were more abundant in the HF diet
(Supplemental Table S4; see Notes; Tapio, 2025). When
shifting from LF-LEE to HF-HEE treatment, changes
in rumen microbiota composition were also associated
with changes in rumen-fermentation and feed digest-
ibility characteristics (Figures 1 and 2). An increase in
acetate was positively associated with several ASV from
Christensenellaceae R—7, Oscillospiraceae NK4A214,
Lachnospiraceae NK3A20, and Rikenellaceae RC9 gut
groups, but showed negative correlation with Dasytricha
and Epidinium. A decrease in propionate concentration
was negatively correlated with ASV from Lachnospira-
ceae NK3A20 and Oscillospiraceae NK4A214 groups,
Muribaculaceae sp., Kiritimatiellae WCHB1-41, Diplo-
dinium, Eudiplodinium, and SK3, but positive correla-
tion was observed with Succinivibrionaceae UCG-002,
Methanobrevibacter gottschalkii clade, Epidinium, and
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Table 6. Enteric methane, total carbon dioxide, and hydrogen emissions of lactating dairy cows fed low- or high-forage diets supplemented with low-

or high-oil concentrates'

Low forage High forage P-value?
Item Low EE High EE Low EE High EE SEM? FC CT FC x CT
Methane
g/d 579 544 569 522 31.7 0.12 <0.01 0.52
g/kg of DM intake 22.1 19.5 23.9 21.9 0.88 <0.01 <0.01 0.52
g/kg of Milk 13.9% 11.5° 14.5% 14.0* 0.62 <0.01 <0.01 <0.01
g/kg of ECM 12.3%® 10.6° 12.7° 12.0° 0.50 <0.01 <0.01 0.015
% of GE* intake 6.75 5.81 7.29 6.56 0.266 <0.01 <0.01 0.38
CO,
g/d 16,574 16,528 15,772 15,196 701.0 0.014 0.36 0.43
g/kg of DM intake 632 593 663 637 16.9 0.014 0.028 0.60
g/kg of Milk 398" 349° 401° 409° 12.9 <0.01 0.048 0.015
g/kg of ECM 352° 321° 351° 349° 11.0 0.036 0.019 0.031
Hydrogen, g/d 0.79° 091* 0.42° 0.42° 0.064 <0.01 0.021 0.027

““Treatment means with different letters within a row are significantly different (P < 0.05) based on the LSD test. The comparison was done only

when the FC x CT interaction was significant.

'Total mixed rations consisted of either 500 or 700 g forage/kg of DM (low or high forage, respectively) supplemented with low- or high-EE concen-

trates (24 vs. 65 g EE/kg of DM).

?FC = effects of forage-to-concentrate ratio; CT = effects of concentrate type; FC x CT = interaction between forage-to-concentrate ratio and concen-

trate type.
*SEM for n = 4.
*GE = gross energy.

Neocallimastix. Neutral detergent fiber digestibility was
positively associated with the Christensenellaceae R—7
group, Prevotella, Diplodinium dentatum, and Eudiplo-
dinium sp., and EE digestibility was positively associ-
ated with Enterorhabdus, Gastranaerophilales, Oscillo-
spiraceae NK4A214, and Rikenellaceae RC9 gut groups,
Diplodinium dentatum, and SK3 (Figures 1 and 2).

Fecal Microbiota

Dietary treatments had no effect on o diversity of fe-
cal bacteria or anaerobic fungi (Table 8). The dietary FC
ratio had a significant effect (adonis P = 0.026) on fecal
bacterial community structure. From the Bacteroidota
phylum several ASV affiliated with Bacteroides, Bac-
teroidales RF16 group, Muribaculaceae sp., Prevotella,
Prevotellaceae (UCG-001, UCG-003, UCG-004), and
Alistipes were observed at higher abundance in LF diets,
and from the Firmicutes phylum, ASV affiliated with
Christensenellaceae R-7, Lachnospiraceae NK3A20
groups, and Oscillospirales UCG-010 were more abun-
dant in HF diets (Supplemental Table S5; see Notes;
Tapio, 2025). Fecal Methanobrevibacter gottschalkii
and Methanobrevibacter ruminantium clades were pre-
dominant, with Methanosphaera ISO3-F5 and Methano-
corpusculum observed at lower abundances, but archaea
were not affected by dietary treatments (Supplemental
Table S6; see Notes; Tapio, 2025). Fecal anaerobic
fungi were composed of the same genera as those in the
rumen, with SK3 and Cecomyces being predominant.
Several ASV affiliated with SK3 and Piromyces were
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enriched by feeding LEE concentrates, and Neocalli-
mastix was detected at higher abundance in the LF-HEE
diet (Supplemental Table S7; see Notes; Tapio, 2025).
We explored fecal bacteria as a proxy for association
with enteric CH4 production. A negative Spearman cor-
relation was detected with low abundance Akkermansia,
Rikenellaceae dgA-11 gut group, Monoglobus, and Kiri-
timatiellae WCHB1-41 ASV, and positive correlations
were observed with Bacteroides sp. and Prevotellaceae
(UCG-001, UCG-003).

DISCUSSION

Our goal was to lower enteric CH,; production in
high-forage diets (70% on a DM basis) by increasing
dietary EE content in the concentrate with little or no
negative effects on feed intake and animal performance.
To achieve this, we replaced 2 concentrate ingredients
with low lipid concentration (i.e., barley and rapeseed
meal) with ingredients having high-EE content (i.e., oats
and rapeseed cake). However, in addition to changes in
the diet EE content, the dietary modification resulted in
alterations in concentrations of other nutrients such as
NDF, GE, and starch. The LF diet with LEE served as the
control, reflecting typical feed rations used, for example,
in Northern Europe.

Nutrient Intake and Digestion

In the current study, the lower DMI (11.9%) in cows
fed HF diets compared with LF diets was similar to
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Table 7. Energy and nitrogen metabolism of lactating dairy cows fed low- or high-forage diets supplemented with low- or high-oil concentrates'

Low forage High forage P-value?
Item Low EE High EE Low EE High EE SEM?® FC CT FC xCT
Energy metabolism
GE" intake, MJ/d 474 516 430 439 15.2 <0.01 0.11 0.25
ME intake, MJ/d 278 299 237 247 7.6 <0.01 0.086 0.45
Proportion of energy intake, kJ/MJ
Feces 298" 318 314° 309 45 0.45 0.16 0.028
Urine 48.0 458 61.2 62.3 2.40 <0.01 0.76 0.41
Methane 67.5 58.1 72.9 65.6 2.66 <0.01 <0.01 0.38
Milk 313 313 328 312 10.0 0.41 0.39 0.39
Heat 309 289 325 313 8.3 0.015 0.038 0.53
Milk energy/ME intake, kJ/MJ 534 541 595 555 19.7 0.048 0.32 0.17
Energy balance, MJ/d -16.7 -12.4 —43.6 -27.6 9.18 0.017 0.17 0.40
Nitrogen metabolism
N intake, g/d 633 672 545 547 19.8 <0.01 0.30 0.34
MP, g/d 1,330 1,510 1,020 1,100 61 <0.01 0.057 0.41
Proportion of N intake, g/kg
Fces 367 334 379 344 9.6 0.15 <0.01 0.87
Ureine 297 304 323 333 14.1 0.036 0.45 0.88
Milk 375 369 399 376 11.1 0.16 0.17 0.41
N balance, g/d —24.8 =5.0 —54.0 -29.0 8.66 0.013 0.029 0.77
N balance, % of N intake -39 -0.7 —10.1 -53 1.44 <0.01 0.021 0.60

“PTreatment means with different letters within a row are significantly different (P < 0.05) based on the LSD test. The comparison was done only

when the FC x CT interaction was significant.

'Total mixed rations consisted of either 500 or 700 g forage/kg of DM (low or high forage, respectively) supplemented with low- or high-EE concen-

trates (24 vs. 65 g EE/kg of DM).

2FC = effects of forage-to-concentrate ratio; CT = effects of concentrate type; FC x CT = interaction between forage-to-concentrate ratio and concen-

trate type.
*SEM for n = 4.
‘GE = gross energy.

the results of Ahvenjérvi et al. (2024), who found an
11.3% decrease in DMI in cows with a similar change
in FC ratio. The average substitution rate (kilogram
decrease in silage DM intake per kilogram increase
in concentrate DM intake) was 0.48, which is well in
line with a value of 0.47 derived from a meta-analysis
by Huhtanen et al. (2008). The substitution rate was
slightly higher on LEE than HEE diets (0.58 vs. 0.40).
The lack of an EE supplementation effect on feed in-
take can be explained by the relatively low levels of
supplemented EE content (21 and 12 g/kg of DM for
LF and HF diets supplemented with HEE, respectively).
The higher fiber digestibility for HF diets is related to
lower DMI and longer ruminal mean retention time of
forage particles (Allen, 2000; Huhtanen et al., 2009),
which affect rumen pH and stimulate higher a diversity
of rumen bacteria and anaerobic fungi, as observed in
our study. Anaerobic fungi possess a large repertoire of
carbohydrate-active enzymes that enable physical and
enzymatic degradation of lignin-rich grasses. A majority
of the bacteria enriched in HF diets in this study belong
to the most prevalent rumen bacterial group (Henderson
et al., 2015), but their enrichment has been observed in
high-forage diets (Zhang et al., 2017; Ahvenjarvi et al.,
2024), suggesting their role in fiber digestion.
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Generally, the effects of unsaturated lipids on nutrient
digestibility can differ depending on the level of lipid
supplementation, the type of forage (grass/legume or ce-
real) and the dietary FC ratio (Benchaar et al., 2012). The
lower fiber and OM digestibility in the LF diet supple-
mented with HEE (8.8% and 3.3%, respectively) is in
agreement with Bayat et al. (2017) reporting 12.6% and
4.6% reduction in apparent total-tract NDF and OM di-
gestibility in LF diets supplemented with sunflower oil.
Interestingly, EE supplementation did not affect OM and
NDF digestibility in the HF diet, which is consistent with
their findings and might be due to lower EE supplemen-
tation with the HF-HEE diet. Furthermore, oats, which
generally have a higher indigestible NDF concentration
compared with barley (110 vs. 37 g/kg of DM; Luke,
2025) may also explain the lower fiber digestibility ob-
served in LF diets supplemented with HEE, likely due to
a tendency of increased fiber content and higher indigest-
ible NDF content of oats.

Ruminal Fermentation and Methane Production

Rumen pH being the lowest with the LF diet supple-
mented with LEE was consistent with higher starch
intake and higher total VFA concentration in the rumen
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Table 8. Rumen and fecal microbiota a diversity of lactating dairy cows fed low- or high-forage diets supplemented with low- or high-oil

concentrates'
Low forage High forage P-value®
Item Low EE High EE Low EE High EE SEM’® FC CT FCxCT
Rumen bacteria
Richness 484 449 545 467 30.8 0.23 0.10 0.50
Shannon index 5.31 5.20 5.51 5.39 0.086 0.045 0.21 0.95
Simpson index 0.987 0.984 0.991 0.991 0.0016 0.010 0.17 0.33
Rumen ciliate protozoa
Richness 198 189 180 183 11.7 0.34 0.77 0.61
Shannon index 3.21 321 3.19 3.25 0.084 0.92 0.70 0.68
Simpson index 0.910 0.921 0.923 0.910 0.0074 0.34 0.50 0.40
Rumen fungi
Richness 26.0 25.7 29.5 28.7 1.01 0.017 0.63 0.81
Shannon index 227 224 2.56 2.56 0.109 0.011 0.85 0.87
Simpson index 0.787 0.783 0.839 0.851 0.0253 0.016 0.83 0.67
Fecal bacteria
Richness 346 386 380 370 19.3 0.56 0.35 0.15
Shannon index 5.30 5.44 5.39 5.39 0.054 0.65 0.17 0.14
Simpson index 0.992 0.993 0.993 0.993 0.0004 0.96 0.12 0.10
Fecal fungi
Richness 26.2 322 26.5 27.2 2.62 0.39 0.23 0.34
Shannon index 2.55 2.66 2.66 2.64 0.072 0.43 0.51 0.31
Simpson index 0.890 0.893 0.898 0.884 0.0136 0.92 0.48 0.25

'Total mixed rations consisted of either 500 or 700 g forage/kg of DM (low or high forage, respectively) supplemented with low- or high-EE concen-

trates (24 vs. 65 g EE/kg of DM).

2FC = effects of forage-to-concentrate ratio; CT = effects of concentrate type; FC x CT = interaction between forage-to-concentrate ratio and concen-

trate type.
*SEM for n = 4.

compared with other diets. Starch is rapidly fermented by
rumen microbes, supporting more propionate production
in the rumen. The proportions of ruminal VFA influence
CH, production, such that propionate formation utilizes
H', while acetate and butyrate produce H', modulating
rumen methanogenesis (Martin et al., 2010). The lack
of difference in daily CH,4 production between HF and
LF diets is a result of lower feed intake and higher CHy
yield associated with the HF diets. Feed intake is the
main driver of CH4 production (Niu et al., 2018). How-
ever, the higher CH, yield with the HF diet is consistent
with a higher ruminal acetate-to-propionate ratio and
higher fiber digestibility.

In the current study, the reduction in CHy yield and
intensity with HEE supplementation, particularly in
LF-HEE treatment, may be due to lower OM digest-
ibility and the high indigestible NDF content from oats.
Despite this, the type of oats plays a significant role in
CH, reduction potential because dehulled oats diminish
CH, mitigation benefits by increasing digestibility and
reducing fiber content (Fant et al., 2021). In the current
study, HEE was more effective in reducing CH, yield per
each unit of added EE in the HF compared with the LF
diet (7.1 vs. 4.2 g CHy/kg of DMI for each kilogram of
supplemented EE), supporting our hypothesis. Bayat et
al. (2017) showed that the CH, yield mitigating effect of
sunflower oil supplementation was more pronounced in
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high- versus low- forage diets (7.3 vs. 1.2 g of CH, yield
reduction for every kilogram of added oil). The findings
of the current study suggest that modifying diets through
natural feed ingredients to increase their EE contents
rather than adding liquid oil can be an effective and eco-
nomical strategy in mitigating CH,,

When CH, intensity was expressed as grams per kilo-
gram of ECM, HEE decreased CH, intensity by 13.8%
in LF and 5.5% in HF diets. This reduction was slightly
greater than reported by Réisdnen et al. (2024) using
similar dietary high-lipid materials, that is, rapeseed cake
and oats (11.7% vs. 13.8% in the current study). This
was most likely due to higher EE concentrations in the
current study and the absence of feed intake depression.
However, the inclusion of HEE successfully reduced CHy
intensity (g/kg of milk or ECM) in the HF-HEE diet to
levels comparable to those in the LF-LEE diet, aligning
with our hypothesis.

Addition of lipids to the diet is one of the feeding
strategies for reducing enteric CH4 production (Grainger
and Beauchemin, 2011) because lipids can lower OM
degradation in the rumen and alter microbial activity
and biohydrogenation of unsaturated fatty acids (Brask
et al., 2013; Bayat et al., 2018). In in vitro cultures it has
been demonstrated that different fats or oils may have
an inhibitory or no negative effect on bacteria (Enjalbert
et al., 2017). In this study, rumen bacteria and archaea
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Figure 1. Spearman correlations between rumen bacteria (ASV ID)
and rumen-fermentation and nutrient digestibility parameters of cows
changing from low-forage, low-ether extract concentrate (LF-LEE) to
high-forage, high-ether extract concentrate (HF-HEE) treatment. Only
significant (P < 0.05) results are included in the figure. Blue indicates a
positive association, and red indicates a negative association. Methane
(L/d), VFA (mmol/mol), digestibility (g/kg).

did not show strong response to increased EE content,
but rumen ciliate protozoa were affected. Although Epi-
dinium and Dasytricha abundances were higher in diets
with LEE supplement, Entodinium and Eudiplodinium-
Eremoplastron genera were more prevalent in HEE diets.
It is suggested that smaller ciliate protozoa and their as-
sociated archaea might be more active in methanogenesis
than larger species. Therefore, taxonomical abundance
changes in protozoa could lead to differences in H" avail-
ability and utilization.

Lactation Performance

Energy intake, especially in the form of glucogenic
compounds as the precursors of lactose synthesis, is
a critical factor in determining milk volume, which is
often affected by dietary forage proportion and lipid
content (Weiss and Pinos-Rodriguez, 2009). Therefore,
cows consuming HF diets produced less milk compared
with the LF cows, which could be explained by the low-
er intake of feed, ME, MP, and other nutrients needed
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Figure 2. Spearman correlations between rumen archaea, ciliate pro-
tozoa, anaerobic fungi (ASV ID) and rumen-fermentation and nutrient
digestibility parameters of cows changing from low-forage, low-ether
extract (LF-LEE) to high-forage, high-ether extract concentrate (HF-
HEE) treatment. Only significant (P < 0.05) results are included in the
figure. Blue indicates a positive association, and red indicates a negative
association. Methane (L/d), VFA (mmol/mol), digestibility (g/kg).

for milk production. This pattern was also observed in
the decreased yields of milk protein, fat, and lactose in
HF diets. Our findings agree with other studies that fed
high levels of forage to dairy cows (Saliba et al., 2014;
Jaakamo et al., 2019; Razzaghi et al., 2022).

Previous studies have shown that replacing rapeseed
meal with rapeseed cake (Bayat et al., 2022) or barley
with oats (Fant et al.,, 2021) could positively affect
milk yield. In the current study, HEE supplementation
increased milk yield for the LF diet (+ 5.6 kg/d) but de-
creased it for the HF diet (—2.2 kg/d) compared with LEE.
This could be attributed to the greater increase in dietary
MP, EE, and ME intakes with HEE supplementation (in-
crease of 180 vs. 80 g/d, 0.62 vs. 0.28 kg/d, and 21 vs.
10 MJ/d, respectively) in LF versus HF diets. Supporting
this finding, Razzaghi et al. (2022) found that when a
low- versus a high-forage diet (FC ratio of 35:65) was
supplemented with oil the milk yield increased, which
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they attributed to the availability of more glucogenic and
lipogenic nutrients without affecting DMI. Achieving
an optimal balance between glucogenic and lipogenic
nutrients is essential for maximizing milk production
(Drackley, 1999). The lack of such increases in milk and
ECM vyields when the HF diet was supplemented with
HEE may have stemmed from more lipogenic but less
glucogenic substrates (lower starch content in oats),
causing an imbalance between them as a result of the
dietary modifications. However, it is important to inter-
pret the production responses in the current study with
caution due to the small sample size and short duration
of the experiment.

A reduction in ruminal pH, coupled with increased
propionate and decreased acetate concentrations, can
limit precursors needed for lipogenesis in the mam-
mary gland, resulting in a decrease in milk fat synthesis
(Sandri et al., 2020). The higher milk fat concentration
observed in HF compared with LF diets in the current
experiment aligns with previous studies (Aguerre et
al., 2011; Saliba et al., 2014). The higher milk volume
despite the lower milk fat concentration in LF diets re-
sulted in higher milk fat yield compared with HF diets,
which is consistent with the findings of Saliba et al.
(2014). Our findings of reduced milk protein yield in
HF diets could be the result of the lower diet CP and
starch intakes and milk production. In contrast, sig-
nificant reduction in milk protein concentration in LF
but not HF diets when receiving HEE supplementation
seem to be a dilution effect due to higher milk produc-
tion with this treatment, and this is supported by the
lack of change in milk protein yield.

The similar efficiencies of milk production (ECM/
DMI) observed in the current study for all diets can be
interpreted as the effort of cows to maintain the same ef-
ficiency for milk production despite energy metabolism
being affected by the dietary treatments (i.e., higher
urine, CH,, and heat energy as a proportion on energy
intake with HF compared with LF diets and lower
proportional CH, and heat energy with HEE compared
with LEE). This has happened with more energy (and
N) mobilization from tissues with HF compared with
LF diets, as confirmed by lower energy (and N) balance
to compensate for the energy (and N) deficiency with
such diets. These results are consistent with those of
Razzaghi et al. (2022), who observed the lack of effect
from an even more extreme FC ratio and rapeseed oil
supplementation level on milk production efficiency as
ECM/DMI. In contrast, Rédisdnen et al. (2024) reported
an improvement in feed efficiency when barley and
rapeseed meal were replaced with rapeseed cake and
oats. Additionally, N use efficiency was also unaffected
by the diets, which is consistent with the lack of treat-
ments effect on ECM/DMI.

Journal of Dairy Science Vol. 108 No. 8, 2025

8363
Energy Utilization

The negative energy balance for all treatments may
imply that the energy needs of the cows were not met
despite the efforts to balance the diets to meet their ME
requirements. The lower energy balance for cows fed HF
compared with those fed LF diets is likely due to the
reduced ME intake when FC ratio was higher. Contrary
to our findings, Razzaghi et al. (2022) reported no ef-
fect of changing the FC ratio on energy balance despite
lower GE intake in the HF diets. As expected, increasing
the forage proportion in the diet resulted in higher CHy
energy excretion as a proportion of energy intake (from
6.28% to 6.93%), in line with Bayat et al. (2017) and
Razzaghi et al. (2022), and this could be attributed to the
high OM and NDF digestibility in HF diets compared
with LF diets. Both studies also found a decrease in CH,
energy excretion as a proportion of energy intake with
the supplementation of sunflower or rapeseed oil, re-
spectively. In our experiment, a positive effect of feeding
HEE was observed, with a 6.6% and 8.3% decrease in
CH, energy loss as a proportion of energy intake per 10
g/kg of additional fat in LF and HF diets, respectively. In
agreement with the current study, Razzaghi et al. (2022)
also found 2.7% and 3.0% decreases in CH, energy ex-
cretion as a proportion of energy intake per 10 g/kg of
supplemented rapeseed oil with LF and HF diets, respec-
tively. The higher mitigation response observed in the
current experiment could be the result of the lower level
of lipid supplementation compared with Razzaghi et al.
(2022). This might indicate that the biological response
to EE supplementation is stronger at lower levels.

Fecal Microbiota

We explored fecal microbiota as proxy for association
with enteric CH, production. Although it has been dem-
onstrated that fecal microbiota is not a direct substitute
for rumen microbiota, here we show that dietary treat-
ments have affected fecal microbiota abundances, and
Spearman correlations identified several bacterial ASV
associated with CH, production. The low number of
animals in this study does not warrant conclusions but
suggests that in future studies fecal microbiota should
be better explored.

CONCLUSIONS

Adding EE through natural feed ingredients effec-
tively reduced CH,4 production in both low- and high-
forage diets. However, when presented per kilogram of
added EE, the effect on reducing CH, yield was greater
in HF versus LF diets (7.1 vs. 4.2 g CHy/kg of DMI
per each kilogram added EE), resulting in similar CHy
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yield and intensity between LF, low-EE and HF, high-
EE diets. High-EE concentrates enhanced milk pro-
duction in the LF diet but decreased it in the HF diet,
potentially due to lower starch intake. Rumen bacterial,
archaeal, and fungal communities were more affected
by dietary FC ratio, and rumen protozoa and fecal fungi
were more affected by CT.
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