
SUMMARY
This observational field study evaluated the effects of dietary lipid supplementation with soybean oil and palm oil-based calci-
um soaps on milk yield, composition, in high-yielding Holstein-Friesian dairy cows under real-world commercial conditions
representative of intensive European dairy systems. Conducted across four commercial dairy farms, the study assessed four dis-
tinct fat supplementation strategies: soybean oil (70 g/kg dry matter [DM]), and palm oil calcium soap at three inclusion levels
(150, 210, and 250 g/kg DM). A total of 335 multiparous cows were followed throughout a full 305-day lactation period.
All cows were fed a basal total mixed ration (TMR) formulated in accordance with NRC (2001) guidelines, with fat supplementation
incorporated into the concentrate. Milk yield was recorded daily, and samples were analyzed for fat, protein, -hydroxybutyrate
(BHB), milk urea nitrogen (MUN), somatic cell count (SCC), and detailed fatty acid (FA) profiles. Enteric methane emissions
were estimated, not directly measured, using the IPCC Tier-2 model with methane conversion factors (Ym) adjusted for lacta-
tion status. This approach provides a practical estimation of environmental impact based on dry matter intake and energy con-
version, though it does not capture animal-level variation.
Due to the study’s observational design and lack of experimental replication-each farm applied a unique supplementation pro-
tocol-statistical comparisons were not conducted. Instead, results are presented descriptively and interpreted with caution, re-
flecting real-world variability in genetics, management, and environment.
Among the tested strategies, moderate supplementation with palm oil calcium soap (150 g/kg DM) achieved a favorable balance
between productivity and environmental efficiency, showing intermediate milk yield and the lowest methane emission intensi-
ty per kilogram of milk. In contrast, higher levels of palm oil supplementation (210 and 250 g/kg DM) were associated with in-
creased milk yield and fat content, but also higher methane emissions. The soybean oil group exhibited the lowest milk yield but
similar methane intensity to the 150 g/kg palm oil group, indicating potential for environmental sustainability despite lower pro-
ductivity.
Fatty acid analysis revealed that increasing palm oil supplementation led to a higher proportion of saturated and trans fatty acids,
while moderate levels favored a more balanced FA profile. Principal Component Analysis (PCA) and Pearson correlation analy-
sis showed clear associations between milk yield, milk fat, trans FA, and methane intensity, suggesting that the type and level of
fat supplementation can influence both productive and environmental parameters.
While causal inference is limited, the findings provide practical insights into climate-smart nutritional strategies applicable to
commercial dairy systems. Further controlled trials are warranted to validate these associations and optimize fat supplementa-
tion protocols for both productivity and environmental sustainability.
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Introduction

Milk composition and environmental sustainability have be-
come central concerns in modern dairy production, influencing
not only the nutritional and technological quality of dairy prod-

ucts but also the sector’s overall ecological footprint and its so-
cietal acceptance. The fatty acid (FA) profile of milk is a key
determinant of its nutritional value and technological func-
tionality, with important implications for human health (1, 2,
3), modifying the fatty acid composition of milk has long been
recognized as a strategy to enhance its nutritional value for hu-
man health (4). At the same time, the dairy industry faces grow-
ing pressure to reduce greenhouse gas (GHG) emissions, par-
ticularly methane (CH4), a potent contributor to global
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warming largely produced via enteric fermentation in rumi-
nants (5, 6). Nutritional strategies, especially the inclusion and
balance of specific fatty acids, have emerged as practical tools
to address these challenges.
At the same time, the dairy industry faces mounting pressure
to reduce greenhouse gas (GHG) emissions, particularly
methane (CH4), which is a potent contributor to global
warming largely produced via enteric fermentation in rumi-
nants (5, 6). Nutritional strategies, particularly the inclusion
and balance of specific dietary fatty acids, have emerged as one
of the most practical and effective strategies to address these
challenges.
Numerous studies have demonstrated that manipulating
dairy cow rations to include or balance specific fatty acids can
significantly alter milk components such as total fat and pro-
tein, as well as the detailed spectrum of milk fatty acids (7, 8,
9). Major advances in dairy nutrition have underscored the role
of dietary fat supplementation in modulating milk composi-
tion (10). These dietary manipulations not only improve milk
nutritional quality, but also have the potential to reduce
methane emissions, thereby supporting the transition toward
sustainable dairy production systems (3, 11).
It is important to note that this study was conducted in real com-
mercial settings, in which the inherent variation in genetics,
management, housing, and environmental conditions cannot
be fully controlled. Each farm was assigned a distinct fat sup-
plementation strategy, reflecting actual production realities
rather than experimental replicates, and thus limiting causal
inference. Therefore, findings should be interpreted as de-
scriptive and exploratory, providing practical insight into po-
tential associations under commercial conditions and laying
the groundwork for future controlled and replicated studies (12).

MATERIALS AND METHODS

Animals, diets, and husbandry
This investigation was conducted on four commercial Holstein-
Friesian dairy farms located in Galicia (NW Spain), each hous-
ing approximately 100 lactating cows. Farms were selected based
on the 2019 Refinement to the 2006 IPCC Guidelines, target-
ing herds with annual productivity exceeding 8,500 kg per cow
and diets with digestibility (DE%) greater than 70%, calculated
as DE (MJ/kg) divided by gross energy (GE, MJ/kg) multiplied
by 100. All diets contained less than 35% neutral detergent fiber
(NDF) on a dry matter (DM) basis.
Prior to study initiation, all lactating cows underwent systematic
clinical examination focusing on body condition score, body
temperature, thorax, abdomen, and mammary gland, follow-
ing procedures described by Nelson et al. (13). Only cows meet-
ing the predefined health and management criteria were in-
cluded in the study.
A total of 335 multiparous Holstein-Friesian cows (mean body
weight: 700 ± 50 kg) were enrolled. Average daily milk yield
ranged from 38 to 40 kg per cow, corresponding to an annu-
al yield of 11,590–12,200 kg/cow over a standardized 305-day
lactation period. During peak lactation (150 days postpartum),
dry matter intake (DMI) ranged from 24 to 27 kg/cow/day. The
study covered the entire lactation phase (305 days), ending pri-
or to the dry-off period.
Each treatment was implemented in a different commercial
dairy farm, distributed as follows:

Farm A: 70 g/kg of dry matter (DM) of soybean oil (70-SO)
Farm B: 150 g/kg DM of palm oil calcium soap (150-PO-CS)
Farm C: 210 g/kg DM of palm oil calcium soap (210-PO-CS)
Farm D: 250 g/kg DM of palm oil calcium soap (250-PO-CS).
The chemical composition of the diets for each experimental
group is detailed in Table 1. Following calving and through-
out lactation, cows were fed a basal diet in the form of total
mixed ration (TMR), consisting of corn silage, grass silage, and
a formulated concentrate, ensuring nutrient supply in accor-
dance with NRC 2001 (14) recommendations for lactating cows.
Diets were designed to maintain high productivity while
providing the specific fat supplementation for each group.

Cows were milked twice daily (07:00 and 18:00) using 2×12 her-
ringbone parlors on all farms. The Friesian Breeders Associa-
tion recorded milk production data. (https://www.africorlu-
go.com), an authorized entity responsible for daily yield
recording. Animals were identified using farm codes, bovine
identification numbers, and calving dates, allowing for accu-
rate determination of total milk yield. Raw milk parameters an-
alyzed in this study included fat, protein, BHB, MUN, and SCC.
Somatic cell count was included as an indicator of udder health,
given its practical utility in dairy cows (15).

Experimental Design and Study
Limitations
The implementation of treatments in commercial farms,
each representing one unique combination of dietary fat sup-
plementation, is representative of typical production conditions
in Galicia but precludes strict causal attribution of observed
differences to the nutritional intervention alone. Each farm
served as one experimental unit for its respective treatment; thus,
potential confounding variables such as genetics, management,
and environment could not be fully controlled. Such design mir-
rors commercial realities but limits replication and statistical
inference; results should therefore be interpreted as descrip-
tive, in accordance with current best practices (1, 7).

Lipid extraction from raw milk
The fatty acid (FA) profiles of homogenized raw milk samples

DM (g/kg 528 459 488 495
fresh matter)

aNDFmo (g/kg DM) 298.5 319.8 327.0 323.9

ADF (g/kg DM) 193.2 210.2 215.1 208.4

ADL (g/kg DM) 31.5 34.1 36.0 30.1

NFC (g/kg DM) 325.2 301.5 269.4 279.7

Starch (g/kg DM) 241.7 249.3 218.2 233.0

CP (g/kg DM) 167.1 162.4 150.5 161.3

EE (g/kg DM) 38.0 34.0 37.2 36.2

Ash (g/kg DM) 72.1 77.5 84.6 70.3

Table 1 - Chemical composition of diets for cows in the different
experimental groups (DM basis for all components except DM con-
tent, which is expressed on a fresh matter basis).

Parameter 70-SO 150 PO-CS 210 PO-CS 250 PO-CS

Abbreviations: DM, dry matter; aNDFmo, neutral detergent fiber analyzed with heat-stable amy-
lase and including residual ash; ADF, acid detergent fiber; ADL, acid detergent lignin; NFC, non-
fiber carbohydrate; CP, crude protein; EE, ether extract content. Note: Values are presented
as mean ± standard error. No statistical comparisons were performed due to the observational
design (one farm per treatment). Differences are to be interpreted descriptively.
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were determined according to the method described by Bar-
reiro et al. 2018 (16). Samples were analyzed either immedi-
ately upon receipt or after storage for no longer than 4 weeks
at -25°C.
Briefly, 10 L of milk was mixed with 2 mL of 2.5% sulfuric acid
(H SO ) in methanol, vortexed for 1 minute, and left overnight
at 4°C to ensure efficient lipid extraction and derivatization.
This simultaneous extraction and methylation procedure
minimizes sample handling and reduces potential losses.
Following this, samples were incubated in a water bath at 60°C
for 2 hours for fatty acid methylation. Methyl nonadecanoate
was used as an internal standard to account for variations in
extraction efficiency and instrumental response, essential for
accurate quantification expressed as milligrams per 100 mil-
liliters.
Fatty acid methyl esters (FAMEs) were extracted with 1 mL of
n-hexane and subsequently separated via gas chromatography
(GC), considered the gold standard for FA profiling, using an
Agilent 6850 GC system equipped with a flame ionization de-
tector (GC-FID) and a DB-Wax capillary column (60 m
length, 0.25 µm internal diameter, 0.25 µm film thickness; Ag-
ilent Technologies, Santa Clara, CA, USA).
The chromatographic conditions were as follows: oven tem-
perature was initially held at 35°C for 2 minutes, then ramped
to 100°C at 30°C/min, followed by an increase to 225°C at
5°C/min, and finally held at 225°C for 10 minutes. The injec-
tor and detector temperatures were set at 250°C and 300°C, re-
spectively. Helium was used as the carrier gas at a flow rate of
1.8 mL/min with a split ratio of 10:1. Data acquisition was per-
formed with GC ChemStation software version B.03.02 (Ag-
ilent Technologies).
Chromatograms were carefully examined to ensure proper peak
integration and identification. The proportion of each FA was
calculated as the peak area divided by the total area of all iden-
tified FAs and expressed as a percentage by weight.
Calibration was performed using the Supelco 37 Component
FAME Mix (Sigma-Aldrich, St. Louis, MO, USA) to guaran-
tee accurate identification and quantification of individual fat-
ty acids.
All samples were analyzed in duplicate, and mean values were
used for the final data analysis. Results are expressed in mg per
100 mL of milk.

Estimation of methane emissions 
The enteric methane emissions factor (CH4-EF) was estimated
using the methane conversion factor (Ym %) values as proposed
by Appuhamy et al. 2016 (17), Jayasundara et al. 2016 (18),
which contributed to the Tier-2 model proposed by the In-
ternational Panel on Climate Change (IPCC) in its latest 2019
Refinement to the 2006 IPCC Guidelines (19). A Ym value of
5.7% was applied for lactating cows, while a value of 6.3% was
used for cows in the dry-off phase, following subsequent re-
search (20).
The equation employed to determine the levels of enteric
methane emissions is presented below (19).

EF = [GE x (Ym/100) x 305 (DIM)]
55.65 MJ/kg CH4

where EF represents the CH4 emission factor (kg CH4/head/305
days in milk, DIM), and 55.65 (MJ/kg CH4) is the energy con-
tent of methane.

Methane emissions were not measured directly. Instead, esti-
mated methane output was calculated using the specify the
equation/model used, e.g., IPCC guidelines, published predictive
equations, etc., based on intake and/or milk production pa-
rameters. This approach provides an estimation, not a direct
measurement, and should be interpreted with caution.
2.5. Statistical analysis 
The effect of lipid supplementation on milk production and
composition variables was assessed using descriptive statistics,
in accordance with the observational nature of the study. The
variables analyzed included daily milk yield (DMY), dry mat-
ter intake (DMI), methane emissions per kilogram of milk per
day (CH4-EF/kg milk/day), milk fat and protein content, -hy-
droxybutyrate (BHB), milk urea nitrogen (MUN), somatic cell
count (SCC), saturated fatty acids (SFA; including short-, medi-
um-, and long-chain fatty acids), and unsaturated fatty acids
(UFA; including monounsaturated MUFA, polyunsaturated
PUFA, and trans fatty acids TFA).
Each dietary treatment was applied on a separate commercial
dairy farm representing independent production units with their
own management, genetics, and environment. These farms were
not experimental replicates but reflected real-world produc-
tion variability.
To explore relationships among variables, Pearson correlation
analysis was performed to examine the strength and direction
of linear associations between milk production parameters,
composition, and fatty acid profiles. This analysis helped iden-
tify significant pairwise relationships that could indicate un-
derlying biological connections.
Additionally, an exploratory Principal Component Analysis
(PCA) was conducted using standardized values of six key vari-
ables: daily milk yield, methane emissions per kilogram of milk,
milk fat and protein content, milk urea nitrogen, and trans fat-
ty acids. PCA aimed to reduce data dimensionality and visu-
alize patterns of similarity or separation among the four dietary
groups.
All statistical analyses were performed using R software (R Foun-
dation for Statistical Computing, Vienna, Austria).

RESULTS

Our results are presented as descriptive statistics. Due to the
observational design, differences observed between groups
should be interpreted cautiously, as other unmeasured factors
may contribute to the observed outcomes.

Nutritional Parameters
Descriptive differences were observed between treatment
groups in several nutritional components of the diets, as shown
in Table 1. The 70-SO group had numerically higher dry mat-
ter (DM), non-fiber carbohydrates (NFC), and crude protein
(CP) contents compared to the palm oil calcium soap (PO-CS)
groups. In contrast, the 210-PO-CS group presented the
highest values for acid detergent fiber (ADF), acid detergent
lignin (ADL), and ash content. The 150-PO-CS and 250-PO-
CS groups showed intermediate values across most parame-
ters. Neutral detergent fiber (aNDFmo), starch, and ether ex-
tract (EE) content remained relatively consistent across groups.
These differences may reflect both the characteristics of the fat
supplements and specific feeding practices at each commer-
cial farm.
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As each dietary strategy was implemented in a different farm,
these observations should be interpreted as descriptive and not
as direct effects of the dietary fat supplementation.

Productive parameters and environmental indicators
Table 2 presents the descriptive results for feed intake, milk yield,
and estimated methane emissions. 

Dry matter intake (DMI) was numerically similar across all
groups, suggesting that all diets were well accepted by the cows.
Daily milk yield (DMY) appeared higher in the 210-PO-CS and
250-PO-CS groups, followed by the 150-PO-CS group, while
the 70-SO group showed the lowest yield. Estimated methane
emissions per kilogram of milk (CH4-EF/kg milk/day) were
highest in the 250-PO-CS group and lowest in the 150-PO-CS
and 70-SO groups, with intermediate values for the 210-PO-
CS group.
Our findings align with the proposition that the milk fatty acid
profile can serve as a predictor of methane emissions (Bittante and
Bergamaschi, 2020).

Milk composition
Descriptive results for milk composition and relevant indica-
tors are summarized in Table 3. Milk fat percentage was high-

est in the 250-PO-CS group, with lower values observed in the
other treatments, particularly in the 150-PO-CS group. Pro-
tein content remained relatively stable across all diets. The 250-
PO-CS group also showed the most favorable profile in terms
of β-hydroxybutyrate (BHB) and somatic cell count (SCC); the
150-PO-CS and 210-PO-CS groups had lower milk urea ni-
trogen (MUN) values compared to the 70-SO group.

Fatty acid profile
The PCA (Figure 1) revealed a clear separation among dietary
treatments based on milk production and composition vari-
ables. The first two principal components accounted for a sub-
stantial proportion of the total variance. Notably, the 150-PO-
CS group clustered distinctly from the higher-dose palm oil
groups (210 and 250 PO-CS), indicating a differentiated
metabolic and environmental profile. The Pearson correlation
matrix further showed that CH -EF was positively correlated
with TFA and milk fat content, while exhibiting a negative as-
sociation with MUN. Daily milk yield displayed moderate pos-
itive correlations with both milk fat and TFA, suggesting that
higher-producing cows also yielded milk with richer lipid pro-
files, albeit accompanied by greater methane intensity.
Principal Component Analysis (PCA) biplot (left) and Pear-
son correlation matrix (right) of milk production and com-
position variables across dietary treatments. Ellipses indicate
group clustering, while the matrix illustrates the strength and
direction of linear associations.

DISCUSSION

Productive Performance and
Environmental Impact
The observed differences in dry matter intake (DMI), daily milk
yield (DMY), and methane emission factor (CH -EF) provide
insight into how animals may differ in their efficiency of con-

DMI (g/Kg) 19.25±0.81 20.17±0.87 20.11±0.85 20.69±0.89

DMY (Kg/d) 22.86±0.92 25.50±1.01 28.53±1.1 27.87±1.0

CH4-EF/kg 6.40±0.21 6.20±0.20 6.60±0.22 7.20±0.25
milk/d

Table 2 - Feed intake, milk yield, and estimated methane emis-
sions in each group. 

Variable 70-SO 150-PO-CS 210-PO-CS 250-PO-CS

Abbreviations: DMI, dry matter intake; DMY, Dairy milk production; CH4-EF/kg milk/day:
methane emission per kg milk per day.

Fat (%) 3.94±0.11 3.25±0.13 3.82±0.12 4.66±0.1

Protein (%) 3.33±0.08 3.35±0.09 3.32±0.08 3.23±0.07

BHB (%) 0.045±0.004 0.057±0.005 0.041±0.004 0.066±0.005

MUN (%) 343.7±18.7 225.7±15.2 239.2±14.9 260.6±16.1

SCC (log) 5.19±0.03 5.30±0.03 5.39±0.03 5.06± 0.04

SCFAs 1.94±0.08 1.71±0.07 1.80±0.07 2.43±0.09
mg/100mL.

MCFAs
mg/100mL. 1.35±0.06 1.06±0.05 1.15±0.05 1.49±0.06

LCFAs 0.09±0.01 0.03±0.01 0.06±0.01 0.08±0.01
mg/100mL.

MUFAs 0.96±0.03 0.74±0.03 0.85±0.03 1.05±0.04
mg/100mL.

PUFAs 0.10±0.01 0.07±0.01 0.08±0.01 0.10±0.01
mg/100mL.

TFA mg/100mL. 34.69±1.23 38.82±1.45 43.31±1.68 43.67±1.70

Table 3 - Effects of dietary fat supplementation on milk composition and metabolic indicators in commercial dairy cows (Mean ± SEM). 

Variable 70-SO 150-PO-CS 210-PO-CS 250-PO-CS

Abbreviations: 70-SO = soybean oil; 150-PO-CS, 210-PO-CS, 250-PO-CS = palm oil calcium soap at 150, 210, and 250 g/kg DM; BHB = β-hydroxybutyrate; MUN = milk urea nitrogen; SCC
= somatic cell count; SCFAs = short-chain fatty acids; MCFAs = medium-chain fatty acids; LCFAs = long-chain fatty acids; MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturat-
ed fatty acids; TFA = trans fatty acids.
Values are presented as mean ± standard error. Statistical comparisons were not performed due to the observational design (one farm per treatment); results should be interpreted descrip-
tively.
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verting feed into milk and associated methane losses. Enhancing
milk production while maintaining feed efficiency and min-
imizing methane emissions remains a key goal for sustainable
dairy systems (5; 6).
Although the type of fat supplementation did not appear to sig-
nificantly affect total daily intake, it was associated with dif-
ferences in productive outcomes. Higher inclusion of palm oil
calcium soap coincided with increased milk yield, consistent
with (2). Conversely, cows supplemented with soybean oil (70-
SO) showed lower production levels, in line with findings by
(21).
Regarding environmental impact, productivity appeared
linked with methane intensity. The most productive groups
tended to exhibit higher CH -EF per kilogram of milk, while
the 70-SO and 150-PO-CS groups showed the lowest values,
suggesting their potential as more environmentally favorable
strategies. Moderate supplementation with palm oil calcium
soap (150 g/kg DM) may represent a practical balance between
productivity and environmental sustainability (2; 6). Similar
effects of stearic and oleic acid supplementation on milk per-
formance have been reported previously (22).

Integrative Effects on Milk
Composition, Metabolic Profile, and
Methane Emissions
Milk composition and fatty acid profiles varied according to
the type and level of lipid supplementation, consistent with pre-
vious findings (1, 2, 11). The 250-PO-CS group showed the
highest milk fat content, along with increased proportions of
monounsaturated and trans fatty acids, patterns likely reflecting
metabolic changes related to mammary lipid synthesis and ru-
minal fermentation.
The genetic basis of milk composition further contributes to
these complex responses (23). Feeding high-oleate sunflower
oil has been shown to increase oleic acid in both plasma and
milk (24, 25), supporting the present findings. Nevertheless,
fats rich in unsaturated fatty acids pose challenges for feed for-

mulation and animal health (26).
Differences in β-hydroxybutyrate (BHB) and somatic cell count
(SCC) among groups may indicate that specific lipid supple-
mentation strategies influence not only milk composition but
also metabolic and udder health. The lower milk urea nitro-
gen (MUN) values observed in the 150-PO-CS and 210-PO-
CS groups, compared to the 70-SO group, might point to en-
hanced nitrogen utilization and metabolic efficiency under cer-
tain dietary regimens, in agreement with (3).

Relationships between Production
Efficiency, Milk Composition, and
Environmental Indicators
Pearson correlation analysis revealed important relationships
between productive, metabolic, and fatty acid profile traits. Pos-
itive associations between milk yield and favorable milk com-
ponents, along with negative correlations for methane emis-
sions with unsaturated fatty acids, suggest that dietary fat source
and level can simultaneously influence both production and
environmental outcomes (2, 6, 27).
Principal Component Analysis (PCA) supported these findings,
clearly separating dietary groups according to changes in milk
fatty acid profiles and environmental indicators. The multi-
dimensional structure captured by the PCA aligns with the com-
plex, multifactorial responses observed in high-yielding com-
mercial dairy systems (3, 8, 9).

Limitations and Future Directions
The descriptive nature of this study, with treatments applied
at the level of entire commercial farms differing in genetics,
management, and environment, limits the ability to assign di-
rect causality. However, this design reflects the reality of com-
mercial dairy production and provides valuable insights for on-
farm management and decision-making (11). Future research
should employ controlled, replicated trial designs, include di-
rect methane measurements, analysis of rumen microbiota, and
broader economic assessments to refine understanding of the

Figure 1 - Principal Component Analysis (PCA) biplot and correlation matrix of milk production and composition variables by dietary treat-
ment.
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optimal use of lipid supplementation strategies under practi-
cal conditions (3,9).

CONCLUSIONS

This study shows that the source and level of dietary fat sup-
plementation influence milk yield, composition, and methane
emissions under commercial dairy conditions. Moderate sup-
plementation with palm oil calcium soap (150 g/kg DM) pro-
vided the most favorable balance between productivity and re-
duced methane intensity. These results, though observation-
al, offer practical insights for climate-smart dairy nutrition and
warrant further controlled trials 
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