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ABSTRACT

The aim of this study was to investigate physiological and genomic differences between high-
(HEFF) and low-efficiency (LEFF) Holstein cows, using a residual-based definition of productive
efficiency derived from automatic milking systems (AMS) data. Individual efficiency was quanti-
fied as the deviation from expected daily milk yield, estimated using a linear mixed-effects
model applied to AMS records. This approach enabled the identification of 68 HEFF and 68 LEFF
cows within a single herd managed under uniform feeding conditions. A genome-wide associ-
ation study (GWAS) based on selective genotyping using the GGP Bovine 100k SNP array identi-
fied 28 significant SNPs across 13 autosomes, mapping to 51 candidate genes. These genes
included loci associated with lipid metabolism and energy utilisation (CD36, LPGATT1), methane-
related efficiency (VPS13B), and immune regulation (TLR9), suggesting a complex genetic archi-
tecture underlying productive efficiency. To support the biological relevance of the residual-
based classification, zootechnical parameters and apparent total tract digestibility (aTTD) were
evaluated over three consecutive days in a subset of 15 HEFF and 15 LEFF cows during late lac-
tation. HEFF cows produced more milk than LEFF (33.76 vs. 28.19kg/d; p < 0.05) and emitted
significantly less methane per litre of milk (14.40 vs. 17.20g/L; p=0.02), despite similar total
methane output. Furthermore, HEFF cows exhibited higher fibre digestibility, particularly for
neutral detergent fibre (aTTD NDF: 57.62 vs. 48.09%; p =0.003). Overall, efficiency defined by
model residuals corresponds to measurable biological differences in digestibility and methane
emission intensity, supporting the use of residual-based phenotypes as practical indicators of
productive efficiency in dairy cattle.
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HIGHLIGHTS

e The residual-based model identified low and high-efficiency dairy cows using AMS data.

e GWAS revealed 28 significant SNPs and 51 genes related to nutrient metabolism, CH, effi-
ciency, immune response, and reproduction.

o Efficient cows showed higher fibre and protein digestibility and lower methane emissions
intensity.

Introduction distribution, and are the leading breed in the US.,
Europe, and several other regions. According to data
extracted from the 2023 World Annual Statistics

Report (World Holstein Friesian Federation - https://

Improving the productive efficiency of dairy cows is a
critical goal for the global livestock sector, driven by
the dual need to enhance food security and reduce

the environmental footprint of animal production
(Gerber et al. 2013; National Academies of Sciences
and Medicine 2021).

Holstein cows are globally recognised for their high
milk yield (MY) (Brito et al. 2021) and widespread

whff.info/annual-statistics/), the global population of
milk-recorded cows was 13.96 million, producing 145
million tons of milk, with an average yield of 10,460 kg
per cow. In terms of milk production, the most impor-
tant countries were the USA (2.8 million cows with
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12,775kg per cow), Germany (2 million cows with
10,056 kg per cow), the Netherlands (1.2 million cows
with 9505 kg per cow), France (1.2 million cows with
9563 kg per cow), and ltaly (1.1 million cows with
10,460 kg per cow).

Productive efficiency reflects the ability to convert
feed into milk efficiently, and by definition, can be
described as the level of an animal’s output relative to
its input over its productive life or cycle (Berry and
Crowley 2013). An efficient animal is capable of pro-
ducing the same amount of milk with less feed. This
characteristic is influenced by digestibility, which plays
a pivotal role in the process and affects long-term
feed efficiency, milk production, and nutrient excretion
(Lee and Hristov 2013; Min and Solaiman 2015).
However, conventional digestibility measurements
based on total faecal collection, although accurate, are
laborious and unsuitable for routine farm application
(Titgemeyer et al. 2001). Rapid alternatives such as
near-infrared spectroscopy (NIRs) offer timely on-farm
estimates but require validation against laboratory
standards (Benedeti et al. 2019).

Production efficiency is also linked to environmen-
tal sustainability, as more efficient animals generally
exhibit lower methane emission intensity (g of CH4/L
of milk) (Capper and Cady 2020). Although direct CH,
quantification under farm conditions is difficult, pre-
dictive models based on production and diet charac-
teristics remain valuable for exploring efficiency-
emission relationships (Niu et al. 2018). Indicators such
as residual feed intake (RFl) and residual methane
emissions (RME) have been widely used to study these
aspects (Connor et al. 2013; Salamone et al. 2024).
Interestingly, substantial individual variation in produc-
tion efficiency exists within the breed (Pryce et al.
2014), thus effective genetic programs can be
implemented.

The diffusion of automatic milking systems (AMS)
has enabled continuous recording of productive and
behavioural parameters, generating large datasets that
support the identification of individual efficiency dif-
ferences (Halachmi et al. 2019). Several methods exist
for modelling expected individual daily milk produc-
tion, thereby enabling the identification of individual
efficiency. These include parametric approaches such
as classical linear and nonlinear functions (e.g.
Wilmink, Wood, Ali lactation curve models) and ran-
dom regression models fitted with Legendre polyno-
mials. Additionally, non-parametric approaches such as
various spline-based methods offer flexible alternatives
that do not assume a predetermined functional form.
Mixed models are well suited for analysing these data,

accounting for repeated measures, animal-level ran-
dom effects, and the genetic relationship among indi-
viduals (Strabel and Misztal 1999; Tullo et al. 2014).

The use of deviations from expected milk produc-
tion has been increasingly adopted to characterise
individual differences in efficiency, stability, or resili-
ence in dairy cows. For example, Poppe et al. (2021)
derived resilience indicators from daily milk yield
records by modelling expected lactation curves and
analysing the variability and temporal structure of
residuals, highlighting the potential of high-frequency
AMS data to capture individual responses to environ-
mental perturbations.

Related approaches have also been used within
genetic evaluation frameworks, where model-based
predictions and residual components contribute to the
assessment of genetic merit and long-term production
trends (Guinan et al. 2023). In this context, although
the phenotypes considered in the present study are
based on proxies rather than direct measurements,
they provide a pragmatic framework to explore the
integration of high-frequency AMS data with genomic
information and targeted physiological indicators of
efficiency.

Simultaneously, the availability of dense genotype
data for individuals has enabled genomic selection: a
revolution in dairy breeding that has accelerated gen-
etic progress due to more precise estimation of breed-
ing values, especially because they can be estimated
for young animals that lack phenotypic information
(VanRaden et al. 2009; Meuwissen et al. 2016; Brito
et al. 2020). Dense genotype data have allowed even
finer QTL detection through genome-wide association
analysis (GWAS), which in combination with AMS-
derived phenotypic data offers a powerful approach
to identify quantitative trait loci (QTL) associated with
productive efficiency and CH4 emissions (Liu et al.
2020). GWAS for QTL identification requires both
phenotypic data and genomic markers. Statistical
power depends primarily on three factors: the number
of individuals analysed, the effect size of variants, and
the significance threshold applied (Sahana et al. 2023).
When working with small populations, whole-popula-
tion analysis may lack adequate statistical power; in
such cases, selective genotyping offers a cost-effective
alternative (Darvasi and Soller 1994). Selective geno-
typing effectively detects associations with quantita-
tive traits when appropriately parameterised (Van
Gestel et al. 2000). However, its application in GWAS is
most suitable when paired with candidate gene-level
significance thresholds (p < 0.01) rather than stringent



genome-wide thresholds (p <5 x 1078) (Xing and Xing
2009).

In this context, the primary objectives were twofold:
1) to evaluate a simplified approach for deriving pro-
duction-efficiency phenotypes; 2) to use these derived
phenotypes to identify associated QTL in a small
cohort of Holstein cows by integrating genomic data.
These primary objectives were complemented by sec-
ondary goals. In particular, digestibility estimates were
used to validate the production-efficiency indicators
derived from AMS data and to estimate CH, emissions.
Field-based instrumentation was combined with
laboratory analysis to validate the digestibility esti-
mates. Although this study relies on phenotypic prox-
ies rather than direct measurements, it contributes to
improving our understanding of the relationships
among the investigated measures.

Material and methods
Ethic statement

The study was approved by the Animal Welfare
Organisation (OPBA, University of Milan; Protocol num-
ber 67_2023) and conducted according to EU and
Italian animal welfare regulations (Directive 2010/63/
EU; D. Lgs. 26/2014).

Data processing and filtering criteria

This study was based on a dataset comprising 657,429
daily milk yield (MY) records collected between 2017
and 2024 from 1,086 Holstein cows, recorded using
nine AMS units and monitoring collars on a single
commercial farm located in Lombardy, Italy. Along
with daily milk yield, the variables recorded by the
AMS included days in milk (DIM), date, somatic cell
count (SCC), and fat, protein, and lactose contents (%).
Additionally, rumination time (minutes) and feeding
time (minutes) were recorded by accelerometers
attached to the collars; these data were subsequently
uploaded to the farm'’s digital system as daily aggre-
gated values and were downloaded together with the
other variables.

For the analysis, we used information about DIM,
daily milk yield, daily rumination and feeding time. To
ensure data consistency and robustness of the ana-
lysis, a multi-step quality control and filtering proced-
ure was applied. As a first step, data editing was
performed to remove records with missing values in
key variables or with a daily milk yield of zero. After
this initial preprocessing step, 575,759 daily records
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remained. Subsequently, biological and analytical fil-
tering criteria were applied:

e Lactation number: only cows in second to fifth lac-
tation were included to reduce variability associ-
ated with physiological immaturity and adaptation
to AMS. First-lactation cows were excluded due to
their transitional physiological status and learning
phase associated with AMS, which could bias effi-
ciency assessments (Connor et al. 2019; Siewert
et al. 2019).

e Lactation completeness: only complete lactations
were retained, defined as those with a duration
between 200 and 305 DIM, consistent with the
farm’s average lactation length. The cut-off value
was also set at 305 DIM since it is considered a tra-
ditional and defined length for standardising lacta-
tion records in dairy cows (Santschi et al. 2011; Kok
et al. 2016).

After applying all filtering criteria, the final dataset
used for model fitting consisted of 206,334 daily MY
records from 453 Holstein cows.

Statistical model for efficiency classification

Data were analysed using a mixed-effects model
implemented in JMP® 19 software (2025 JMP® JMP
Statistical Discovery LLC, Cary, NC) to evaluate MY:

Yi,r,k,l,m,n,o = ﬁo + Yk, 1 +Om + ﬁ] : timefeedi,t + 0+ lo
+ B, - timerum; ¢ + B3 - AVGmilkings; + u;

+ & t,k I, m,n,o0

where Y ¢ k1 mno: daily MY for cow i recorded at the
level of factors specified by the subscripts, f3,: overall
intercept, 7. fixed effect of the year-month inter-
action (level k for year, level | for month), o, fixed
effect of DIM category (level m), f,: regression coeffi-
cient for feeding time, timefeed;: feeding time (min/
day) for cow i on day t, 0,: fixed effect of parity order
(level n), 1,: fixed effect of age at calving in months
(level o), f,: regression coefficient for rumination time,
timerum; ¢: rumination time (min/day) for cow i on day
t, f3: regression coefficient for average number of
daily milkings, AVGmilkings;: average number of daily
milkings for cow i, u;: random effect associated with
cow i, assumed u; ~ N(0, 62) and &,k ;,m,n,o: residual
error term, assumed &tk mno ~ N(0, g.¢”2).

DIM was included as a categorical fixed effect to
describe the average lactation trajectory, using thirty
classes defined as one initial class covering DIM 5-14
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followed by consecutive 10-day intervals. This
approach allowed a flexible representation of lactation
dynamics without imposing a predefined parametric
curve. The distribution of observations across DIM
classes was evaluated to ensure adequate support for
model estimation. Across the 30 DIM classes, the num-
ber of observations per class averaged 6878 (median =
7284), ranging from 4613 to 7352 records, indicating a
generally balanced representation across the lactation
trajectory. A detailed summary of the number of obser-
vations per DIM class is reported in Table S1.

Parity order and age at calving were included as cat-
egorical fixed effects. Feeding time (min/day), rumination
time (min/day), and average number of daily milkings
were included as continuous covariates. Feeding and
rumination times were incorporated to account for
short-term  behavioural and intake-related variation
affecting daily milk yield, thereby improving the estima-
tion of marginal residuals used for cow efficiency classifi-
cation (Paudyal 2021; Nascimento et al. 2024).

Daily milk yield residuals were computed as the dif-
ference between observed values and model predic-
tions based on fixed effects only (marginal predictions).
Residuals were then averaged within each lactation. To
ensure robustness of the efficiency phenotype, only
cows showing consistently positive or negative mean
residuals across all available lactations were retained
and classified as high-efficiency (HEFF) or low-efficiency
(LEFF). The cow random effect was included in the
model to account for repeated measurements, but it
was not used to derive the efficiency phenotype, which
was based exclusively on marginal residuals in order to
preserve persistent between-cow differences. Daily milk
yield residuals were evaluated using standard diagnos-
tic procedures, including inspection of their distribution,
Q-Q plots, and plots of residuals against predicted val-
ues, days in milk, and parity.

Genotype-phenotype association study

To investigate the genetic basis underlying product-
ive efficiency, a selective genotyping strategy com-
bined with a DNA pooling-like approach was
applied (Darvasi and Soller 1994). This method ena-
bles the detection of QTL by focusing genotyping
efforts on animals with extreme phenotypic values
and relies on contrasts in allele frequencies between
extreme groups, thereby reducing individual-level
noise and increasing statistical power and sensitivity
to weak genetic signals, particularly in studies with
limited sample size (Darvasi and Soller 1994; Huang

et al. 2010; Strillacci et al. 2014, 2023; Lipkin et al.
2016, 2024).

In detail, a total of 68 HEFF and 68 LEFF cows, cor-
responding to the top and bottom 15% of the average
residual distribution of 453 cows (resulting after edit-
ing), were included in the genotypic analysis.
Genotypes of all selected cows, obtained using the
GGP Bovine 100K SNP array (GeneSeek®), were avail-
able (SNP call rate > 95% and minor allele frequency
> 1%). To implement the experimental design, each
group (HEFF and LEFF) was randomly divided into two
biological replicates of 34 sample each (HEFF1, HEFF2;
LEFF1, and LEFF2), using a random assignment pro-
cedure implemented in R. Allele frequencies for each
SNP were calculated within each group using the
‘genotype statistics by marker’ function in SNP &
Variation Suite software (SVS v8.9, Golden Helix Inc.,
Bozeman, MT, USA). The statistical comparison
between HEFF and LEFF groups was performed using
an in-house R script (R version 4.0.5). Monomorphic
markers, which are non-informative, were removed
from the dataset, along with SNPs showing the top
5% of absolute allele frequency differences between
biological replicates (i.e. HEFF1 vs. HEFF2 and LEFF1
vs. LEFF2). After this filtering, 65,845 autosomal SNPs
remained for analysis.

Marker-trait associations were assessed using a sin-
gle-marker test, in which the difference in mean A
allele frequencies between the phenotypic tails was
calculated while accounting for the variation in allele
frequencies within each tail. This adjustment corrects
for within-group variability, providing a more accurate
assessment of the significance of allele frequency dif-
ferences between the extremes. GWAS results were
visualised by a Manhattan plot generated with the
ggman R package (Turner 2014), using both the
Bonferroni and FDR multiple testing correction thresh-
olds (set at 0.05).

Gene annotation

All SNPs above the FDR threshold were used for the
SNP annotation, performed using the NCBI Genome
Data Viewer tool, based on the genomic position of
each significant SNP mapped to the ARS-UCD1.2
assembly. When the SNP was located within a gene,
that gene was considered a candidate gene. If the
SNP did not fall within a gene, a genomic window of
+250kb of the SNP position was explored. The QTL
associated with each gene were identified using the
Cattle QTL database of AnimalQTLdb (https://www.ani-
malgenome.org/cgi-bin/QTLdb/BT/index).
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Evaluation of production performance and CH,
emissions

To investigate potential physiological mechanisms
underlying differences in productive efficiency, faecal
and ration analyses were conducted on a subset of 30
animals used in the GWAS (15 HEFF and 15 LEFF), due
to the high cost of these laboratory measurements.
The selected animals were balanced for lactation num-
ber and stage of lactation (DIM 250-290) and were
chosen from the high and low phenotypic tails to
evaluate whether cows with contrasting production
levels, under the same lactation stage and feeding
conditions, exhibit differences in digestion and faecal
characteristics.

Zootechnical, digestive, and CH,-related parameters
were measured over three consecutive days in a sub-
set of cows during late lactation. This short monitoring
period was designed to allow a controlled comparison
between efficiency groups at the same physiological
stage, rather than to characterise performance across
the entire lactation. All animals were maintained under
identical environmental conditions and fed the same
total mixed ration (TMR), reported in Table S2. In add-
ition, all cows received a concentrate through the
AMS, with the quantity tailored to their individual MY.
This ensured that the additional energy intake was
proportional to the production level, minimising its
confounding effect on the production data.

All zootechnical parameters detailed below were
collected from the 30 cows over three measurement
time points during late lactation. AMS data repre-
sented the primary source of information for daily
milk yield and behavioural traits. One of the three
days coincided with the official milk recording carried
out by ARAL (Breeders Association of the Lombardy
Region). These official records were used exclusively to
obtain milk composition values required for dry matter
intake (DMI) and CH,4 estimation, while all production
data used in the analyses were derived from the AMS.
All statistical comparisons between HEFF and LEFF
groups were performed using Student’s t-tests.
Variables were reported as mean + standard deviation,
and significance was considered at p < 0.05. Analyses
were conducted in R (v.4.5.1).

Production performance: Milk parameters, body
condition scores, body weight and dry matter
intake (DMI)

Individual daily MY, rumination time, and feeding time
were obtained from the AMS and collar-based sensors
for each of the three consecutive measurement days.
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Milk composition parameters (fat, protein, and lactose
percentages) were obtained from both the AMS and
the official milk recording carried out by ARAL
(Breeders Association of the Lombardy Region),
depending on data availability. Specifically, milk com-
position values from the official milk recording were
used for the measurement day coinciding with the
control test and were employed in the calculation of
apparent total tract digestibility (@TTD), estimation of
dry matter intake (DMI) and CH,; emission. For the
remaining two measurement days, milk composition
data recorded by the AMS were used for aTTD estima-
tion. For each cow, daily values were averaged across
the three measurement days prior to subsequent
analyses.

During each measurement period, body condition
score (BCS) was assessed using a 5-point scale by two
independent scorers and averaged. Body weight (BW)
was measured once per measurement period using a
weight tape (Animeter tape, Kerbl Austria Handels
GmbH, Austria). Although this method provides lower
precision than direct weighing with a scale, it repre-
sents a practical and commonly used approach under
commercial farm conditions. The potential reduction
in accuracy associated with this measurement method
was therefore considered when interpreting DMI esti-
mates. For the analysis the following equation of De
Souza et al. (2019) was used:

DMI (kg) = [(3.7 + parity x 5.7) + 0.305

x milkenergy (Mcal) 4 0.022 x BW(kg)

+( — 0.689 + parity x —1.87) x BCS]

x [1 = (0.212 + parity x 0.136) x e"( —0.053 x DIM)]

In this equation, milk energy (Mcal) represents the
net energy output in milk and was calculated based
on daily milk yield and milk composition (fat, protein,
and lactose), according to standard energy-corrected
milk formulations. BW (kg) corresponds to the esti-
mated live weight of the cow, BCS is the body condi-
tion score, DIM represents days in milk, and parity
indicates lactation number. All input variables required
by the equation were derived from either official milk
recording data or on-farm measurements collected
during the same measurement period.

Feed and faecal sample collection and NIRs
analysis

The chemical composition of feed and faecal samples
was evaluated on field using a portable Near-infrared
spectroscopy (NIRs, Polispec, IT Photonics, Italy). The
NIRs was used to measure the content of dry matter
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(DM), crude protein (CP), crude fats (CF), neutral deter-
gent fibre (NDF), acid detergent fibre (ADF), acid
detergent lignin (ADL), acid insoluble ash (AlIA) and
starch, expressed as a percentage of DM.

The characteristics of the TMR were evaluated on
the fresh feed daily at each time point, measuring ten
different sections along the length of both feed bunks
and averaging the results. Individual faecal samples
were collected from the rectal ampulla of each cow.
With the same sampling criteria samples were also col-
lected and stored for the subsequent laboratory
analysis.

Bromatological analyses

For bromatological analyses of the same nutrients
described for the NIRs procedure, samples were
pooled into a composite sample per animal (repre-
senting the average of three consecutive days), dried
in a forced-air oven at 65°C, and ground using a cen-
trifugal mill equipped with a 1mm mesh screen
before being processed for laboratory analysis.

The analysis covered both the TMR and faecal sam-
ples following the official methodologies established
by the Association of Official Analytical Chemists
(AOAC 2023) for the following parameters:

e Dry matter (DM): determined by drying at 65°C
until reaching a constant weight, according to
AOAC method 930.15.

e Crude protein (CP): quantified using the Kjeldahl
method (AOAC 2001.11), which includes digestion,
ammonia distillation, and titration for total nitrogen
and protein content determination using the nitro-
gen-to-protein conversion coefficient of 6.25.

e Ether extract (EE): determined by Randall-Soxtec
extraction (AOAC 2003.5), involving petroleum
ether immersion, solvent evaporation, and lipid
residue weighing.

e Starch: analysed using a commercial colorimetric
kit following the rapid total starch method, which
includes enzymatic hydrolysis and a colorimetric
reaction registered spectrophotometrically, per-
formed according to the manufacturer's instruc-
tions (Total Starch Assay Kit, Megazyme Ltd, Bray,
Ireland).

e Fibre fractions: Including neutral detergent fibre
(NDF), acid detergent fibre (ADF), and acid deter-
gent lignin (ADL), analysed according to the
method developed by van Soest et al. (1991).

e Crude ash: determined by incinerating samples in a
muffle furnace at 550°C for 3hours, according to

AOAC method 942.05, to quantify the total inor-
ganic fraction.

e Acid-Insoluble ash (AlA): determined by incinerat-
ing the ash and treating it with 2N HCI, following
the method described by Liu (2022).

All analyses were performed in technical duplicate
to ensure accuracy and reproducibility of results.

Apparent total tract digestibility (aTTD)
evaluation

The aTTD coefficients were calculated for each nutri-
ent (DM, CP, NDF, ADF, starch and EE) using the fol-
lowing formula, as introduced by Merchen (1988) and
applied by Jancewicz et al. (2016):

aTTD = { [DCp/(ADLp — AlAp)]-[CDF/(ADLF — AIAF)] } /
[(DCo/(ADLp — AlAp)] * 100

where DCp and DCr represent the target nutrient con-
centration in the diet and faeces respectively. ADLp
and ADL represent the ADL concentration in the diet
and faeces. AlAp and AlAr represent the AIA concen-
tration in the diet and faeces.

CH, emissions and CH, emission intensity
Similarly, the daily CH4 production was then estimated
using the equation proposed by Niu et al. (2018):

CH4(g/d) = —72.4 + 3.15 x NDF(%DM) + 2.65 x ECM
+ 23.9 x milk fat (%) + 0.290 x BW (kg)

where NDF is the neutral detergent fibre of the feed
as analysed by the NIRs system, DM is the dry matter
of the feed as analysed by the NIRs system, ECM is
the energy corrected milk calculated using the formula
of Tyrrell and Reid (1965), and BW is the average body
weight collected during the 3 days period. All variables
required for the equation were sourced from official
milk recording data or on-farm collected measure-
ments. CH, intensity (g/kg of milk) was also computed
by relating the daily CH,; production to daily milk
production.

Results
Efficiency classification of the animals

The robustness of the residual-based classification was
further supported by diagnostic analyses of the mixed
model. The distribution of daily milk yield residuals
was approximately symmetric around zero and the
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Table 1. Descriptive statistics for the two efficiency groups obtained from Automatic Milking Sistems (AMS) data, N° is the num-

ber of animals considered in the group.

Group N° RES (kg) *** MY (kg) *** Time_feed (min) Time_rum (min)*
HEFF 68 7.26+2.18 51.30£3.79 237.51+42.70 560.11+27.41
LEFF 68 —-7.66+1.13 39.11+£4.39 245.10+£35.50 546.49 + 36.46
p-value - 9.548895E-68 1.131746E-35 0.2619109 0.01517791

Note: Statistical significance levels: *p < 0.05, **p < 0.01, ***p < 0.001. Average values and standard deviation of residuals (res), average production (MY),
feeding time (time_feed) and rumination time (time_rum) of the two efficiency groups across all lactations. HEFF - high efficiency and LEFF - low efficiency.

Q-Q plot showed that residuals closely followed the
expected theoretical normal distribution (Figure S1A).
When residuals were plotted against days in milk, no
clear systematic trend was observed across the lacta-
tion curve, indicating that the model adequately cap-
tured the main lactation-stage effects. Similarly, the
distribution of residuals across parity classes was com-
parable, suggesting that parity-related variation was
appropriately accounted for in the model (Figure S1B).
Finally, the plot of residuals against predicted milk
yield did not reveal any major structure or funnel-
shaped pattern (Figure S1C), indicating no strong evi-
dence of heteroscedasticity. Although the Spearman
correlation between residuals and days in milk was
statistically significant because of the very large num-
ber of observations, its magnitude was negligible
(p=0.025; p < 2.2 x 107, indicating the absence of a
biologically meaningful association. These results sup-
port the use of average residuals as a proxy for per-
sistent production efficiency and confirm that the
identification of HEFF and LEFF cows was not driven
by lactation stage or parity-related artefacts.

Descriptive statistics for the two efficiency groups
(68 HEFF and 68 LEFF) are presented in Table 1. As
expected, HEFF cows exhibited higher average MY
across all available lactations (51.30kg) and residual
values (7.26 +2.18) compared to LEFF cows, confirming
their superior productive performance. No significant
differences were observed in feeding time, whereas
for the rumination time, HEFF animals ruminated more
(560.11 min/d) compared to the LEFF (546.49 min/d;
p=0.015). Dry matter intake (DMI) was not included
in this section because individual intake estimates
were available only for the subset of animals involved
in the physiological validation experiment (see Table
2), where additional measurements related to digest-
ibility and methane emissions were collected.

Genotype-phenotype association study

The results of the GWAS comparing HEFF and LEFF
cows are shown in Figure 1. The Manhattan plot high-
lights the distribution of —log10(p) across all bovine
autosomes. A total of 28 significant SNPs were identi-
fied across 13 autosomes. These SNPs lead to the

Table 2. Average residuals of the sampled cows (res) milk
yield (MY), milk quality parameters (fat, protein, lactose),
rumination (time_rum), feeding time (time_feed), estimated
DMI (kg) and CH4 emissions (g/d) in HEFF and LEFF cows.

Class HEFF LEFF p-value

Res 5.79+2.67 —4.96+2.74  0.0000000000146
My 33.76 £6.08 28.19+5.16  0.0115

fat 1.37x0.16 1.18+0.18  0.00391

protein 3.59+0.14 3.54+£0.19 0412

lactose 4.96+0.11 498+0.08 0.571

Time_rum 528.27 +65.16 503.21+57.93 0.350

Time_feed 184.00 £56.14 214.90+54.93 0.200

DMI 29.13£2.08 2871+254  0.623
CH4_tot (NIRs) 470.11+£28.04 470.65+32.03 0.965

CHA4_liter_milk (NIRs) ~ 14.40 +2.96 17.20+£3.23  0.0196
CH4_tot (Lab) 495.86+30.49 504.82+40.07 0.496
CH4_liter_milk (Lab) 15.19+3.14 1846361 0.0134

Values are reported as mean=SD. residuals (res); average production
(MY); feeding time (time_feed); rumination time (time_rum) and dry mat-
ter intake (DMI).

identification of 51 positional candidate genes (Table
3). SNPs located within coding or intronic regions are
reported under the ‘intragenic’ column, while nearby
genes within £250kb of intergenic SNPs are listed as
‘upstream’ or ‘downstream’. The full list of associated
QTL for each candidate gene, based on the Animal
QTLdb, is provided in Table S3.

TMR and faecal composition

Table 4 reports the compositional analysis of the TMR
and faeces collected from HEFF (n=15) and LEFF
(h=15) cows, based on both NIRs and laboratory
data. Faecal composition estimated by NIRs differed
markedly between efficiency groups. In general, HEFF
cows exhibited a significantly lower concentration of
fibrous components in faeces compared with LEFF
cows. In particular, NDF and ADF were reduced in
HEFF animals (NDF: 39.76 £5.59 vs. 47.40% *6.83%;
p=0.002; ADF: 23.18%+370 vs. 28.25%*4.72%;
p=0.003), together with ADL (9.33£0.39 vs.
9.81%+0.41%; p=0.003) and AIA (1.64+£0.13 wvs.
1.86% £0.19%; p=0.001). These results indicate a
lower faecal excretion of structural carbohydrates in
HEFF cows, consistent with improved fibre utilisation.
Conversely, DM was significantly higher in HEFF
cows compared with LEFF cows (14.68+1.00 vs.
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Figure 1. Manhattan plot of the genome-wide association results comparing HEFF (high efficiency) and LEFF (low efficiency)
cows. The red line shows the Bonferroni-corrected significance threshold, while the blue is the false discovery rate (FDR) threshold,

both set at a significance level of 0.05.

13.53% £ 1.10%; p = 0.006). Faecal starch concentration
was also higher in HEFF cows (1.50+0.67 vs.
0.69% +0.71%; p=0.003), whereas no significant dif-
ferences were detected for CP or EE. Ash content was
lower in HEFF animals (14.03 +£0.75 vs. 14.78% + 0.69%;
p =0.008). These results could indicate a slightly lower
digestibility of fibrous fractions in the LEFF group.
However, these patterns were not confirmed by the
laboratory data, which showed no significant group-
level differences for any of the measured parameters.

Production performance and CH, emissions

Table 2 compares the production performances, DMI
and CH, emissions of the two sampled groups. In
terms of production performance, groups are compar-
able with the larger sample used in the GWAS, exhibit-
ing statistically significant differences in both residuals
and MY. Some production performance traits and cer-
tain emission-related traits differed between efficiency
groups. As expected by construction, HEFF cows
showed significantly higher mean residual values than
LEFF cows (5.79+2.67 vs. —4.96+2.74; p < 0.001), con-
firming the effectiveness of the residual-based classifi-
cation. HEFF cows also exhibited higher average daily
MY (33.76+6.08 vs. 28.19+5.16kg/d; p=0.011) and
greater fat yield (1.37+£0.16 vs. 1.18+0.18kg/d;
p = 0.004).

No significant differences were observed between
groups for milk protein and lactose content, nor for
total CH4 emissions. However, CH, intensity expressed
per litre of milk was significantly lower in HEFF cows
(1440+£2.96 vs. 17.20+3.23g CH,/L; p=0.020), indi-
cating a more favourable conversion of feed into milk
relative to methane output. The use of body weight
estimated via weight tape rather than direct weighing
may have slightly reduced the precision of CH, esti-
mates; however, this limitation is expected to affect
absolute values rather than relative differences
between efficiency groups.

aTTD analysis

To investigate potential physiological differences in
nutrient utilisation between HEFF and LEFF cows, the
aTTD was estimated using both NIRs and laboratory
analyses. The assessed feed components included DM,
CP, EE, NDF, ADF and starch. The results for both tech-
niques are summarised in Table 5, aTTD values dif-
fered between efficiency groups and between
analytical approaches. Based on NIRs-derived esti-
mates, HEFF cows exhibited significantly higher digest-
ibility of CP (6241+£3.33 vs. 59.53%+3.63%;
p=0.032), aNDF (57.62+£6.53 vs. 48.09% *8.93%;
p=0.003), and ADF (65.88% +6.70 vs. 56.12% + 9.08%;
p=0.003) compared with LEFF cows. Digestibility of
starch was slightly lower in HEFF cows (98.04 +0.88 vs.
99.05% + 0.95%; p =0.005), whereas no significant dif-
ferences were observed for DM digestibility or lipids.
Laboratory-based aTTD estimates confirmed higher
digestibility of several components in HEFF cows,
albeit with greater variability. In particular, HEFF cows
showed higher digestibility of DM (86.25+2.21 vs.
84.19%+2.79%; p=0.034), CP (61.41+6.50 vs.
56.12% +7.05%; p=0.042), and ADF (31.52+8.34 vs.
19.12% £ 13.56%; p=0.006). Differences in aNDF
digestibility were not significant when estimated from
laboratory data, while starch and lipids digestibility
showed only numerical trends favouring HEFF cows.

Discussion

The classification of cows into HEFF and LEFF groups
was based on individual residuals from a linear mixed-
effects model that accounted for key factors influenc-
ing daily MY, including DIM, parity, feeding and rumin-
ation times, age, and milking frequency. The lack of
systematic patterns in daily residuals across days in
milk and parity supports the robustness of the mixed
model and suggests that the residual-based classifica-
tion of cows was not driven by temporal or parity-
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Table 3. Summary of significant SNPs from the GWAS and gene annotation.

SNP Chr bp p-value Intragenic Upstream Downstream

Hapmap41493-BTA-28649 3 85077748 1.66E-05

BovineHD0400011183 4 40115485 1.66E-05

BovineHD0400011267 4 40474946 8.17E-06

BovineHD0400011271 4 40481319 3.94E-06

BTA-111059-no-rs 6 62338657 3.94E-06

ARS-BFGL-NGS-72492 8 51919977 8.17E-06
8

ARS-BFGL-NGS-102553

ARS-BFGL-NGS-41309 8 111672008 1.66E-05
BovineHD1200017519 12 63497662 9.16E-06
BovineHD1200019122 12 69207619 1.66E-05
BTB-01837541 13 45320699 1.66E-05
BovineHD 1400018787 14 64990713 1.66E-05
BovineHD1400018792 14 65004906 1.66E-05
BovineHD1400019527 14 67276670 1.66E-05
BovineHD1400019537 14 67309823 1.66E-05
BovineHD1400019548 14 67341621 1.49E-05
BovineHD1400021634 14 74788465 3.86E-07
BovineHD1500003342 15 13163097 5.21E-07
BovineHD 1500005099 15 19885618 8.17E-06
BovineHD1500006313 15 23874724 1.66E-05
BovineHD1600004670 16 16603900 8.17E-06
Hapmap51075-BTA-86900 16 16665275 1.66E-05
ARS-BFGL-NGS-36880 16 71839497 1.66E-05
ARS-BFGL-NGS-106233 16 72025137 1.66E-05
BovineHD2100015369 21 53223744 1.13E-07
BovineHD2200014147 22 48873180 8.78E-09
BovineHD2400006157 24 22352444 1.66E-05
ARS-BFGL-NGS-55443 27 6126003 1.81E-09

111057264 1.66E-05 TRAPPC12

SEMA3C
D36 GNAT3
(D36 GNAT3
BNIP3
PCSK5
MYTIL
DCT, TGDS, GPR180, SOX21
PITRM1, PFKP
VPS13B
VPS13B
CPQ
CPQ
CPQ
MMP16
TTCL12
LPGAT1, NEK2, SLC30A1, RD3, TRAFS5,
RCOR3
TRAF5
WDR82, MIRLET7G, PPM1M, RPL29, ACY1, ABHD14A,
TWF2, TLR9, ALAS1, ABHD14B, PCBP4, GPR62,
POC1A, DUSP7 PARP3, RRP9, IQCF1,
IQCF5, 1QCF2, 1QCFe,
GRM2
DTNA
XKRS5, TAP, SPAG11B, LAP, DEFB13
ZNF705A

Note: The ‘intragenic’ column indicates genes where the SNP falls within
+250kb of the non-intragenic SNPs position.

related artefacts but rather reflects persistent devia-
tions from expected production. This residual-based
approach follows the same rationale as RFIl, which
quantifies efficiency as the deviation between
observed and expected feed intake based on energy
sinks like MY and metabolic body weight (Berry and
Crowley 2013; Olijhoek et al. 2020). In our case, the
"residual yield" metric identifies animals that consist-
ently produce more or less milk than expected
(given their physiological and environmental con-
text), thus offering a practical proxy for productive
efficiency. While RFI requires direct feed intake data,
our approach exploits high-frequency data collected
via AMS and sensors, that are more feasible in com-
mercial settings and aligned with the goals of preci-
sion livestock farming. Although this residual-based
phenotype provides a practical proxy for productive
efficiency, it does not explicitly integrate resource
use and productive output into a single composite
metric. In particular, direct measures of feed intake,
energy balance, or environmental outputs were not
available for the entire population and therefore
could not be included in the efficiency definition.
Future studies should aim to develop composite

a gene boundary; the ‘upstream’ and ‘downstream’ columns list genes within

efficiency indices that jointly account for production,
resource utilisation, and environmental emissions,
allowing a more comprehensive evaluation of pro-
ductive efficiency in dairy cattle.

The use of model residuals as efficiency indicators
has gained momentum, particularly in systems
equipped with sensor-based phenotyping (Salamone
et al. 2024). Integrated phenotyping platforms combin-
ing automated milking systems and sensor technolo-
gies allow continuous and high-frequency recording of
behavioural and productive traits, generating large
longitudinal datasets that improve the estimation of
expected performance and the reliability of residual-
based phenotypes. Residuals allow the consistent
identification of outperforming or underperforming
cows across lactations, increasing the reliability of sub-
sequent genomic analyses. To minimise bias from
transient physiological states, we excluded animals in
early lactation or in first parity, when energy imbal-
ance, growth, and adaptation to AMS could distort
performance metrics (Connor et al. 2019; Siewert et al.
2019). This ensures that the observed deviations
reflect true differences in efficiency rather than tem-
porary effects.
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Genotype-phenotype association study

The selective genotyping approach used, proved to be
effective for identifying genomic regions underlying
productive and health traits, in line with previous
studies in cattle (Lipkin et al. 1998; Huang et al. 2010;
Strillacci et al. 2014; Kurz et al. 2019). In this study, 28
significant SNPs distributed across 13 BTAs, encom-
passing 51 genes. These genes represent a diverse set
of functional candidates that converge on key bio-
logical processes, which can be broadly grouped into
categories related to digestive physiology, metabolic
and endocrine regulation, immune function, and
reproductive biology.

Nutrient metabolism, CH, and feed efficiency
Comparison of HEFF and LEFF dairy cows revealed
genomic regions containing genes involved in energy
extraction, nutrient digestion, and utilisation, processes
closely linked to DMI and CH, emissions. Genes such
as LPGATT and CD36 play central roles in lipid metab-
olism, potentially contributing to differences in feed
efficiency. LPGAT1 influences lipid metabolism, energy
partitioning, body fat deposition, metabolic efficiency,
and longevity (Getaneh and Alemayehu 2022). CD36, a
transmembrane receptor in mammary epithelial cells,
mediates long-chain fatty acid uptake and delivery to
intracellular pathways for milk fat synthesis, and its
high expression in lactating cows suggests a role in
improved lipid utilisation, milk yield, and production
efficiency in HEFF cows (Tian et al. 2022). ALAST has
been identified as one of the most significantly differ-
entially expressed genes between high- and low-
residual feed intake (RFI) Holstein—Friesian cows, sug-
gesting a role in metabolic efficiency (Higgins et al.
2019). PFKP, previously identified in association with
ruminal bacterial family phenotypes (Golder et al.
2023), highlights a potential role in modulating carbo-
hydrate metabolism in the rumen, as it is a key regula-
tory enzyme of glycolysis. Variation at this locus may
influence substrate availability for microbial fermenta-
tion, thereby indirectly affecting feed efficiency and
nutrient utilisation in dairy cattle, consistent with
Golder et al, who showed that the mammalian gen-
ome interacts with the rumen metabolome and micro-
bial communities, ultimately impacting milk protein
composition.

Among the positional candidate genes identified in
previous studies on predicted methane emissions in
dairy cattle, VPS13B was associated with all six distinct
CHj-related traits and has been repeatedly reported in
the literature as being linked to milk production and
composition traits (Rezvannejad et al. 2022; Salgado

Pardo et al. 2022; Fresco et al. 2025). In the present
study, we identified two significant  SNPs,
BovineHD1400018787 and BovineHD1400018792, map-
ping within VPS13B. These results are consistent with
prior findings in cattle, goats, and sheep, indicating a
conserved role of VPSI3B in both methane-related
traits and milk production efficiency.

The region flanking SNP BovineHD1200019122
overlaps one of the regions (containing DCT, TGDS,
GPR180, and SOX21) reported by Soares et al. to
explain the highest proportion of genetic variance for
clinical ketosis (Soares et al. 2021). Given that ketosis
is associated with negative energy balance in early lac-
tation, compromising dry matter intake and nutrient
partitioning, genetic variants in this region may may
be associated with differences in milk yield and overall
production efficiency among dairy cows (Yang et al.
2019).

Immune response and production efficiency

Health status and immune competence are increas-
ingly recognised as key components of feed efficiency
and productive longevity in dairy cattle (Aleri et al.
2019). Several genes identified in this study are
involved in innate immunity and inflammatory regula-
tion, suggesting a link between efficiency and resili-
ence. The lingual antimicrobial peptide (LAP), a
member of the bovine p-defensin family, has been
detected in bovine milk in biologically active forms
with antimicrobial activity comparable to human
p-defensins. LAP expression increases in response to
mammary infection and is positively associated with
somatic cell count, supporting its role in innate mam-
mary immune defence (Isobe et al. 2009). Tracheal
antimicrobial peptide (TAP) exhibits bactericidal activ-
ity against pathogens responsible for bovine respira-
tory disease, and its expression in tracheal epithelial
cells increases in response to bacterial components,
such as lipopolysaccharide. In a study on bovine
p-defensin, the downregulation of LAP and TAP
expression in the rumen epithelium following butyrate
infusion highlights a close interaction between diet-
derived metabolites and host defense peptide expres-
sion, supporting a link between nutrition, immune
regulation, and microbial homeostasis (Meade et al.
2014). Similarly, DEFB13, another f-defensin expressed
in the bovine mammary gland, contributes to epithe-
lial antimicrobial protection against a broad range of
pathogens (Gurgul et al. 2019). TLR9 plays a key role
in innate immune recognition by sensing bacterial
DNA and activating inflammatory responses in the
mammary gland. Genetic variation or altered
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Table 4. Comparison of TMR (total mixed ration) and faecal composition from NIRs and laboratory data, values are reported as

mean = SD.
Comp NIRs Laboratory Comp HEFF LEFF p-value HEFF LEFF p-value
DM 47.03+0.78 48.93+1.06 DM 1468+1.00 13.53+£1.10 0.006 15.87+£0.91 16.50+1.19 0.114
cP 16.43+022 14.28+0.19 CcP 17.82+0.67 18.01+0.58 0.408 o 13341070 13.38+1.09 0.9
NDF 33.66+0.77 4427 +3.97 < NDF 39.76 £559 47.40+6.83 0.002 § 64.62+3.25 64.83+4.19 0.884

« ADF 23.87+040 2265+042 & 5 ADF 23.18+3.70  28.25+4.72 0.003 > 3720%£3.03 39.11+2.69 0.078

E ADLD 3.45+0.20 537+1.01 E & ADL 9.33+0.39 9.81+0.41 0.003 % 1250+2.04 13.30x235 0.329
AIAD 0.54 +0.04 0.57£0.12 = AA 1.64+0.13 1.86+0.19 0.001 5 3.21+£0.92 2.63+1.66 0.252
Starch  2533+£0.97 21.28+1.30 Starch 1.50+£0.67 0.69+0.71 0.003 § 0.82+0.43 0.93+£0.32 0.414
EE 4.29+£0.08 4.09+0.15 EE 4.96 +0.64 5.23+0.60 0.248 1.90£0.33 1.98+0.43 0.588
ASH 7.41+£0.07 4.72+£0.93 ASH 14.03+0.75 14.78 £ 0.69 0.008 1092+094 11.25+1.65 0.519

Note: Comp = Component; DM =dry matter; CP = crude protein; NDF = neutral detergent fibre; ADF; acid detergent fibre; ADLD: acid detergent lignin
concentration; AIAD: acid insoluble ash concentration; EE: ether extract; ASH: crude ash; HEFF: high efficiency and LEFF: low efficiency.

Table 5. Estimated apparent total tract digestibility (aTTD) values (%) from NIRs and laboratory data for
HEFF and LEFF groups for: dry matter (DM), crude protein (CP), neutral detergent fibre (NDF), acid detergent
fibre (ADF), starch and ether extract (EE); values are reported as mean + SD.

NIRs data

Group DM CP aNDF ADF Starch EE
HEFF 88.95+1.09 62.41+£3.33 57.62+6.53 65.88+6.70 98.04 +0.88 59.97 +6.44
LEFF 89.44+0.77 59.53+3.63 48.09 +8.93 56.12+£9.08 99.05 +0.95 54.83+7.38
p-value 0.170 0.032 0.003 0.003 0.005 0.052
Laboratory data

Group DM cpP NDF ADF Starch EE
HEFF 86.25+2.21 61.41+£6.50 3439+10.96 31.52+834 98.45+0.86 80.90+3.44
LEFF 84.19+2.79 56.12+7.05 31.49+11.49 19.12+13.56 97.91+0.84 77.08+7.18
p-value 0.034 0.042 0.486 0.006 0.091 0.078

regulation of TLR9 has been associated with differen-
ces in immune responsiveness and susceptibility to
mastitis, influencing udder health and production effi-
ciency (Badami et al. 2019; Lesta et al. 2025).

The QTL region identified by Badia-Bringué et al.
annotated with RD3, TRAF5, and RCOR3 and associated
with high IFN-y levels, overlaps with the region identified
in the present study between the significant SNPs ARS-
BFGL-NGS-36880 and ARS-BFGL-NGS-106233, with the
latter mapping within the TRAF5 gene. TRAF5 is an adap-
tor protein of the TNF receptor-associated factor family
involved in TNFa-mediated signalling. It contributes to
the activation of NF-xB and cell death pathways and
plays a regulatory role in immune homeostasis by mod-
ulating TLR responsiveness and limiting excessive inflam-
mation (Badia-Bringué et al. 2023).

Reproduction and other traits

Although the primary focus of this study was feed effi-
ciency, several identified genomic regions are associ-
ated with additional traits, indicating pleiotropic
genetic effects (Table S3). Notably, some regions over-
lap with QTL for fertility-related traits, such as first-ser-
vice conception and number of inseminations per
conception, involving genes like PITRM1, as well as
with QTL for body size, stature, and body depth,

linked to genes including CPQ. Structural traits such as
udder attachment, udder depth, and udder height,
associated with QTL overlapping GPR180 and CPQ, are
known to influence milking efficiency, productive lon-
gevity, and susceptibility to mastitis (Amma et al.
2024; Medeiros et al. 2024). Together with the fertility-
related QTL, these findings suggest that metabolic
efficiency and feed efficiency are genetically intercon-
nected with reproductive performance and structural
soundness, likely through shared mechanisms related
to energy balance and resource allocation.

Digestibility, DMI, and CH, emissions

This study also explored physiological differences
between HEFF and LEFF cows in terms of nutrient util-
isation and environmental impact, to evaluate whether
selection for higher efficiency could promote sustain-
ability through reduced CH, emissions and improved
feed conversion. The analyses were conducted on a
limited sample of cows (15 HEFF and 15 LEFF) and
during a three-day period of time, restricting the gen-
eralisability of our results. Furthermore, CH, emissions
were estimated using predictive equations and should
therefore be interpreted as approximate values.
Accordingly, the differences observed between the
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groups should not be extrapolated to other herds or
management conditions but should be considered as
a promising basis and direction for further research or
expanded studies. Lastly, because these measurements
were collected over a limited number of days and dur-
ing a single lactation phase, the observed differences
should be interpreted as phase-specific. As expected,
HEFF cows produced more milk than LEFF cows des-
pite similar dry matter intake, suggesting a more
favourable conversion of feed into milk, likely related
to enhanced ruminal functionality. They also showed a
significantly longer rumination time, and improved
nutrient utilisation. This was supported by the higher
fibre and protein digestibility observed in HEFF cows
using NIRs.

Importantly, NIRs determines aNDF (which includes
the ash correction for NDF), and this methodological
difference may explain the discrepancies between the
two approaches used to determine aTTD. Furthermore,
the absence of available urine samples prevented the
calculation of a complete nitrogen balance, limiting
the accuracy of protein utilisation estimates, even
though a significant difference emerged in CP digest-
ibility between the groups.

The present results indicate that HEFF cows exhib-
ited higher apparent total tract digestibility of crude
protein and structural carbohydrates compared with
LEFF cows, consistently observed using both NIRs- and
laboratory-based approaches. This agreement between
methods, despite differences in analytical variability,
supports the robustness of the association between
digestive efficiency and productive efficiency, as previ-
ously reported in dairy cattle (Schalla et al. 2012).

Higher crude protein digestibility in HEFF cows sug-
gests a more efficient utilisation of dietary nitrogen,
which is known to support milk yield and protein syn-
thesis through enhanced microbial protein production
and improved nitrogen use efficiency (Christensen et al.
2015; Xie et al. 2019). In addition, HEFF cows showed
greater digestibility of fibre fractions, particularly NDF
and ADF, which are widely recognised as key drivers of
feed efficiency and energy availability in dairy cows
(Huhtanen et al. 2009; Pino et al. 2018). These differen-
ces may reflect improved rumen function in HEFF cows,
such as enhanced fibrolytic microbial activity or a more
stable ruminal environment favouring fibre degradation
(Xue et al. 2022; Tapio et al. 2023).

Although starch digestibility differed slightly
between groups, the magnitude of this difference was
small and likely of limited biological relevance. Overall,
the improved digestibility of protein and fibre frac-
tions observed in HEFF cows provides a plausible

mechanistic explanation for their higher productive
efficiency and lower methane intensity per unit of
milk produced.

Lastly, although differences in feeding time, regis-
tered by collars, were not significant, HEFF cows
showed a longer rumination time, a behavioural trend
consistent with more efficient feed processing.
Prolonged rumination enhances fibre breakdown and
microbial access to cellulose (Souza et al. 2022), which
aligns with the higher fibre digestibility found in HEFF
cows.

These findings suggest that HEFF cows achieve
greater feed conversion efficiency, which also trans-
lates into a lower CH4 intensity per litre of milk
(Capper 2021). Although CH,; values were predicted
rather than directly measured, similar patterns have
been reported in studies using direct measurements,
supporting the notion that more efficient animals are
also less environmentally impactful. This evidence
underpins the development of combined indices such
as RFl and RME.

The residual-based classification captures meaning-
ful phenotypic differences extending beyond produc-
tion to digestive capacity and sustainability-related
traits, highlighting the importance of integrating
digestive and environmental phenotyping into multi-
trait efficiency frameworks.

Conclusions

This study provides an integrative and targeted evalu-
ation of productive efficiency in Holstein dairy cows
by combining high-frequency phenotypic data, gen-
omic information, and short-term nutritional efficiency
measures. Using a residual-based classification
approach, we identified cows showing persistent devi-
ations from the expected milk yield under relatively
stable physiological conditions, enabling the definition
of contrasting efficiency profiles within a single herd.
Under the specific conditions of late lactation and
short-term monitoring, efficient cows produced more
milk and showed improved fibre digestibility together
with lower CH, emissions per litre of milk, suggesting
a more favourable combination of nutrient utilisation
and productive efficiency.

The selective genotyping approach effectively iden-
tified genomic regions previously associated with effi-
ciency-related traits. Twenty-eight significant SNPs
mapped to 52 candidate genes with known or plaus-
ible roles in metabolism, digestion, immunity, and
reproduction. Although further validation is required,
these findings provide a solid foundation for future



research and for developing genomic selection strat-
egies that incorporate efficiency as a target trait.

From a methodological standpoint, some inconsis-
tencies emerged between NIRs- and laboratory-based
digestibility estimates, with the latter showing higher
variability. These discrepancies likely highlight the
need for caution when interpreting short-term physio-
logical measurements and may reflect differences in
analytical principles and individual biological variability
that should be considered when interpreting physio-
logical results.

Overall, our findings demonstrate that the residual-
based classification captures biologically meaningful dif-
ferences among animals and represents a promising
framework for evaluating both digestive and environ-
mental efficiency. Future studies incorporating full-lacta-
tion modelling, direct measurements of feed intake and
methane emissions, and larger multi-herd populations
will be essential to validate these preliminary findings
and to further elucidate the genetic basis of productive
and environmental efficiency in dairy cattle.
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