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HIGHLIGHTS

e Dairy cows use diverse strategies to cope with concentrate reduction.

e Access to base-ration intake flexibility limits milk yield decline.
e Energy deficits are offset by intake, milk loss or body reserves.
o Individual adaptation profiles vary widely and shift over time.
e Precision feeding requires predicting cows’ adaptive capacity.
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ABSTRACT

Background and objectives: In dairy systems, concentrate allocation is commonly based on milk yield, days in milk
and parity, assuming homogeneous responses among cows with similar characteristics. We hypothesized that
cows differ in their short-term adaptive strategies when concentrate supply is reduced. The objective was to
characterize inter-individual variability in milk yield and feed intake responses following a decrease in
concentrate allowance.

Data collection: Sixty Holstein cows (one-third primiparous) were fed a common balanced base ration delivered
individually via electronic weighing troughs and received concentrate through an automatic feeder. Each 6-week
sequence comprised 3 weeks at 4 kg/d concentrate (C4 phase) followed by 3 weeks at 1 kg/d (C1 phase); the
sequence was repeated three times. Cows were assigned to one of two treatments: FLEX (ad libitum access to the
base ration) or FIX (base ration intake during C1 limited to the individual average intake recorded during the
preceding C4 phase).

Research methods: Individual response profiles were defined using predefined quantitative thresholds established
by an expert group. Compensation in base ration intake was expressed as kg additional base ration per kg
concentrate reduction and classified as BO (<0.30), B+ (0.30 < B+ < 0.80), or B++ (>0.80). Milk yield
response was expressed as kg milk change per kg concentrate reduction and classified as MO (>—0.30), M—
(—0.80 < M- < —0.30), or M—— (<—0.80).

Results: With an average decrease of 2.40 kg DM/d concentrate supply, FLEX cows increased base ration intake
by 1.35 kg DM/d and decreased milk yield by 1.24 kg/d while FIX cows maintained base ration intake (-0.08 kg
DM/d) and decreased milk yield by 2.43 kg/d. Milk response profiles were equally distributed in FLEX cows
whereas most FIX cows exhibited moderate to high milk losses. Marked variability was observed in both intake
compensation and milk responses within treatments.

Contributions: Access to base ration modulates milk response to concentrate reduction and provides evidence of
substantial inter-individual variability in short-term adaptive strategies. By proposing quantitative response
profiles combining intake and milk changes, it contributes a phenotyping framework for identifying response
profiles that could eventually support the development of individualized feeding approaches.

* Corresponding author.

E-mail address: charlotte.gaillard@inrae.fr (C. Gaillard).

https://doi.org/10.1016/j.livsci.2026.106016

Received 2 March 2026; Received in revised form 7 August 2026; Accepted 8 August 2026

Available online 9 August 2026

1871-1413/© 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-7896-2520
https://orcid.org/0000-0002-3175-8266
https://orcid.org/0000-0002-9805-4108
https://orcid.org/0000-0001-8852-0999
https://orcid.org/0000-0002-7896-2520
https://orcid.org/0000-0002-3175-8266
https://orcid.org/0000-0002-9805-4108
https://orcid.org/0000-0001-8852-0999
mailto:charlotte.gaillard@inrae.fr
www.sciencedirect.com/science/journal/18711413
https://www.elsevier.com/locate/livsci
https://doi.org/10.1016/j.livsci.2026.106016
https://doi.org/10.1016/j.livsci.2026.106016
https://doi.org/10.1016/j.livsci.2026.106016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.livsci.2026.106016&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Gaillard et al.
Introduction

The widespread use of partially mixed rations (PMR) in large herd
dairy farms, in which cows receive a base ration at the feed trough
supplemented with individualized concentrate, reflects a broader shift
towards precision feeding in modern dairy systems. This approach has
expanded in many countries alongside the adoption of automatic
concentrate feeders, enabling individual concentrate allocation based on
factors such as milk production, parity, and stage of lactation (DIM). In
France, for example, the proportion of dairy farms equipped with
automatic concentrate feeders increased from 28.0% of 772 surveyed
farms in 2015 to 56.2% of 856 surveyed farms in 2023 (Allain et al.,
2015; Nicolas and Allain, 2024), underscoring the move towards more
technology-driven dairy management.

While automatic concentrate feeders enable cow-level concentrate
allocation, their effectiveness ultimately depends on how individual
cows respond to changes in concentrate supply. Previous studies have
shown substantial inter-individual variability in dairy cows' responses to
nutritional challenges, including differences in feed intake regulation,
production responses, and energy balance adjustments (Faverdin et al.,
1991; Gaillard and Abarnou, 2024). However, this variability is rarely
incorporated into feeding decisions. Several studies have shown that,
when individual concentrate allocation is adjusted without altering the
total amount of concentrate distributed per group, animal performance,
economic, and environmental outcomes can be similar to those achieved
with total mixed ration (TMR, Pardue et al., 1975; Yan et al., 1998).
These results highlight that individual concentrate feeding alone does
not guarantee improved efficiency unless cow-level adaptive responses
are explicitly considered.

Dairy cows can rely on multiple mechanisms to adapt to a reduction
in concentrate supply, including adjustments in feed intake at the
trough, mobilization of body reserves, and changes in milk production.
The relative contribution of these mechanisms may differ substantially
among cows. Some animals primarily compensate for reduced energy
supply through increased feed intake, whereas others may maintain
production by mobilizing body reserves or, conversely, reduce milk
synthesis to preserve energy status. Understanding this diversity of
adaptive strategies is essential for improving the biological basis of
precision feeding approaches.

However, current decision-support tools used on farms primarily rely
on milk production responses and economic criteria to guide concen-
trate allocation. For example, the Dynamic Feeding Module (DLM)
implemented in Lely milking robots automatically adjusts concentrate
supply according to the individual milk response of each cow, while
accounting for milk price, concentrate cost and milk composition (fat
and protein content) to optimize economic return rather than maximize
milk production (André et al., 2009 and 2010). Such systems represent
an important step toward precision feeding. However, they do not
explicitly incorporate other adaptive mechanisms that may influence
cows’ responses to concentrate restriction, such as compensatory
changes in basal ration intake or body reserve mobilization.

Before these additional adaptive mechanisms can be incorporated
into individualized feeding models, it is necessary to determine whether
inter-individual variability in response to concentrate reduction is suf-
ficiently structured, biologically interpretable, and potentially repeat-
able to support the identification of meaningful response profiles.
Previous studies have acknowledged that cows differ in their responses
to nutritional challenges, but these differences are often treated as
random effects in statistical models rather than explicitly characterized
and classified. As a result, little information is available on how cows
differ in their short-term capacity to compensate for a reduction in
concentrate supply through changes in feed intake and milk production,
particularly under controlled conditions where access to the base ration
is either flexible or constrained. In this context, restricting access to the
base ration can be used as an experimental tool to constrain one adaptive
pathway (increased feed intake) and thereby reveal how individual cows
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differ in their short-term compensation strategies following concentrate
reduction.

The objective of this study was therefore to characterize the vari-
ability and structure of short-term responses in milk yield and feed
intake among dairy cows following a reduction in concentrate supply.
The analysis focused specifically on concentrate reduction, as this sce-
nario is of particular interest to dairy producers aiming to reduce feed
costs while maintaining production. Rather than evaluating an indi-
vidualized feeding strategy, the study aimed to establish a phenotyping
framework based on predefined response profiles describing cows’ ad-
aptations in milk yield and base ration intake. We hypothesized that (1)
cows with similar production level and parity differ in their short-term
responses in milk yield and base ration intake to a reduction in
concentrate supply; (2) cows with restricted access to the base ration
compensate for reduced concentrate supply primarily by decreasing
their milk production whereas cows with ad libitum access will express a
broader range of compensatory responses involving both intake and
production; and that (3) the distribution of response profiles differs
significantly between cows with flexible versus fixed access to the base
ration.

MATERIAL AND METHODS

The experiment was conducted from February 2022 to July 2022 at
the experimental dairy farm of Trinottiéres (Montreuil-sur-Loir, France).
All procedures involving animals complied with French regulations for
animal care and use in agricultural research, in accordance with
Directive 2010/63/EU on the protection of animals used for scientific
purposes, as transposed into French law. The study was conducted
within the framework of routine herd management procedures at the
experimental farm and did not require specific ethical approval under
the applicable French regulations.

Animals and housing

The experiment involved 60 Holstein dairy cows, including 20 pri-
miparous cows, with an average DIM of 109 + 37 at the start of the trial
(Table 1). Cows remained in the experiment for 5.5 months.

Cows were housed in a free-stall barn with one cubicle per cow and
42 electronic weighing troughs (Controlling and Recording Feed Intake,
BioControl AS, Norway), providing ad libitum access to the base ration
and ensuring that trough availability was not limiting for feed intake.
Individual access to troughs was controlled using RFID identification.
Cows were milked twice a day, at 0630 h and 1630 h, in a rotary milking
parlor (DeLaval, Tumba, Sweden).

Feeding system

All cows received a common base ration, distributed once daily at the
feed troughs. The base ration consisted of a mixture of forages and
concentrates (22%) and contained (in % DM): 56.9% corn silage, 16.0%
ryegrass silage, 5.00% ryegrass haylage, 21.0% rapeseed meal, and
1.10% mineral-vitamin supplements (Table 2). The base ration provided
0.91 UFL/kg DM (UFL: feed unit for lactation, unit of net energy defined
as the net energy content of 1 kg of standard barley; for reference, the
net energy required to produce 1 kg of standard milk corresponds to
approximately 0.42 UFL, INRA, 2018) and 81 g PDI/ kg DM (PDI: pro-
tein truly digestible in the small intestine, according to the French INRA
feeding system; INRA, 2018). The base ration was formulated to meet
the maintenance and production requirements of mid-lactation cows
producing approximately 35 kg of milk per day without additional
concentrate supplementation. Consequently, the extra concentrate
supplied through the automatic feeders represented a nutritional sup-
plement above the basal ration and created distinct levels of energy
supply during the C4 and C1 phases.

In addition to the base ration, cows received an extra energy
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Table 1

Baseline characteristics of the four experimental groups used for cow allocation
before the start of the trial. Values correspond to measurements collected during
the two weeks preceding the experiment and are presented as mean + SD for
continuous variables.

FLEX_ 1 FLEX 3 FIX 2 FIX 4
Number of cows 15 15 15 15
Primiparous, % 33 33 33 33
Average lactation rank 25+15 23+14 21+ 25+
1.4 1.3
DIM, d 112 £ 40 114 + 38 109 + 118 £
37 36
Average milk yield, kg/d 35.0 + 35.7 + 35.6 + 35.5 +
6.3 5.7 7.7 7.0
Average fat in milk, g/kg 39.3 + 42.2 + 41.5 + 39.7 +
4.7 4.5 4.6 3.9
Average protein in milk, g/kg 32.0 + 32,6 + 325+ 325+
2.2 2.3 2.4 2.1
Average intake at trough, kg/d ~ 54.7 + 56.0 + 55.8 + 57.6 +
3.1 2.4 3.2 3.4
Average total dry matter 26.0 + 26.2 + 26.5 + 26.6 +
intake, kg/d 3.1 2.3 3.2 3.4
Average body weight, kg 671 £69 678 £47 664+ 690 +
82 75

DIM = days in milk; FIX = cows with restricted access to the base ration; FLEX =
cows with ad libitum access to the base ration.

Table 2
Ingredient and nutrient composition of the base ration fed to all
Cows.

Component Value

Ingredient composition

Maize silage, % DM 56.9
Ryegrass silage, % DM 16.0
Ryegrass haylage, % DM 5.0
Rapeseed meal, % DM 21.0
Mineral-vitamin supplement, % DM 1.1
Nutrient composition

Crude protein, %DM 13.5
Crude fiber, %DM 18.3
NDF, %DM 41.3
Total starch, %DM 16.5
Net energy, UFL/kg DM' 0.91
PDI, g/kg DM 81.0
RDP balance, g/kg DM* 0.00

1 1 UFL = feed unit for lactation equivalent to 1,700 kCal or 7.11
MJ of net energy for lactation (INRA, 2018),
2 RDP = Rumen Degradable Protein balance (INRA, 2018).

concentrate supplied individually through three automatic concentrate
feeders (DeLaval DAC stalls, Tumba, Sweden). This concentrate con-
tained 17% crude protein and 87.5% of DM (Table 3).

The ingredient and nutrient composition of the base ration and
concentrate were identical across feeding treatments (FLEX and FIX) and
across experimental phases; only the quantity of concentrate supplied
via the automatic feeders differed between the C4 and C1 phases.

Experimental design and treatments

The trial followed a repeated-measures design consisting of three
successive sequences (Fig. 1). Each sequence lasted 6 weeks and
included:

— a 3-week high extra concentrate phase (C4 phase), and
— a 3-week low extra concentrate phase (C1 phase).

During the C4 phase, cows received up to 4 kg/cow per day of extra
concentrate (as-fed basis) via the automatic feeders. During the C1
phase, this allowance was reduced to 1 kg/cow per day (as-fed basis).
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Table 3
Chemical composition of feed ingredients used in the base ration and of the
concentrate.

Maize Ryegrass Ryegrass Rapeseed Concentrate'
silage haylage silage meal

DM, % 36.5 39.7 40.0 88.0 87.5

Ash, g/kg 34.0 88.0 79.0 79.6 84.6
DM

Organic 966 912 921 920 915
matter,
g/kg DM

Crude 60.0 102 92.0 378 200
protein,
g/kg DM

Crude 214 302 203 149 113
fiber, g/
kg DM

Total 330 63.0 276
starch, g/
kg DM

Total fat, 24.0 20.8 21.0 20.5 30.5
g/kg DM

NDF, g/kg 430 562 401 356 359
DM

ADF, g/kg 232 310 209 197 132
DM

ADL, g/kg 22.0 28.0 16.0 87.3 37.0
DM

1 Concentrate composition (% of DM, NOBIAECO 17 TR is a commercial
concentrate blend formulated for dairy cows (17% crude protein), averages over
3 periods): wheat bran (23.4); Amyplus 416 Nestlé - a cereal-based starch-rich
feed ingredient derived from processed grains (19.8); sunflower meal (de-
oiled,11.3); by-products from the production of amino acids and vinasses (10.0);
wheat or barley (8.35); maize (8.00); dried sugar beet pulp (6.67); grape pulp
(3.30); Proteinal — a commercial protein supplement based on processed plant
protein sources (4.53); sunflower Hi-Pro (4.05); corn gluten feed and distillers
grains and solubles from cereal processing (2.00); calcium carbonate (1.41);
molasses (1.00); Px Rum Valea (0.55); ammonium sulfate (0.35); sodium chlo-
ride (0.57). Net energy from concentrate: 1.03 UFL/kg DM.

These quantities refer exclusively to the extra concentrate supplied via
the automatic feeders and were applied uniformly to all cows.

These concentrate levels were selected to create a substantial but
realistic reduction in concentrate supply representative of commercial
PMR systems equipped with automatic concentrate feeders. The objec-
tive was not to compare specific concentrate-feeding strategies, but to
generate a nutritional challenge large enough to reveal inter-individual
differences in adaptive responses while maintaining adequate nutrient
supply and animal welfare.

The repeated-sequence design was chosen to expose cows to several
standardized concentrate-reduction challenges throughout lactation. No
wash-out period independent of the subsequent C4 phase was included.
Instead, each 3-week C4 phase was intended to re-establish a common
feeding condition before the following C1 challenge.

At the start of the experiment, the 60 cows were allocated into four
balanced groups of 15 cows. Each group included both primiparous and
multiparous cows (Table 1). Group allocation was performed using a
balancing procedure based on parity, DIM, milk yield, milk composition
(fat and protein content), body weight (BW), and total dry matter intake
(DMI) measured during the two weeks preceding the experiment
(Table 1). The four groups were therefore comparable in terms of pro-
duction level and physiological status at the start of the experiment.

The feeding treatments were assigned at the group level. Groups 1
and 3 were assigned to the FLEX treatment, whereas groups 2 and 4 were
assigned to the FIX treatment (Fig. 1). To avoid confounding treatment
effects with environmental or temporal factors, groups 3 and 4 entered
the experiment three weeks after groups 1 and 2. All groups followed the
same experimental structure, and cows within a given group transi-
tioned simultaneously between C4 and C1 phases.

In the FLEX treatment, cows had ad libitum access to the base ration
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A) Experimental timeline
“f't Sequlence 1
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B) Group allocation
T

Groups 1 (FLEX)
and 2 (FIX)

Groups 3 (FLEX) and 4 (FIX)

C) Feeding treatments

FLEX treatment (groups 1 and 3) FIX treatment (groups 2 and 4)

Extra concentrate (automatic feeders):
* C4: 4 kg/cow per day
* C1:1 kg/cow per day
Base ration:

* Ad libitum in C4

* Ad libitumin C1

Extra concentrate (automatic feeders):
* C4: 4 kg/cow per day

* C1:1 kg/cow per day

Base ration:

* Ad libitumin C4

e Fixed in C1 toindividual mean intake measured during preceding C4

Fig. 1. Experimental design of the study. Cows were assigned to two feeding treatments (FLEX and FIX) and exposed to three successive 6-week sequences, each
comprising a 3-week high extra-concentrate phase (C4) followed by a low extra-concentrate phase (C1). In the FLEX treatment, cows had ad libitum access to the base
ration throughout the experiment, whereas in the FIX treatment, access to base ration was restricted during the C1 phases.

throughout the experiment, allowing voluntary adjustment of base-
ration intake during the C1 phases. In the FIX treatment, cows had ad
libitum access to the base ration during the C4 phases only. During each
subsequent C1 phase, base-ration intake was restricted to the individual
average intake recorded during the last two weeks of the preceding C4
phase. Base-ration restriction was calculated for each cow in kg DM/day
based on the dry matter content of the base ration.

Measurements

The base ration was prepared daily using a mixer wagon to ensure a
homogeneous mixture and was distributed each morning after milking.
The DMI was calculated based on DM content measured from daily
samples of the forages and biweekly samples of the concentrate. The DM
content was updated weekly to account for any changes.

Feed intake at the troughs was continuously monitored. These
troughs recorded the initial and final weights of the ration during each
visit, allowing precise measurement of feed intake per visit per cow. The
total daily base ration intake for each cow was calculated by summing
the amounts consumed during all visits over a 24-h period and was then
converted to DMI using the weekly DM measurements of the feed
components.

Extra concentrate was distributed via automatic feeders continu-
ously throughout the day. Concentrate delivery occurred when cows
voluntarily visited the feeders and was dispensed in small portions
(approximately 40 g per drop) until the individual daily allowance was
reached. The timing and mode of distribution were identical for all cows;
only the maximum daily allowance differed between experimental
phases (4 kg/cow per day during C4 phases and 1 kg/cow per day during
Cl phases). No additional temporal restrictions were applied to
concentrate access. Automatic feeders were calibrated regularly ac-
cording to the manufacturer’s recommendations. Milk yield was recor-
ded individually at each milking and summed on a daily basis.

Milk samples were collected weekly from 4 milkings (Monday eve-
ning, Tuesday morning, Thursday evening, and Friday morning). Body

weight was measured automatically twice daily after milking using a
dynamic scale that identified the cow via RFID (Delpro® management
software, DeLaval, Sweden). Body condition score was assessed every 14
days by two trained evaluators using the scoring system of Bazin et al.
(1984), ranging from 0 (very thin) to 5 (very fat).

Chemical analysis

Milk samples were analyzed individually (i.e., 4 samples per cow per
week) for fat and protein contents. Feed samples were ground with a 3-
blade knife mill through a 0.80-mm screen. Feed samples were analyzed
for DM (standard NF V18-109, October 1982), ash (standard NF V18-
101, October 1977 - incineration at 550°C for 5 h in a muffle furnace),
and CP (Kjeldahl method, standard NF EN ISO 5983-1, December 2005).
Neutral detergent fiber, ADF, and ADL, were determined according to
the method of Van Soest (1967) (standard NF V18-122, October 2013).
Starch content was determined by polarimetry method (standard NF ISO
6493, November 2011).

Calculations

The net energy of milk (NEM) was calculated according to the
following equation (INRA, 2018):

NEM = Milk Yield x [0.42 + 0.0053 x (Fat — — 40.0)
+ 0.0032 x (Prot — — 31.0)]

where NEM is expressed in UFL/d (then converted in MJ/d, conversion
factor of 1 UFL = 7.11 MJ net energy), milk yield in kg/d, “Fat” is the
milk fat content in g/kg and “Prot” the true milk protein content in g/kg.

Net energy intake (NEI, UFL/d) was calculated from individual daily
dry matter intake and the net energy value of the diet, estimated from
feed chemical composition according to INRA (2018), including cor-
rections for digestive interactions related to diet composition (e.g.,
forage-to-concentrate ratio).
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Energy requirements were calculated according to INRA (2018) as
the sum of requirements for milk production, maintenance, growth, and
gestation:
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was not to identify statistically optimal cut-points but to create biolog-
ically meaningful and practically interpretable response categories that
could facilitate comparison among cows. Consequently, the proposed

Energy balance (UFL/d) = NEI — (NEM + Maintenance + Growth + Gestation)

Maintenance, growth, and gestation energy requirements were esti-
mated using standard INRA (2018) equations based on BW, parity, and
stage of gestation. The average weekly energy balance was calculated
for each cow and sequence using weekly averages of intake and pro-
duction variables.

Response calculations and profile definition

Responses to concentrate reduction. The first week of each phase
(C1, C4) was considered as an adaptation period and was excluded from
data analysis. Additionally, the last day of each phase, corresponding to
the dietary transition, was removed.

For each cow-sequence, the response in milk yield and base ration
intake to the reduction in concentrate supply was calculated as the
change from the C4 phase to the subsequent C1 phase, expressed per kg
of concentrate reduction, according to the following equation:

Response (milk yield or base ration intake) = (average response
variable during C1 phase - average response variable during the pre-
ceding C4 phase) / (average concentrate intake during the preceding C4
phase - average concentrate intake during C1 phase).

Changes in DMI, milk yield, milk components, NEM, BW, BCS, and
energy balance between the C4 and C1 phases were calculated as:

Change = (averageduring C1 phase — average during preceding C4 phase)

Definition of response profiles. Response-profile thresholds were
defined a priori by a multidisciplinary expert group including re-
searchers, nutritionists, technicians, and dairy farmers. The objective

Milk yield response

(kg milk per kg concentrate reduction)
A

thresholds should be viewed as an initial phenotyping framework rather
than definitive biological boundaries.

Changes in base ration intake per kilogram of concentrate reduction
were classified as:

e BO (no compensation): < +0.30 kg of additional base ration DMI per
kg of concentrate removed

e B+ (moderate compensation): +0.30 to +0.80 kg

e B++ (high compensation): > +0.80 kg

Changes in milk yield per kilogram of concentrate reduction were
classified as:

e MO (no loss): > -0.30 kg of milk
e M- (moderate loss): -0.80 kg to -0.30
e M- (high loss): < -0.80 kg.

For cows in the FLEX treatment, individual response profiles were
defined as combinations of base ration intake response (B0, B+, B++)
and milk yield response (MO, M—, M—-), resulting in 9 possible
response profiles (Fig. 2).

For cows in the FIX treatment, base ration intake could not increase
during C1 phases by design; therefore, response profiles were defined
solely based on milk yield responses (MO, M—, M——), resulting in 3
possible profiles.

Each cow-sequence was assigned to one response profile based on its
calculated responses.

Residual variability was summarized using the residual standard
deviation (RSD), and further illustrated by the distribution of cow-

MO >-0.30 BO, MO

B+, MO B++, MO

-0.80<M-<-0.30 BO M_
’

B+, M- B++, M-

M-- <-0.80 Bo' M--

B+, M-- B++, M--

B0<0.30

0.30<B+<0.80

v

B++ > 0.80

Base ration intake compensation
(kg DM per kg concentrate reduction)

Fig. 2. Definition of response profiles following concentrate reduction. Response profiles were defined according to changes in base-ration intake (B0, B+, B++) and
milk yield (MO, M—, M——) following concentrate reduction. Each square of the 3 x 3 grid corresponds to one response profile.
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Treatment . FLEX |:, FIX D FIX & FLEX

A) Milk yield response
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B) Base ration intake response
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Base ration response (kg DM / kg concentrate reduction

Fig. 3. Distribution of individual responses used to define response profiles following concentrate reduction. Vertical red lines indicate the thresholds used to classify
milk-yield responses (A) and base-ration-intake responses (B). Histograms are shown separately for FLEX (blue) and FIX (orange) treatments; brown areas correspond
to overlapping portions of the two distributions resulting from histogram transparency.

sequences among response profiles (Table 5). Response distributions
were also visualized using histograms to assess the adequacy of the
classification thresholds (Fig. 3).

Statistical analysis

The statistical analyses were carried out using R (Core Team, 2024).
Effects were considered statistically significant when P < 0.05 and as a
tendency when 0.05 < P < 0.10. Sequence was systematically included
as a fixed effect in all models to account for potential temporal and
environmental variation across the experiment.

Linear mixed-effects models. Linear mixed-effects models were
fitted using the lmer function from the IlmerTest package (Kuznetsova
et al.,, 2017). For all analyses, the initial models included feeding
treatment (FIX vs. FLEX), parity (primiparous vs. multiparous), lactation
stage at the start of the experiment (DIM, continuous), sequence (1, 2, or
3), experimental group (1 to 4), and selected two-way interactions
(sequence x treatment, group x sequence, and treatment x parity) as
fixed effects. Cow was included as a random effect to account for
repeated measurements across sequences. The initial model can be
written as:

C4 phase was included as a covariate to adjust for baseline status before
concentrate reduction. For base ration intake response and milk yield
response expressed per kilogram of concentrate reduction, no baseline
covariate was included because these variables already represented
standardized responses.

Model simplification was performed using a stepwise procedure to
remove non-significant fixed effects, while the feeding treatment was
retained in all models regardless of significance.

Consistency of the individual response profiles across sequences. To
assess the consistency of individual response profiles across sequences,
each of the nine response profiles defined for FLEX cows was assigned a
pair of coordinates (x, y) corresponding to its position in Fig. 2. For each
cow, absolute differences in x and y coordinates between successive
sequences were calculated and summed to quantify profile change over
time.

A variable termed “Profile Change” was thus defined, taking a value
of 0 when the cow maintained the same response profile between se-
quences, 1 when the profile shifted by one adjacent category (horizontal
or vertical), 2 when the profile shifted by two categories, 3 when the
profile shifted by three categories, and 4 for the largest possible shift (e.
g., from (BO, MO) to (B++, M-)). This metric was used to quantify the

Yijmno= 4 + TreatmentiJrParityj +DIM;+Sequence,+Group,, +Interactions + BaselineCovariate, +Cow, + &jimno

where Cow was fitted as a random effect and ¢ represents the residual
error.

For the analysis of average responses during C4 phases, variables of
interest (DMI, milk yield, milk composition, BW, NEM, and energy
balance) were averaged separately for each of the three C4 phases. To
account for baseline differences among cows, a covariate corresponding
to the pre-experimental value of the analyzed variable (recorded the
week preceding the start of the trial) was included in the model and
centered within parity group.

For the analysis of responses to concentrate reduction, changes be-
tween each C4 phase and the subsequent C1 phase were analyzed. For
most variables, the average value measured during the corresponding

stability or variability of individual response strategies across successive
concentrate reduction challenges.

RESULTS

Final dataset. Out of the 180 potential cow-sequences (60 cows x 3
sequences), 28 sequences were excluded due to health issues (primarily
lameness) that significantly affected concentrate intake. The remaining
152 cow-sequences were retained for the response-profile analyses
(Table 5). For analyses requiring calculation of average responses be-
tween C4 and C1 phases, four additional sequences were excluded
because they corresponded to cows with incomplete recordings (i.e.,
cows with only one fully recorded sequence). Consequently, 148 cow-
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Table 4
Averages' of feed intake and production variables for both feeding treatments (FLEX and FIX) estimated either over the C4 phases or as the change between the C1 and
C4 phases.
Averages over C42 phase RSD°® P-value Change C1” phase — C4 phase RSD P-Value
FLEX® FIX® FLEX FIX
DMI of concentrate, kg/d 3.17 3.15 0.18 0.62 -2.45 -2.42 0.05 0.04
DMI of base ration, kg/d 21.5 21.9 0.78 0.09 +1.35 -0.08 0.74 <0.01
Total DM, kg/d 24.7 25.1 0.85 0.12 -1.10 -2.50 0.76 <0.01
Total ingested, MJ NE/d 155 157 4.79 0.14 -5.80 -11.8 4.16 <0.01
Milk yield, kg/d 32.8 33.0 1.36 0.08 -1.24 -2.43 0.98 <0.01
Milk fat, g/kg 40.2 40.4 1.17 0.50 +1.06 +1.44 1.41 0.57
Milk protein, g/kg 329 33.1 0.46 0.30 -+0.01 -0.07 0.52 0.36
NEM*, MJ NE /d 102 104 4.10 0.02 -2.73 -6.34 3.27 <0.01
BW (morning), kg 678 683 10.0 0.08 +7.54 +7.54 7.32 0.99
BCS®, points 3.04 3.05 0.14 0.88 +0.10 +0.05 0.17 0.13
Energy balance, MJ NE /d -5.08 -4.49 3.64 0.67 -4.46 -6.33 4.02 0.03
Response in base ration intake, kg/kg concentrate +0.59 -0.05 0.39 <0.01
Response in milk, kg/kg concentrate -0.50 -0.94 0.46 <0.01

! Estimated marginal means (EMMEANS) are presented to compare the effects of feeding treatments on the different variables of interest, while accounting for
covariates, fixed effects, and random effects included in the models. These adjusted means allow for fair comparisons between treatments, regardless of imbalances or

inter-individual variability

2 C4: 3-week phases during which the cows received 4 kg of concentrate at the automatic concentrate feeders, C1: 3-week phases during which the cows received 1 kg

of concentrate at the automatic concentrate feeders
FIX: cows receiving a fixed quantity of base ration during C1 phase

NEM: Net energy (NE) in milk
BCS: body condition score
RSD: residual standard deviation.

o U oA W oW

sequences were available for the analyses of quantitative responses.

For the analyses of profile stability across sequences (Table 6), cows
needed to have at least two valid sequences. Therefore, 6 cows (all from
the FIX treatment), representing 18 potential cow-sequences, were
excluded because only one sequence remained available after data
filtering. Fourteen cows had one missing sequence but were retained for
stability analyses using their remaining valid sequences.

Average responses during C4 phases. During C4 phases, there
were minimal differences between the FIX and FLEX cows. Both treat-
ments had similar DMI of concentrate and base ration, with the FIX cows
tended to consume slightly more base ration (0.4 kg/d, P = 0.09,
Table 4). Milk yield and milk composition (fat and protein contents)
were also nearly identical between the treatments. This resulted in
similar NEM with an average of 102 MJ/d/cow for FLEX cows and 104
MJ/d per cow for FIX cows (Table 4). The BW, BCS, and energy balance
showed no significant differences between feeding treatments, and the
energy balance remained slightly negative for both groups (Table 4).

Average responses subsequent to the concentrate reduction.
FLEX cows were able to partially compensate for the 2.45 kg DM/d per
cow reduction in concentrate intake by increasing their base ration
intake by 1.35 kg DM/d per cow. They also exhibited a 4.46 MJ/d/cow
decrease in calculated energy balance, which may indicate a greater
contribution of body-reserve mobilization. As a result, the reduction in
milk yield remained limited to 1.24 kg/d/cow, corresponding to a
decrease of 2.73 MJ/d per cow in net energy produced in milk (Table 4).
Comparatively, when cows could not compensate the 2.42 kg DM/d per
cow reduction in concentrate intake by an increase of base ration (FIX
cows), they compensated by a more important decrease in milk yield
(2.43 kg/d per cow, 6.34 MJ/d per cow in net energy in milk; Table 4)
and experienced a larger deterioration in calculated energy balance
(-6.34 MJ/d). Those observations were confirmed by the difference in
the averaged responses in milk yield and base ration intake consequently
to concentrate reduction. On average, FLEX cows increased their base
ration intake by 0.59 kg DM for each kilogram of concentrate removed.
Their milk yield decreased by 0.49 kg per kilogram of concentrate
removed, compared with 0.94 kg for FIX cows (Table 4).

Individual variability of responses. Across all measured variables,
individual variability was present in both treatments, but consistently
higher in the FIX treatment compared to the FLEX treatment (Fig. 4). For

FLEX: cows receiving a flexible (ad libitum) quantity of base ration during C1 phase

instance, the SD of milk yield response was 0.64 kg/d in FIX cows
compared to 0.58 in FLEX cows. Similarly, the SD of the base ration
intake response was 0.53 and 0.43 kg DM per kilogram of concentrate
removed in FIX and FLEX cows, respectively.

The distribution of the FLEX cow-sequences among the nine response
profiles further illustrated the diversity of adaptive responses to
concentrate reduction (Table 5). Most cow-sequences showed moderate
or high compensation through increased base-ration intake (profiles B+
and B++), while milk-yield responses were relatively evenly distributed
among the three milk-response categories. Consequently, FLEX cows
expressed a wide range of response profiles combining different levels of
intake compensation and milk-yield loss.

In contrast, the distribution of the FIX cow-sequences among milk
response profiles was less balanced and characterized by a predomi-
nance of profiles associated with substantial milk yield losses (Table 5).
Only a small proportion of cow-sequences belonged to the profile with
the lowest milk-yield reduction (MO0).

Profiles stability from one sequence to the following. Table 6
presents the percentage of cows that changed their response profile
between two consecutive sequences in both the FLEX and FIX
treatments.

In the FLEX group, the analysis of combined profiles (B x M)
revealed substantial within-cow variation across sequences. Only 25%
and 9.5% of cows maintained the same combined response profile be-
tween sequences 1 and 2 and between sequences 2 and 3, respectively.
Most cows changed profile by one or two classes, indicating limited
consistency of the combined response profiles over time. Similar pat-
terns were observed when considering base-ration-intake responses (B)
separately. Milk-yield responses (M) were somewhat more stable, with
39.3-52.4% of cows remaining in the same profile across consecutive
sequences.

For FIX cows, milk-yield response was the only component evaluated
across sequences. Between 40.0 and 45.8% of cows maintained the same
milk-response profile across consecutive sequences, while the remaining
cows shifted by one or two profile classes (Table 6).

DISCUSSION

This study aimed to characterize the diversity and structure of short-
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term responses to concentrate reduction. The results demonstrate that
cows with similar production level and parity can exhibit markedly
different adaptive responses, supporting the concept of response
profiling as a potential phenotyping tool. A particular strength of this
study is the combination of direct individual measurements of base-
ration intake, repeated concentrate-reduction challenges across lacta-
tion, and the comparison between cows with flexible versus restricted
access to the base ration. Together, these features provided a unique
opportunity to characterize adaptive response diversity under controlled
nutritional conditions. It was hypothesized that (1) cows differ in their
responses to concentrate reduction, (2) cows with restricted access to a
base ration will only compensate for reduced concentrate supply by
decreasing their milk production, and (3) the distribution of response
profiles would reflect these differences in compensation strategies.
Overall, the results support the existence of substantial inter-
individual variability in responses to concentrate reduction and
confirm that access to the base ration influences the expression of these
responses. However, the observed response profiles should be inter-
preted as short-term adaptive patterns rather than evidence of stable
cow-level phenotypes. In addition, because body-reserve mobilization

Livestock Science 312 (2026) 106016

was not directly incorporated into the response-profile framework, the
proposed profiles do not capture all potential adaptive mechanisms
involved in the response to concentrate reduction.

While group averages showed that cows with ad libitum access
(FLEX treatment) could partially compensate for the reduced concen-
trate by increasing their base ration intake and mobilizing body re-
serves, these average figures masked substantial cow-to-cow differences.
The diversity of individual response profiles, both in terms of milk yield
and base ration intake, demonstrates that cows adopt various strategies
to maintain energy balance, and that these strategies may change over
time. Even within the same feeding treatment, responses varied not only
in direction (increase, decrease, or no change) but also in magnitude,
confirming that individual cows react differently to dietary constraints.

Importantly, the distribution of response profiles underlined that
only a subset of cows were able to maintain milk yield without
increasing intake, or to compensate fully by increasing base ration
intake. Conversely, some cows responded with substantial milk yield
reductions and little to no intake adjustment. These findings illustrate
that response to dietary challenges is not homogeneous. However, their
practical relevance for precision feeding depends on the ability to
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Fig. 4. (continued).

Table 5

a. Distribution of cow-sequences (N = 60 x 1-3 sequences) according to treat-
ment (FIX vs. FLEX), base ration intake response (BO: no compensation, B+:
moderate compensation, B++: high compensation) and milk yield response
(MO: no milk loss, M-: moderate loss, M—: high milk loss) following concentrate
reduction. Values correspond to the total number of cow-sequences across the
three experimental sequences. b. Distribution of cow-sequences according to
treatment, response profile, and experimental sequence. Values correspond to

Table 6

Stability of response profiles across consecutive concentrate-reduction chal-
lenges. Values correspond to the percentage of cows assigned to each level of
profile change between two consecutive sequences. Profile change was calcu-
lated as described in the Materials and Methods section. Higher values indicate
larger changes in response profile between sequences.

6.a. Transition from sequence 1 to sequence 2.

3 1 2 2 2
the number of cow-sequences classified in each response profile during sequence Profile FLEXB xM' (n ~ FLEXB"(n= FLEXM (n= FIXM"(n=
1, sequence 2, and sequence 3. Change =28) 28) 28) 24)
5.a 0 25.0 39.3 39.3 45.8
1 21.4 46.4 50.0 37.5

Treatment FLEX FIX' 2 39.3 14.3 10.7 16.7
Response BO B+ B++ Total Total TOTAL i 11306.7 . B )
MO 1 14 10 25 9 34 .
M- 6 16 5 o7 o5 52 6.b. Transition from sequence 2 to sequence 3
M- 9 15 4 28 38 66 Profile FLEXB xM'(n  FLEXB’(n= FLEXM’(n= FIXM’(n=
TOTAL 16 45 19 80 72 152 Change =21) 21) 21) 20)
5.b. 0 9.5 19.0 52.4 40.0
Treatment FLEX FIX' 1 42.9 66.7 38.1 50.0
Response BO B+ B4+ Total Total TOTAL g i’iz 14.3 9:5 100
MO 0/1/ 6/4/4 5/2/ 11/7/ 1/5/3 12/12/ 4 0.0 - - -

0 3 7 10

1 _ . . . .

M- 1,4, 7,475 1,1/ 9/9/9 7,10/ 16,19/ B x M = combined response profile based on both base-ration-intake

1 3 8 17 response (B) and milk-yield response (M)
M- 2/5/ 6/8/1 1/0/ 9/13/ 18/10/ 27,23/ 2 B and M correspond to profile stability evaluated separately for base-ration-

2 3 6 10 16 intake response and milk-yield response, respectively.
TOTAL 3/10 19/16 7/3/ 29/29/ 26/25/ 55/54/

/3 /10 9 22 21 43

! Cows in the FIX treatment had restricted access to the base ration and
therefore could only be classified according to their milk-yield response.

identify which cows belong to each adaptation profile. At present, such
profiles can only be determined retrospectively, following a dietary
challenge. This limitation highlights the need to identify predictive in-
dicators of individual adaptation capacity if precision feeding strategies
are to be implemented proactively, or alternatively to rely on feeding
systems that allow cows to self-regulate their intake.

Intake and milk-yield responses to a concentrate reduction. The
results showed that dairy cows differed markedly in their adjustments of
base-ration intake and milk yield following concentrate reduction. These
two response dimensions formed the basis of the response-profile
framework developed in this study. In the FLEX group, there was high

inter-individual variability in both responses, indicating that these two
levers were used to different extents by different cows. This dual
adjustment strategy echoes the concept of substitution rate between
concentrates and forages (Faverdin et al., 1992), although in the present
study substitution occurred between concentrate and a base ration
composed primarily of forages (78% of DM). When concentrate supply
was reduced, FLEX cows experienced a decrease of approximately —17
MJ NE/d from concentrate, which was partially compensated by an
increase in base ration intake providing about +9 MJ NE/d. The
remaining energy deficit was mainly expressed as a reduction in milk
energy output (—2.7 MJ NE/d), resulting in a moderate deterioration of
energy balance. In contrast, cows in the FIX treatment were not allowed
to increase base ration intake and therefore experienced a larger
reduction in net energy intake (approximately —12 MJ NE/d), which
was primarily compensated by a greater reduction in milk energy output



C. Gaillard et al.

(—6.3 MJ NE/d), leading to a more pronounced negative energy bal-
ance. These results confirm that cows in similar lactation stages and with
comparable requirements experience a worsened energy balance when
substitution is constrained, consistent with previous observations of
milk yield decline following concentrate reduction when no compen-
satory intake occurs (Berg and Ekern, 1993; Friggens et al., 1998).
Importantly, individual response profiles revealed that these energy
pathways were not tightly coupled: some cows substantially increased
base ration intake yet still exhibited marked milk yield losses, whereas
others showed limited intake adjustment while maintaining milk
production.

High inter-individual variability in milk and intake responses to
concentrate reduction. The mechanisms discussed below should be
considered as biologically plausible interpretations of the observed
response patterns rather than mechanisms directly demonstrated by the
present study. One of the key findings of this study is the marked inter-
individual variability in responses to concentrate reduction, particularly
among FLEX cows. Beyond documenting this variability, an important
question is what differentiates cows belonging to the different response
profiles. Several, non-mutually exclusive mechanisms may underlie
these contrasted adaptive strategies.

Differences in feeding behavior and intake regulation are likely to
play a central role. Individual cows may differ in their motivation to
increase trough visits, their ability to cope with increased bulk intake, or
their sensitivity to rumen fill and satiety signals, which could explain
why some cows substantially increased base ration intake (B++),
whereas others did not (B0), despite similar access conditions. Such
behavioral variability has been previously reported and shown to be
consistent over time in dairy cows (Fischer et al., 2018). In addition,
cows may differ in digestive capacity, rumen volume, passage rate, and
feed efficiency, all of which influence their ability to increase intake and
extract energy from fibrous diets following a reduction in concentrate
supply (Faverdin et al., 1991; Allen, 2000).

Beyond intake regulation, individual differences in energy parti-
tioning may also contribute substantially to response heterogeneity.
Dairy cows differ in the relative priority given to milk production, body
reserve mobilization, growth, and restoration of body condition,
particularly during early and mid-lactation (Friggens et al., 2004;
Wathes et al., 2007). Consequently, cows exposed to a similar energy
deficit may respond differently: some may maintain milk yield through
greater mobilization of body reserves, whereas others may reduce milk
synthesis to preserve body condition and metabolic status. Such differ-
ences in metabolic flexibility and endocrine regulation have been
associated with variation in nutrient partitioning, resilience to nutri-
tional challenges, and overall production efficiency (Friggens et al.,
2013; Wathes et al., 2007). Because body-reserve mobilization was
not directly measured in the present study, the contribution of this
mechanism remains speculative, but it may partly explain why intake
compensation and milk-yield responses were not always tightly coupled.

The thresholds used to define response profiles were intentionally
selected to provide simple and interpretable categories rather than to
represent discrete biological states. Consequently, the proposed classi-
fication should be viewed as an exploratory framework for describing
response diversity among cows rather than as evidence for biologically
distinct groups. Because no formal sensitivity analysis was conducted,
the robustness of this classification to alternative threshold definitions
remains to be established. Future studies should therefore assess the
consistency of the identified response profiles across different threshold
values and production environments.

Together, these observations highlight the need for a better under-
standing of the biological basis and consequences of the different
response profiles. Beyond describing differences in intake and milk-yield
responses, future research should determine whether particular profiles
are associated with differences in metabolic status, body-reserve mobi-
lization, robustness, resilience to nutritional challenges, health, or
welfare outcomes. Such information is essential to establish whether
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certain response profiles represent more desirable adaptive strategies
than others.

Once the biological significance of these profiles is better under-
stood, an important next step will be to identify practical proxies capable
of anticipating individual response profiles. Potential indicators include
early-lactation intake dynamics, body condition score trajectories, milk
component patterns (e.g., fat-to-protein ratio), behavioral traits related
to feeding activity, or responses to previous nutritional challenges.
Identifying such proxies would be a critical step toward moving from
retrospective characterization of response profiles to proactive, indi-
vidualized feeding strategies.

Average responses confirm a partial substitution effect. The
average responses observed in our ad libitum group are consistent with
previous studies showing moderate substitution and milk yield reduc-
tion in response to concentrate supply changes. On average, for the FLEX
cows, the reduction of concentrate intake was only partially compen-
sated by an increase in base ration intake. This response aligns with the
substitution mechanism in ruminants (Faverdin et al., 1992), whereby a
reduction in dietary energy density, often associated with reduced
concentrate levels, leads to an increase in intake of the basal diet to
maintain energy supply. However, this compensation remained incom-
plete in our study, suggesting that, under the conditions of the present
study, cows were only able to partially increase intake of the PMR type
base ration in response to reduced extra-concentrate supply. Finally,
Aguerre et al. (2011) reported that altering the forage-to-concentrate
ratio had no significant impact on DMI of cows fed ad libitum but
influenced milk composition, increasing fat content while reducing
protein concentration. In our study, the responses observed in both FLEX
and FIX cows align with these findings, indicating that our cows
exhibited expected physiological adaptations to changes in concentrate
supply. However, interpretation of milk-composition responses requires
caution. In addition to changes in the forage-to-concentrate ratio, the
greater energy deficit experienced by some cows, particularly in the FIX
treatment, may also have contributed to the observed changes in milk
composition. Consequently, the present data do not allow the respective
contributions of dietary composition and energy status to be
disentangled.

The observed responses should also be interpreted in the context of
the nutritional value of the basal ration, which already covered a sub-
stantial proportion of cows’ nutrient requirements. Consequently, the
responses reported here are specific to the feeding conditions of the
present experiment and should not necessarily be extrapolated to sys-
tems relying on a less nutrient dense basal ration, where responses to
concentrate reduction may differ. An additional limitation is that the
present study evaluated only a single extra concentrate contrast, from 4
to 1 kg/cow per day. Consequently, the observed intake and milk-yield
responses are specific to this nutritional challenge and should not be
interpreted as universal marginal responses applicable across other
levels of concentrate reduction.

Response profiles to a concentrate reduction are not necessarily
consistent over time. Although some cows showed consistent re-
sponses to repeated concentrate reductions, we observed substantial
changes in others, particularly between sequences 2 and 3, which
coincided with a heatwave. Heat stress is known to affect feed intake,
milk yield, energy balance, and feeding behavior in dairy cows and may
therefore have contributed to the reduced consistency of response pro-
files observed during the final sequence. Consequently, part of the
variability observed between sequences may reflect environmental
conditions rather than inherent differences in cows’ adaptive strategies.
This external factor likely influenced feed intake and milk yield, adding
complexity to the interpretation of repeatability. Milk yield responses
were more stable over time than trough intake responses, suggesting
that cows may prioritize stability in milk yield, possibly through internal
regulation of energy partitioning (e.g., body reserve mobilization)
(Friggens et al.,, 2013; Wathes et al, 2007). The repeated
concentrate-reduction challenges allowed us to evaluate whether
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response profiles remained consistent over time rather than relying on a
single challenge event.

This variability raises questions about the stability and predictability
of individual response profiles. While metabolic profiling (e.g., Gaillard
and Abarnou, 2024) could provide further insight, our results already
point toward the need to integrate individual variability and its tem-
poral consistency into feeding management strategies. Repeatability is
not absolute, and external factors (e.g., temperature, health, or
carry-over effects) and internal factors (change in physiological strate-
gies over time) may limit the ability to predict responses based on pre-
vious behavior. Consequently, the response profiles identified in the
present study should be interpreted as observed adaptive response pat-
terns rather than definitive evidence of stable individual phenotypes.

Interpretation of BW changes requires particular caution. In dairy
cows, short-term fluctuations in BW may reflect not only changes in
body reserves but also variation in digestive fill, gut contents, hydration
status, and pregnancy-related growth. Consequently, apparent discrep-
ancies between BW trajectories and calculated energy balance may
occur over relatively short periods. The relatively large body-weight
gains and losses observed in some cows over the three-week experi-
mental phases are unlikely to reflect body-reserve changes alone and
probably also include variation associated with digestive fill and hy-
dration status. This limitation may partly explain the apparent
discrepancy between the positive body-weight changes and the negative
calculated energy balances observed during the experimental periods.
This limitation reinforces the need for complementary indicators, such
as body condition score dynamics, body composition measurements, or
metabolic biomarkers, when investigating the role of body reserve
mobilization in adaptive responses to nutritional challenges.

Several limitations should also be considered when interpreting
profile consistency. First, the repeated-sequence design did not include a
wash-out period independent of the subsequent C4 phase. Consequently,
the C4 phases simultaneously served as recovery periods from the pre-
vious challenge and as baseline periods for the subsequent challenge.
Although sequence was included in all statistical models and cows were
re-exposed to a common feeding condition before each challenge, carry-
over effects related to body reserve dynamics, feeding behavior adap-
tation, or previous nutritional history cannot be completely excluded.
Second, several cow-sequences were excluded due primarily to health
disorders affecting concentrate intake. Although these exclusions were
necessary to ensure that calculated responses reflected the experimental
treatments rather than disease-related effects, they may have introduced
some degree of selection bias, as cows experiencing health problems
could differ in their adaptive capacity, feeding behavior, or production
responses compared with the retained population. In addition, all six
cows that were completely excluded from the study belonged to the FIX
treatment. Although the available data do not allow us to determine
whether this distribution was directly related to the feeding treatment, a
potential association between restricted access to the base ration, health
status, and adaptive responses cannot be completely excluded. The
present analyses were designed to characterize observed response het-
erogeneity rather than to estimate individual response parameters.
Future studies could use random-slope or variance-component ap-
proaches to better distinguish between-cow differences in adaptive re-
sponses from within-cow temporal variability and thereby quantify the
relative contributions of stable and transient sources of variation.

Implications for feeding strategies and future directions. The
marked variability in cows’ responses to reduced concentrate supply
highlights the limitations of uniform feeding strategies based solely on
lactation stage or average production. Some cows were able to
compensate for reduced concentrate supply through increased base
ration intake, whereas others exhibited larger milk yield losses, indi-
cating that a single feeding rule is unlikely to be optimal for all in-
dividuals. Characterizing cows with differing substitution capacities
provides a useful framework for understanding adaptive diversity
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among cows and may ultimately contribute to the development of more
individualized feeding approaches.

The comparison between FLEX and FIX cows made it possible to
isolate the role of intake flexibility in shaping adaptive responses to
concentrate reduction and to demonstrate its importance for limiting
milk-yield losses.

A major challenge remains the identification of response profiles a
priori. In the absence of reliable predictors, individual responses
currently need to be identified retrospectively following a dietary
challenge. Future research should investigate whether early-lactation
intake patterns, body condition dynamics, milk component trajec-
tories, behavioral indicators, parity, lactation stage, baseline production
level or body condition can help predict individual adaptive responses to
nutritional challenges. If reliable predictors can be identified, inte-
grating such indicators into automated decision-support tools may
facilitate the future development of response-based feeding strategies.

The response profiles proposed here were based on predefined
thresholds selected for their biological interpretability and practical
relevance. Alternative data-driven approaches, such as clustering
methods, latent class analysis, or random-slope-based classifications,
could provide complementary insights into response heterogeneity and
may help refine response profiling in future studies.

Beyond intake and milk yield, mobilization of body reserves likely
represents an additional mechanism by which cows adapt to reduced
energy supply. Importantly, cows maintaining milk yield following
concentrate reduction may achieve this response through different
biological pathways. Some may increase base-ration intake, whereas
others may rely more heavily on body-reserve mobilization. The relative
contribution of these mechanisms may also be influenced by differences
in endocrine regulation, including the somatotropic axis, and by cows'
genetic potential for milk production, both of which affect nutrient
partitioning and adaptive responses to nutritional challenges (Wathes
et al., 2007; Friggens et al., 2013). Consequently, a limited milk-yield
response should not necessarily be interpreted as a more desirable
adaptive strategy if it is achieved at the expense of excessive mobiliza-
tion of body reserves. However, body reserve mobilization was not
directly measured in the present study and therefore remains a plausible
interpretation rather than a demonstrated mechanism. Future work
should better quantify its contribution using indicators such as body
condition score, energy balance estimates, or blood metabolites. Future
studies combining intake measurements, production data, body condi-
tion dynamics, and metabolic indicators would provide a more complete
characterization of the biological mechanisms underlying individual
responses to concentrate reduction. In addition, emerging sensor-based
phenotyping technologies may provide useful tools for predicting indi-
vidual response profiles. Automated monitoring systems based on 3D
imaging, body weight recording, feeding behavior sensors, thermog-
raphy, or other precision livestock farming technologies could help
identify cows differing in their capacity to adjust intake, mobilize body
reserves, or maintain milk production following nutritional challenges.
Although such technologies were not evaluated in the present study,
they may contribute to the future development of predictive indicators
allowing response profiles to be identified before dietary interventions
are implemented.

Milk yield responses were evaluated using raw milk yield rather than
net energy in milk. While energy-corrected indicators would provide a
more physiologically accurate assessment under energy-limiting condi-
tions, gross milk yield remains more readily available and interpretable
in commercial settings. This choice aligns with the objective of devel-
oping approaches that rely on simple, field-relevant indicators, although
increasing availability of sensor-based phenotyping may enable more
detailed assessments in the future. Future work should evaluate whether
the response profiles identified here remain consistent when production
responses are expressed using energy-corrected milk, fat- and protein-
corrected milk, or other energetically adjusted production indicators.
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Although further validation is required, the response-profile framework
provides a useful descriptive approach for characterizing adaptive di-
versity among cows and may serve as a basis for future phenotyping
studies.

Finally, the substantial within-cow variability in response profiles
observed across experimental sequences indicates that response con-
sistency was only partial. The stability of these profiles across longer
periods, different lactation stages, and varying environmental condi-
tions remains to be established. Further work is therefore required to
validate these profiles, identify reliable predictors, and determine
whether they can ultimately support individualized feeding approaches
under commercial conditions.

Conclusion

This study demonstrates that short-term responses of dairy cows to a
reduction in concentrate supply are highly variable and structured, even
among cows with similar production level and parity. While substitution
between concentrate and base ration is a well-known phenomenon, our
results show that this substitution capacity differs markedly among in-
dividuals. This diversity can be described using predefined response
profiles combining changes in base ration intake and milk yield.
Importantly, restricting access to the base ration constrained the
expression of these compensatory strategies and systematically
increased milk yield losses, indicating that ad libitum access to the base
ration is important for cows to fully express their intake-compensation
responses to concentrate reduction. Beyond confirming average substi-
tution effects, this work highlights that cows rely on different combi-
nations of intake- and production-driven responses to cope with a
nutritional challenge. The proposed response profiles should therefore
be viewed as an initial phenotyping framework for characterizing di-
versity in intake and milk-yield responses rather than as stable cow-level
phenotypes. Because body-reserve mobilization was not directly incor-
porated into the response-profile framework, the present classification
does not capture all potential adaptive pathways involved in the
response to concentrate reduction. Future research should focus on
identifying predictive indicators, validating response profiles across
time and environments, and determining whether such profiles can ul-
timately support individualized feeding approaches under commercial
conditions.
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