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a b s t r a c t

Animal robustness is a complex trait of importance for livestock production systems and genetic selec-
tion. Phenotyping is essential for evaluation of the adaptation of different genotypes to changing environ-
ments. This study tested an experimental framework to induce marked deviations in the adaptive
responses of suckling beef cows and to identify relevant indicators of responses to characterise individual
differences in the robustness of cows. The production and metabolic responses of primiparous suckling
Charolais cows to two periods of feed restriction (FR, 50% of their net energy requirements) of different
durations were monitored. After calving, 13 cows (aged 39 ± 2 months, BW of 680 ± 42 kg at calving) had
ad libitum access to a diet composed of hay and supplemented with concentrate to meet their energy and
protein requirements. Starting at 54 ± 6 days postcalving, the cows underwent two periods of FR: 4 days
of FR (FR4), which was followed by 17 days of ad libitum intake to study the recovery from FR4, and
10 days of FR (FR10), which was followed by 18 days of ad libitum intake to study the recovery from
FR10. The milk yield (MY), BW, body condition score and plasma non-esterified fatty acid (NEFA), b-
hydroxybutyrate, glucose and urea concentrations were measured before, during and after each FR.
Among all measured variables, the MY and NEFA concentrations showed the most significant changes
in response to FR. A functional data analysis approach was applied to the MY and NEFA data to model
the adaptive responses and extract quantifiable indicators of deviation and recovery. Linear correlations
(P < 0.03–0.07) between FR4 and FR10 were found for some indicators describing MY and NEFA levels
before and after FR. The overall repeatability of MY and NEFA responses between both FR accounted
for 46% based on quartile analysis performed on average responses. Moreover, the variance in both the
MY and NEFA variables did not differ significantly between FR4 and FR10, despite a trend for higher vari-
ances in FR10. Altogether, (1) the calculated variables derived from the functional data analysis of the
time patterns of the MY and NEFA accounted for the differences in the cow responses to FR, and (2)
the animal responses appeared to show concordance between FR4 and FR10. In conclusion, short-term
FR is a relevant framework for studying productive and metabolic adaptive responses in suckling cows
and allows the identification of potential robustness indicators.
� 2022 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Animal robustness corresponds to the ability to maintain per-
formance and survival in changing environments. It relies on mul-
tiple components that are difficult to quantify for ranking
individuals. This study showed that short-term feed restriction at
50% of net energy requirements for lactation is a relevant experi-
mental framework for detecting the between-cow variability in
temporal adaptive patterns of productive and metabolic indicators.
Variables that describe the intensity and duration of temporal
changes in milk yield and plasma non-esterified fatty acid concen-
tration appear to be relevant for ranking animals according to their
responses and to distinguish between less and more robust
animals.
Introduction

The frequency and intensity of extreme climatic events are
expected to increase, and these may result in highly variable envi-
ronmental conditions. Such changes have direct (e.g., production,
health and animal welfare) and indirect (e.g., availability of forage
resources) impacts on animals (Rojas-Downing et al., 2017). Rumi-
nants managed in pasture-based systems are particularly exposed
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(Rust, 2019) because conditions in these systems are generally
more variable and uncertain than in indoor systems (Delaby
et al., 2018).

Suckling beef cows must be robust, i.e. able to cope with pertur-
bations and maintain productive and functional traits selected by
breeding programmes in a broad variety of environments (Knap,
2005; Strandberg, 2009). The robustness of cows has to be pheno-
typed, and the underlying traits need to be defined before animals
can be ranked based on their ability to face perturbations. When
animals experience a perturbation, their adaptive response may
involve changes in physiological, metabolic, behavioural and/or
productive traits (Strandberg, 2009; Friggens et al., 2017). The
amplitude and length of the deviations observed during a pertur-
bation account for the animal’s ability to resist, whereas resilience
corresponds to the ability to recover quickly to the preperturbed
state. Such resistance and resilience traits could be used to rank
animals based on their individual responses (Ollion et al., 2016;
Friggens et al., 2016). Several studies have focused on the charac-
terisation of animal robustness based on an analysis of adaptive
trajectories (Berry et al., 2013; Sadoul et al., 2015a; Macé et al.,
2019); however, a standardised procedure for ranking individuals
based on their robustness is still lacking. The definition of such a
procedure requires a standard experimental framework and rele-
vant indicators of robustness that could be used to select animals
according to breeding strategies and the environmental conditions
in which they are raised.

Experimental frameworks have been applied to dairy cows
(Bjerre-Harpøth et al., 2012; Bedere et al., 2017; Billa et al., 2020)
and goats (Friggens et al., 2016) to characterise the responses of
the animals to nutritional challenges and to quantify changes in
productive, functional or metabolic traits and their variability.
Short-term nutritional challenges have been used in several recent
studies [e.g., short feed restriction (FR) with durations ranging
from 2 to 6 days, Bjerre-Harpøth et al., 2012; Friggens et al.,
2016, Billa et al., 2020] and induce marked responses, which can
be studied over time at different levels of organisation (e.g., biolog-
ical functions, whole animal, groups of animals). Such experimen-
tal FR models are therefore commonly used to induce nutrient
deficits at different stages of lactation in order to assess the pro-
duction and metabolic responses (Bjerre-Harpøth et al., 2012),
and the effects on various biological functions (Abdelatty et al,
2017; Pires et al., 2016). In lactating cows, short-term FR leads to
an intense mobilisation of body reserves to buffer the shortfall of
nutrients and support milk production (Bjerre-Harpøth et al.,
2012; Billa et al., 2020). Concomitantly, FR may induce metabolic
and hormonal changes, which also reflect the nutritional status
and tissue responsiveness, and their deviations can be monitored
at the individual level (Chilliard et al., 1998; Gross et al., 2011,
Bjerre-Harpøth et al., 2012). Therefore, a description of the
dynamic nature of the adaptive responses of animals, i.e., trajecto-
ries, appears promising (Codrea et al., 2011; Sadoul et al., 2015b;
Poppe et al., 2020).

The effects of short-term FR on productive and metabolic
responses have been investigated in dairy cows (Bjerre-Harpøth
et al., 2012; Abdelatty et al., 2017). In suckling beef cows, few stud-
ies have analysed the effects of FR on productive traits and, all
focused on long-term FR, e.g. more than 90 days (D’hour et al.,
1995; Freetly et al., 2006, De La Torre et al., 2015). Such a low num-
ber of studies are probably due the difficulty to measure milk yield
in suckling beef cows by quantification of the milk drunk by the
calf (Le Neindre and Dubroeucq, 1973, Beal et al., 1990, Sepchat
et al., 2017). Moreover, as milk production in suckling beef cows
corresponds approximately to one-fifth of dairy cows, suckling
beef cows may be able to mobilise body reserves to buffer FR.
Given the context of climate change and the variability of forage
resources, it is relevant to assess the robustness based on the abil-
2

ity of suckling cows to maintain milk production when they expe-
rience perturbations. We proposed to test whether a short-term FR
framework is relevant to assess the robustness of milk production
in suckling beef cows, and as a model to reveal adaptive differences
between individuals. A short-term FR not exceeding 50% of the net
energy requirements (NE) was chosen based on literature from
dairy cows (Leduc et al., 2021; Billa et al., 2020) because it was
shown to induce mensurable metabolic and production responses,
while complying with animal health and ethical considerations.
Our hypothesis was that FR would lead to quantifiable adaptive
responses in suckling beef cows. Two objectives were defined:
(1) to test whether a short-term FR could be a suitable experimen-
tal framework for inducing quantifiable adaptive responses in
suckling beef cows and (2) to identify relevant productive and
metabolic indicators of the robustness of measured variables. An
exploratory methodological approach using functional data analy-
sis (FDA) was applied to time-series data to identify potential
indicators.
Material and methods

The experiment was performed at the INRAE Low Mountain
Ruminant Farming Systems Facility in Laqueuille (HerbiPole,
INRAE, 2018, https://doi.org/10.15454/1.5572318050509348E12)
in compliance with national legislation on animal care.

Experimental design

All the animals were subjected to the same FR treatments
applied over time. After a pre-experimental period of 54 days,
which started on the day of calving (Day 0), the cows were sub-
jected to an experimental period of 50 days (from Day 54 to Day
104). During this period, the animals experienced two periods of
FR with time being the experimental factor, and each FR was fol-
lowed by a recovery period. The experimental unit was the animal
because the treatments were applied and the measurements were
performed at the individual level. The experimental design is
shown in Fig. 1A, and the measurements and their frequencies
are presented in Fig. 1B.

Animals and diets

Thirteen suckling primiparous Charolais cows (39 ± 2 months
and 680 ± 42 kg at calving) were used in this experimental frame-
work that intended to be a proof of concept. They were born and
raised in INRAE facilities under controlled conditions and had
never been exposed to experimental underfeeding. These animals
derived from artificial insemination using semen from bulls were
evaluated and indexed at the national level, and were therefore
representative to Charolais breed. The calving was grouped in late
February (27/02/2018 ± 5.6 days), and the cows were housed in
free stalls equipped with feed troughs and automatic gates for indi-
vidual feeding. Water and salt blocks were available for ad libitum
intake.

The beginning of the experimental period was set at week 8 of
lactation, which is after the peak of lactation, in order to limit
potential confounding effects between the physiological negative
energy balance which can occur in early lactation and the negative
energy balance induced by the experimental short-term FR,
(Sepchat et al., 2017). During the pre-experimental period (from
calving to 54 days postpartum), the cows were fed individually
and allowed ad libitum intake of hay from permanent grasslands
(10% refusals) that was supplemented with a concentrate (INRA
Bufflo Vital, Groupe Altitude, Centraliment, France) to meet their
predicted NE and metabolisable protein requirements (INRA,

https://doi.org/10.15454/1.5572318050509348E12)


Fig. 1. Schematic representation of the sequence of treatments applied to suckling primiparous Charolais cows (A) and measurements and sampling timeline (B). The
experimental period included two periods of feed restriction (FR4: short-term feed restriction for 4 days; and FR10: short-term feed restriction for 10 days) in which the feed
allowance was reduced to meet 50% of the net energy requirements for lactation calculated during the last week of the pre-experimental period and two recovery periods
(RECOV4 and RECOV10) with ad libitum intake. Abbreviations: BCS = body condition score; MY = milk yield.
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2007). The chemical composition and nutritive values of the diets
are presented in Table 1. During the experimental period, the cows
were subjected to a 4-day FR period (FR4, Days 54–58), which was
followed by a 17-day recovery period with ad libitum intake of hay
supplemented with concentrate (RECOV4, Days 58–75), and a 10-
day FR period (FR10, Days 75–85), which was followed by a 19-day
recovery period with ad libitum intake of hay supplemented with
concentrate (RECOV10, Days 85–104) (Fig. 1A). The feed allowance
during the restriction periods was calculated to meet 50% of the NE
requirements for lactation based on BW, body condition score
(BCS) and MY data collected during the last week of the pre-
experimental period and according to INRA (2007).
Measurements and sampling

Intake
During both the pre-experimental and experimental periods,

the amounts of feed offered and refused and their DM content
(60 �C, 72 h) were recorded individually in the experimental facil-
ity to take into account potential differences in bales of hay. The
total DM intake (DMI) was computed for each animal as the daily
DM offered minus the DM refused. The concentrate ratio in the diet
averaged 16% during the experiment.
Table 1
Chemical composition and nutritive value of feeds comprising the diet of suckling
primiparous Charolais cows.

Hay Concentrate

Chemical composition, as measured (g/kg DM)
CP 105 203
NDF 627 –
ADF 352 –
Starch – 285

Feed value1 (/kg DM)
NEL (MJ/kg DM) 4.8 6.9
MP (g PDI/kg DM) 70 134

Abbreviations: NEL = the net energy of lactation; MP = metabolisable protein.
1 Calculated according to INRA (2007).
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During FR4 and FR10, no refusals were observed, and daily sam-
ples of the offered hay were collected and pooled per FR. During
the ad libitum pre-experimental period, subsamples of the offered
and refused hay were collected 4 days per week and pooled. During
the recovery periods (RECOV4 and RECOV10), the offered hay and
refusals were sampled daily and pooled individually per period and
stored at room temperature until chemical analyses. The DM
(103 �C for 24 h), ash (550 �C for 6 h) and chemical composition
in the pooled samples were analysed. The contents of neutral
and acid detergent fibre in subsamples previously dried at 60 �C
for 72 h and ground through a 1-mm screen were analysed (Van
Soest et al., 1991).

BW and body condition score
The BW at calving was calculated as the mean of two consecu-

tive weightings measured at 1300 h on Days 4 and 5 postpartum.
Afterwards, the cows were weighed once a week at 1300 h without
prior feed withdrawal. During the FR periods, additional weight-
ings were performed on Days 56 and 57 (in FR4) and Days 77,
78, 83 (in FR10; Fig. 1B). During the recovery periods, the cows
were weighed on Days 61, 64, 68, 71 and 72 (RECOV4) and Days
89, 90, 93, 98, 99, 100 and 104 (RECOV10; Fig. 1B). The body con-
dition was assessed weekly during the entire experiment by the
same two experienced scorers on a scale of 0–5 (Agabriel et al.,
1986). Each BCS corresponds to the average of the scores given
by the two scorers (Fig. 1B).

Milk production
Milk production was measured using the weight-suckle-weight

method (Le Neindre and Dubroeucq, 1973). The calves were
housed in a separate pen near their dams to enable visual and
olfactory contact. For each cow, the daily milk production was esti-
mated as the sum of the milk drunk by the calf in the evening and
in the following morning (suckling times, 1600 h and 0800 h).

During the pre-experimental period, the production of milk was
measured once a week from Days 0 to 49 and on two consecutive
days (Days 49 and 50) to determine the milk production before FR4
(Fig. 1B). During the experimental period, the production of milk
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was measured on Days 55, 56, 57, and 58 (in FR4); 59, 60, 61, 63,
65, 68, 70, 72 and 75 (in RECOV 4); 76, 77, 78, 79, 83, 85 and 86
(in FR10); and 87, 88, 89, 91, 93, 96, 98, 100 and 104 (in RECOV
10; Fig. 1B).
Plasma metabolites
During the pre-experimental period, blood was sampled on

Days 50, 51 and 54, and during the experimental period, blood
samples were obtained on Days 55, 56, 57 and 58 (in FR4); 59,
60, 61, 62, 63, 65, 68, 70, 72, 73 and 75 (in RECOV4); 76, 77, 78,
79, 82, 84, 85 and 86 (in FR10); and 87, 88, 89, 91, 93, 96, 98,
100 and 104 (in RECOV 10, Fig. 1B). The blood samples were col-
lected from coccygeal vein before morning feeding using evacuated
tubes containing ethylenediaminetetraacetic acid (1.95 mg/ml,
TERUMO Europe NV, Leuven, Belgium) and immediately cen-
trifuged at 1 500g for 20 min at room temperature. Plasma was
stored at �20 �C until analysis of non-esterified fatty acids (NEFA,
acyl-CoA synthase method, WAKO, Sobioda, France), glucose (glu-
cose oxidase method, Thermo Electron, SAS France), urea (gluta-
mate dehydrogenase method, Thermo Electron, SAS France), and
b-hydroxybutyrate (BHB, D-beta-hydroxybutyrate dehydrogenase
method, Thermo Electron, SAS France) using an automatic analyser
(ARENA 20XT, Thermo Fischer Scientific, Cergy-Pontoise, France),
which are metabolites useful to assess nutritional status and body
reserve mobilisation (Russel and Wright, 1983; Richards et al.,
1989, Agenas et al., 2006). The intra- and interassay CV were 1.6
and 3.3% for NEFAs, 2.3 and 3.8% for glucose, 6.8 and 8.1% for urea,
and 2.3 and 3.6% for BHB.
Smoothing method for the phenotyping of adaptive trajectories

Because the MY and plasma NEFA concentrations were signifi-
cantly affected by FR, a smoothing method considering the time
patterns of these two biological variables was used. Individual pro-
files of the MY and plasma NEFA concentrations in response to FR
were obtained from daily data using FDA, which is a smoothing
approach previously described by Ramsay et al. (2020). This
approach was implemented using the statistical software R� ver-
sion 3.5.2 (R Development Core Team, 2020). Detailed algorithms
for differential smoothing of time series from animals exposed to
controlled FR were described in Barreto-Mendes et al., 2022. The
quality of the fit was assessed visually by adjusting the roughness
coefficient (k) value. A higher k value indicates that finer details of
the curve are captured. Each cow was considered under its own
control.

Briefly, the daily MY and plasma NEFA concentrations were con-
verted into continuous functions. For each cow and variable, two
smoothed functions were obtained: a reference function and an
adaptive function. The reference function allows unbiased compar-
isons of individual responses between both FR. Hence, considering
the milk production function for example, the individual slope of
lactation curve is taken into account at the individual level. The ref-
erence function (MYreference or NEFAreference) was defined as the
expected response in the absence of any FR. The MYreference func-
tion was obtained by applying the FDA algorithm to MY data mea-
sured outside the FR and RECOV periods. The value of k was the
same for all the cows and set to 100 000. The NEFAreference function
was assumed to be a straight horizontal line because the NEFA con-
centrations remain lower than 0.2 mmol�L�1 if cows are not under-
fed (Guedon et al., 1999; Adewuyi et al., 2005). A NEFAreference

function was defined for both FR4 and FR10 by calculating the
average plasma NEFA concentration at Days �3 and 0 (FR4) and
Days 18 and 21 (FR10). The adaptive functions for each cow and
variable [MY = fMY(t) or NEFA = fNEFA(t)] included both the pre-
experimental and experimental periods. The value of k for the
4

adaptive functions was the same for all the cows and was set to
1 000 for the MY and 10 for NEFA.

Once the reference and adaptive functions for the MY and NEFA
were determined, their respective first derivatives were calculated.
The functions and their first derivatives were used to calculate new
variables for describing the MY and plasma NEFA profiles obtained
during the deviation and recovery phases of FR. These calculated
variables described the MY and plasma NEFA concentrations before
[reference level point (Pref) and pretrough inflexion point (Ipre)],
during (trough value, T) and after [post-trough value (Ppost) and
post-trough inflexion point (Ipost)] FR and their changes [rate of
response, rate of recovery, amplitude, area under the curve, A1
(during the deviation phase) and A2 (during the recovery phase)].
All calculated variables are defined in Table 2 and illustrated in
Supplementary Fig. S1.
Statistical analyses

The statistical analyses were performed using SAS software
(version 9.4; SAS Institute INC, Cary, NC, USA). The daily DMI,
MY, BCS, BW and plasma metabolite data were averaged within
animals and periods to perform comparisons among the periods
(pre-experimental period, FR4, RECOV4, FR10 and RECOV10). The
models included the fixed effect of the period and the random
effect of cows. Time differences were tested using posthoc Tukey’s
test. The daily MY and plasma NEFA concentrations were analysed
as repeated measures by mixed models that included day as a fixed
effect, cow as a random effect, and Kenward-Roger adjustments for
the calculation of denominator degrees of freedom. The choice of
variance–covariance structures (compound symmetry, autoregres-
sive, heterogeneous autoregressive, and spatial power) was based
on Akaike’s criterion obtained from the analyses. The residuals
were checked for normality. The daily plasma NEFA concentrations
were log-transformed, and statistical P-values were obtained based
on the transformed dataset, whereas the least square mean (LSM)
and SEM values are reported for non-transformed data.

Individual variables resulting from the FDA analyses and
describing the deviation and recovery profiles obtained for the
MY and NEFA data were calculated within each FR period. Two
cows had missing MY data during FR4, and one cow had missing
MY data during FR10. The means and SDs per FR were compared
by paired Wilcoxon’s test. The individual variability in each calcu-
lated variable was quantified by the CV. The homogeneity of vari-
ances observed during FR4 and FR10 was tested with Levene’s test.
The relationships between FR4 and FR10 for each variable describ-
ing the deviation and recovery profiles for the MY and plasma
NEFA concentrations were explored by Spearman rank correlations
using R software (https://www.r-project.org). The repeatability of
average MY and NEFA responses between FR4 and FR10 was
assessed by the proportion of animals ranked in similar group
between the two duration of FR based on a quartile analysis. The
significance level was predefined as P � 0.05, and 0.05 < P � 0.10
indicated trends towards significance.
Results

Effects of feed restriction on DM intake, BW, body condition score and
milk yield

Significant period effects were observed on the DMI, BW and
MY (P < 0.001; Table 3, Fig. 2). The DMI during the pre-
experimental and recovery periods averaged 13.80 kg/d (Table 3).
Based on the design, the DMI was almost halved during FR4 and
FR10 in comparison to the ad libitum intake periods (P < 0.001).
The cows lost 25 (FR4) and 28 (FR10) kg of BW on average, which

https://www.r-project.org


Table 2
Definition of variables representing the deviation and recovery profiles of the milk yield and plasma NEFA concentrations in suckling primiparous Charolais cows subjected to
4 days (FR4) or 10 days of feed restriction (FR10).

Item For the milk yield For the plasma NEFA concentration

Variables of the response profile
Pref Reference value corresponding to the MY at Days 54 (FR4) and 75

(FR10) estimated by the smoothed reference curve representing an
undisturbed response; expressed in kg�day�1

Reference concentration defined as the average concentration at Days
51 and 54 (FR4) and Days 74 and 75 (FR10); expressed in mmol�L�1

Ipre Pre-trough inflexion point corresponding to the minimum value of
the first derivative; expressed in kg�day�1

Pre-trough inflexion point that corresponds to the maximum value of
the first derivative; expressed in mmol�L�1

T Minimum value of the MY (kg�day�1) measured at the maximum of
the deviation

Maximum concentration (mmol�L�1) measured at the highest level of
the deviation

Amplitude Amount of maximum deviation calculated for each FR as the
difference between the T value and the reference value estimated by
the reference curve; expressed in kg�day�1

Amount of maximum deviation calculated for each FR as the
difference between the T value and the reference value estimated by
the reference line; expressed in mmol�L�1

Relative amplitude Ratio of the amplitude of the deviation to the pre-FR level; expressed
in percent

Ratio of the amplitude of the deviation to the pre-FR level; expressed
in percent

Rate of increase or
decrease*

Minimum value of the first derivative; expressed in kg�day�2 Maximum value of the first derivative; expressed in mmol�L�2

Relative rate of
increase or
decrease*

Ratio of the rate of increase to the amplitude of the deviation;
expressed in percent

Ratio of the rate of decrease to the amplitude of the deviation;
expressed in percent

A1* Area between the smoothed reference trajectory and the smoothed
adaptive trajectory from Days 54 to 58 (FR4) and Days 75 to 85
(FR10); expressed in kg

Area between the reference line and the smoothed adaptive trajectory
from Days 54 to 58 (FR4) and Days 75 to 85 (FR10); expressed in
mmol�L�1�day

Variables of the recovery profile
Ppost Located in the post-trough period where the first derivative crosses

the reference curve; expressed in kg�day�1
Located in the post-trough period where the first derivative crosses
the reference curve; expressed in mmol�L�1

Ipost Post-trough inflexion point corresponding to the maximum value of
the first derivative; expressed in kg�d�1

Post-trough inflexion point corresponding to the maximum value of
the first derivative; expressed in mmol�L�1

Rate of increase or
decrease*

Maximum value of the first derivative; expressed in kg�d�2 Minimum value of the first derivative; expressed in mmol�L�2

Relative rate of
increase or
decrease*

Ratio of the rate of decrease to the amplitude of the deviation;
expressed in percent

Ratio of the rate of increase to the amplitude of deviation; expressed
in percent

A2* Area between the smoothed reference trajectory and the smoothed
adaptive trajectory from Days 58 to 61 (RECOV4) and Days 85 to 87
(RECOV10); expressed in kg

Area between the smoothed reference line and the smoothed adaptive
trajectory from Days 58 to 61 ((RECOV4) and Days 85 to 87
(RECOV10); expressed in mmol�L�1�day

Abbreviations: MY = milk yield; NEFA = non-esterified fatty acids; Pref = reference value; Ipre = pre-trough inflexion point; T = trough; A1 = area between the smoothed ref-
erence trajectory and the smoothed adaptive trajectory during the deviation phase; Ppost = post-trough value, Ipost: post-trough inflexion point; and A2 = area between the
smoothed reference trajectory and the smoothed adaptive trajectory during the first three days of the recovery phase.

* Indicates variables that describe the dynamics of the milk yield and plasma NEFA concentrations.
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corresponded to a significant loss of 3.6 and 4% of BW in compar-
ison to the pre-FR conditions (P < 0.001). The cows fully recovered
their BW (+22 kg) during RECOV4 but showed only partial recovery
(+10 kg) during RECOV10. No significant changes in the BCS were
observed during the whole experiment. The MY averaged 6.6 kg/
d over the first 50 days (Fig. 2). Feed restriction resulted in a signif-
icant decrease in MY, from 12 (FR4) to 15% (FR10), in comparison
to the pre-FR period. The milk loss observed during FR4 fully recov-
Table 3
Changes in the DM intake (DMI), BW, body condition score (BCS) and milk yield (MY)
experimental periods.

Pre-experimental period1

(n = 55 d)
Experimental p

FR4
(n = 4 d)

DMI of hay (kg/d) 10.67a 6.06b

DMI of concentrate (kg/d) 3.15a 1.17b

DMI (kg/d) 13.82a 7.24b

BW (kg) 686a 661bc

BCS (scale 0–5) 1.86 1.91
MY (kg/d) 6.57a 5.81b

a,b,c,dThe period LSMEANS (least square means) not sharing a common superscript are d
Abbreviations: DMI = DM intake; BCS = body condition score; MY = milk yield.
2The experimental period included two periods of feed restriction (FR4: short-term feed r
feed allowance was reduced to meet 50% of the net energy requirements for lactation
experimental period (FR4) and two recovery periods (RECOV4 and RECOV10) with ad lib

1 During the pre-experimental period, suckling cows were ad libitum fed hay supp
requirements (INRA, 2007).

5

ered after 2 days, whereas incomplete recovery was observed dur-
ing RECOV10 (P < 0.001, Fig. 2).
Effects of feed restrictions on plasma metabolite concentrations

The plasma metabolite concentrations are presented in Fig. 3
and Supplementary Table S1. The plasma NEFA concentrations
measured during FR4 and FR10 were 2.5- and 3.4-fold higher,
of suckling primiparous Charolais cows (n = 13) during the pre-experimental and

eriod2 SEM P-value

RECOV4
(n = 10 d)

FR10
(n = 17 d)

RECOV10
(n = 18 d)

11.67c 6.17b 11.28c 0.29 0.0001
2.32c 1.18b 2.34c 0.17 0.0001
13.98a 7.35b 13.63a 0.4 0.0001
683a 655c 665b 9.31 0.0001
1.89 1.89 1.87 0.08 0.9014
5.59b 4.77c 4.40d 0.31 0.0001

ifferent (P < 0.05).

estriction for 4 days; and FR10: short-term feed restriction for 10 days) in which the
calculated from BW, BCS and MY data collected during the last week of the pre-
itum intake.
lemented with a concentrate to meet their predicted and metabolisable protein



Fig. 2. Changes in the milk yield (kg/d) of suckling primiparous Charolais cows during the pre-experimental and experimental periods. Cows were ad libitum fed hay
supplemented with concentrate during the pre-experimental period. The experimental period included two periods of feed restriction (FR4: short-term feed restriction for
4 days; and FR10: short-term feed restriction for 10 days) in which the feed intake was limited to 50% of the net energy for lactation requirements and two recovery periods
(RECOV4 and RECOV10) with ad libitum intake. The differences between days are indicated with different letters (P < 0.05).
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respectively, than those measured in cows fed ad libitum (Fig. 3A,
P < 0.05). An increase in the plasma NEFA concentrations was
observed on the first day of FR4 and thereafter, and a 2-fold
increase was observed on the second day of FR10. The plasma NEFA
concentrations returned to their pre-restriction level one day after
FR4 and 2 days after FR10 (Fig. 3A). The average plasma concentra-
tions of BHB (Fig. 3B) and glucose (Fig. 3C) were 0.271 and 0.450 g/
L, respectively, and remained unchanged during FR4 and FR10. The
plasma concentrations of BHB measured during RECOV10 differed
significantly from those measured in the other periods (P < 0.001).
The plasma urea concentrations averaged 0.236 g/L throughout the
study period, with the exception of those measured during
RECOV4, when the concentrations were 1.4 times lower than those
measured during other periods (P < 0.05, Fig. 3D).
Profile analyses of the milk yield and plasma non-esterified fatty acids

The MY variables measured during the FR and recovery phases
are presented in Table 4 and Supplementary Fig. S1A. In the pre-
sent study, the MYreference averaged 6.53 kg/d before FR4 and
5.58 kg/d before FR10. The amplitude of the milk loss was less than
1 kg/d and did not differ between FR4 and FR10 (P = 0.11).

During the recovery periods, the rate of increase in the MY did
not differ between FR4 and FR10, regardless of whether the vari-
ables are expressed as absolute (0.11 vs. 0.13 kg/d for FR4 and
FR10, respectively; P = 0.28) or relative values (13.5 vs. 14.9% for
FR4 and FR10, respectively; P = 0.85). The MY at Pref, Ipre, T, Ipost
and Ppost were significantly or tended to be correlated between
the FR periods (Table 4, 0.07 < P < 0.02). Variables accounting for
the changes in the MY during deviations (amplitude, relative
amplitude, rate of milk loss, relative rate of milk loss, area under
the curve) and recoveries (rate of milk recovery, area under the
curve) were not significantly correlated between FR4 and FR10
(Table 4). Based on a quartile analysis performed on the average
6

MY response during both FR, the proportion of animals re-ranked
by one or more groups between FR4 and FR10 accounted for 54%.
The variance of all the variables calculated from deviation-
recovery profiles did not differ between FR4 and FR10 with the
exception of A1 (Table 4, P = 0.02). However, the CV for variables
accounting for the relative changes in the MY (ranging from 28
to 74%) was 2.3–3.7 times greater than that for variables account-
ing for the MY levels (ranging from 17 to 22%).

The NEFA variables measured during the FR and recovery
phases are presented in Table 5 and Supplementary Fig. S1B. The
plasma NEFA concentrations measured before FR (Pref) were low
and did not differ between the FR periods (P = 0.59, Table 5). The
plasma NEFA levels increased 2.6–3.5 times during FR relative to
the pre-FR concentrations. The amplitude of the increase was sig-
nificantly higher in FR10 than in FR4 (P = 0.01). Nevertheless, when
expressed as a proportion of the deviation, no difference was
observed between the FR periods (P = 0.27). After FR, the rate of
recovery of the plasma NEFA levels did not differ between FR peri-
ods (P = 0.34). The plasma concentrations of NEFA measured before
(Pref) or after (Ppost) FR were correlated between FR4 and FR10,
regardless of whether these are expressed as absolute or relative
amplitudes (Table 5). No significant correlations between FR4
and FR10 were observed for any other variables describing the
deviation and recovery profiles of plasma NEFA. The repeatability
of average NEFA response between both FR was of 46% based on
a quartile analysis. The CV of all the variables ranged from 21 to
106% for both FR periods and did not show differences between
FR4 and FR10, with the exception of A1 (P < 0.001).
Discussion

Suckling beef cows are considered to be more able to face FR
than dairy cows mainly due to their low MY (�1 800 kg of milk
production per lactation corresponding to �25–30% of the theoret-



Fig. 3. Concentrations of plasma non-esterified fatty acids (NEFA, A), b-OH butyrate (B), glucose (C) and urea (D) in suckling primiparous Charolais cows during the pre-
experimental period (pre-exp., Days �6 to 0), periods of feed restriction (FR4, Days 0–4; and FR10, Days 21–31) and recovery periods (RECOV4, Days 5–20; and RECOV10,
Days 32–48). Cows were ad libitum fed hay supplemented with concentrate during the pre-experimental period. The experimental period included two periods of feed
restriction (FR4: short-term feed restriction for 4 days; and FR10: short-term feed restriction for 10 days) in which the feed intake was limited to 50% of the NE for lactation
requirements and two recovery periods (RECOV4 and RECOV10) with ad libitum intake. The data are given as the Least Square Means ± SEM. Differences between periods are
indicated with an asterisk (*; P < 0.05).
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ical NE requirements in mid-lactation, Sepchat et al., 2017). How-
ever, the results of our study revealed that a 4-day period of FR at
50% of the NE requirements for lactation is a relevant experimental
framework for phenotyping the robustness of suckling beef cows
through quantification of their adaptive trajectory deviations. A
short-term FR led to significant changes in both the MY and plasma
NEFA concentrations in suckling beef cows, and did not cause wel-
fare concerns. Increasing the duration of FR to 10 days did not
affect the pattern or amplitude of the cow responses. Complete
recovery (i.e., recovery to the pre-restriction levels) of the MY
and plasma NEFA concentrations was observed 2 days after FR4,
revealing the resilience and existence of efficient adaptive pro-
cesses of suckling beef cows to FR. The use of the FDA approach
with MY and NEFA time-series data to capture the individual
7

dynamics of adaptive responses provided relevant indicators of
deviations and recoveries, and these indicators may enable us to
rank cows according to their responses to FR and thus their respec-
tive robustness.

Relevance of the experimental framework

The experimental framework of short-term FR implemented in
this study proved relevant to induce significant productive and
metabolic responses in Charolais suckling beef cows that have a
relatively low MY, and were representative of the breed (Sepchat
et al., 2017). A 4-day period of FR (50% of the NE requirements
for lactation) induced significant quantitative decreases in the
MY and BW and concomitant increases in the plasma NEFA



Table 5
Variables of the plasma non-esterified fatty acid concentration of suckling primiparous Charolais cows measured during the deviation and recovery phases after 4 days (FR4) or
10 days of feed restriction (FR10).

Feed
restriction

Mean SD CV (%) P-value
Wilcoxon’s test

Spearman rank
correlation (r)

P-value Spearman rank
correlations

P-value Levene’s
test

Variables of the deviation phase
Pref (mmol�L�1) FR4 0.08 0.04 53.65 0.588 0.57 0.047 0.332

FR10 0.07 0.03 34.72
Ipre (mmol�L�1) FR4 0.15 0.04 25.96 0.006 0.27 0.373 0.135

FR10 0.22 0.08 34.90
Rate of increase
(mmol�L�2)

FR4 0.07 0.05 30.16 0.002 0.42 0.157 0.661
FR10 0.05 0.02 35.33

Relative rate of
increase (%)

FR4 113.1 60.6 53.62 0.013 0.56 0.05 0.253
FR10 68.93 38.7 56.08

T (mmol�L�1) FR4 0.26 0.06 22.23 0.010 0.45 0.125 0.172
FR10 0.33 0.10 29.05

Amplitude
(mmol�L�1)

FR4 0.19 0.06 33.12 0.010 0.54 0.064 0.247
FR10 0.26 0.09 35.28

Relative amplitude
(%)

FR4 319.2 182.4 57.13 0.273 0.55 0.055 0.755
FR10 374.1 204.0 53.74

A1 (mmol�L�1�day) FR4 0.61 0.20 33.01 0.001 0.52 0.071 0.0003
FR10 1.79 0.88 49.25

Variables of the recovery phase
Ppost (mmol�L�1) FR4 0.08 0.04 51.27 0.168 0.65 0.020 0.404

FR10 0.08 0.03 30.94
Ipost (mmol�L�1) FR4 0.17 0.05 29.02 0.305 0.39 0.196 0.710

FR10 0.19 0.06 33.73
Rate of recovery
(mmol�L�2)

FR4 �0.06 0.01 20.60 0.340 0.39 0.196 0.178
FR10 �0.06 0.02 31.00

Relative rate of
recovery (%)

FR4 �93.37 39.7 42.55 0.635 0.35 0.239 0.397
FR10 �87.52 30.2 34.53

A2 (mmol�L�1�day) FR4 0.27 0.17 64.43 0.048 0.29 0.344 0.956
FR10 0.15 0.16 106.25

Abbreviations: Pref = reference value; Ipre = pre-trough inflexion point; T = trough; A1 = area between the smoothed reference trajectory and the smoothed adaptive trajectory
during the deviation phase; Ppost = post-trough value, Ipost = post-trough inflexion point; and A2 = area between the smoothed reference trajectory and the smoothed
adaptive trajectory during the first three days of the recovery phase.

Table 4
Milk yield variables of suckling primiparous Charolais cows measured during the deviation and recovery phases after 4 days (FR4) or 10 days of feed restriction (FR10).

Feed
restriction

Mean SD CV
(%)

P-value
Wilcoxon’s test

Spearman rank
correlation (r)

P-value Spearman rank
correlations

P-value Levene’s
test

Variables of the deviation phase
Pref (kg�day�1) FR4 6.53 1.15 17.6 0.002 0.60 0.073 0.708

FR10 5.58 1.16 20.2
Ipre (kg�day�1) FR4 6.13 1.26 20.6 0.002 0.70 0.031 0.742

FR10 5.05 1.02 20.2
Rate of milk loss
(kg�day�2)

FR4 �0.18 0.09 47.0 0.193 0.29 0.427 0.935
FR10 �0.21 0.08 39.2

Relative rate of milk loss
(%)

FR4 �23.5 10.4 44.1 0.344 0.19 0.113 0.457
FR10 �25.0 7.0 28.1

T (kg�day�1) FR4 5.59 1.17 21.0 0.002 0.87 0.003 0.923
FR10 4.26 0.91 21.4

Amplitude (kg�day�1) FR4 0.80 0.36 44.5 0.105 0.49 0.154 0.497
FR10 0.89 0.47 52.5

Relative amplitude (%) FR4 13.25 8.64 65.2 0.020 0.58 0.088 0.384
FR10 15.51 6.22 40.1

A1 (kg) FR4 2.47 1.51 61.1 0.006 0.20 0.584 0.023
FR10 6.37 4.38 68.8

Variables of the recovery phase
Ppost (kg�d�1) FR4 6.12 1.02 16.7 0.002 0.62 0.060 0.779

FR10 4.83 1.05 21.8
Ipost (kg�day�1) FR4 5.90 1.09 18.5 0.002 0.72 0.024 0.984

FR10 4.61 0.97 20.9
Rate of milk recovery
(kg�day�2)

FR4 0.11 0.07 66.1 0.275 0.09 0.811 0.702
FR10 0.13 0.08 66.2

Relative rate of milk
recovery (%)

FR4 13.53 5.69 42.0 0.846 �0.64 0.054 0.361
FR10 14.86 11.01 74.1

A2 (kg) FR4 2.24 0.94 42.1 0.432 0.61 0.066 0.967
FR10 1.67 1.04 62.4

Abbreviations: Pref = reference value; Ipre = pre-trough inflexion point; T = trough; A1 = area between the smoothed reference trajectory and the smoothed adaptive trajectory
during the deviation phase; Ppost = post-trough value, Ipost = post-trough inflexion point; and A2 = area between the smoothed reference trajectory and the smoothed
adaptive trajectory during the first three days of the recovery phase.
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concentrations. In contrast, other key variables of beef cow perfor-
mance (e.g., BCS) and metabolic status (e.g., plasma concentrations
of glucose, urea, and BHB) were not significantly affected. The
intensity of body reserve mobilisation during FR is certainly not
enough to induce significant changes in these physiological vari-
ables. In dairy cows, mobilisation of body reserves is associated
with increased plasma NEFA, with eventual changes in BHB, urea
and glucose concentrations (Bjerre-Harpøth et al., 2012; Chilliard
et al., 1998; Billa et al., 2020). But the intensity of metabolic
changes depends on multiple factors, including lactation stage,
severity of FR, body fatness, type of diet and genetics (Leduc
et al., 2021). For instance, changes in plasma glucose and BHB
are observed in early lactation (Bjerre-Harpøth et al., 2012).
Nonetheless, plasma metabolite concentrations do not necessarily
reflect changes in nutrient supply or demand because of key roles
of the liver in nutrient metabolism and tight homeorhetic regula-
tions (Loncke et al., 2015, 2020). The duration and severity of the
FR applied in this study were chosen from previous dairy cow stud-
ies reporting significant effects of intense FR on production and
metabolic responses (Billa et al., 2020). To our knowledge, this
study provides the first assessment of the changes to short-term
FR in suckling beef cows; only the responses to longer and less
intense FR have been reported thus far (De La Torre et al., 2015).
The results obtained with suckling charolais primiparous cows
are also expected for multiparous, or other suckler cow genotypes.
Nonetheless, differences in magnitude are likely, as multiparous
cows have higher milk production than primiparous (+20%,
Sepchat et al., 2017; INRAE, 2017), and may calve with higher body
condition scores as the growth function is less significant. The
magnitude of responses to the FR will depend on the nature, the
duration and the intensity of the restriction relative to the level
of production (Chilliard et al., 1998) and to other cumulative
effects (e.g. lactation stage).

Among the variables significantly affected by FR, the BW
changes measured during the entire experiment did not discrimi-
nate the responses of cows to short-term FR. In mature cows,
changes in BW reflect both short-term changes in digestive con-
tents and medium- to long-term changes in body reserves (mobil-
isation or accretion). These two components are sensitive to
variations in the DMI (Faverdin et al., 2017). A decrease in the
DMI of 1 kilogram corresponds to a 4–6 kg decrease in BW
(INRA, 2018). Here, the DMI decreased by 6.6 kg on average during
FR, and this decrease may induce a loss of BW of up to 39 kg. Under
our experimental conditions, the significant changes in BW (at
most 28 kg) may be explained by short-term changes in the DMI
and digestive contents. This finding is in accordance with the lack
of changes in the BCS between the ad libitum intake and FR periods
because BCS measurements usually reflect medium- to long-term
mobilisation or accretion of body reserves. In this study, the rela-
tively low production level and the lactation stage of the cows
did not induce measurable changes in body reserves assessed by
the BCS.

The MY and plasma NEFA concentrations were the two most
relevant variables accounting for the adaptive responses of suck-
ling beef cows to short-term FR and are thus the only variables able
to discriminate individual differences in the way cows cope with
FR, which allows the ranking of cows based on their robustness
of lactation function. In this study, the observed decreases in the
MY (12–15%) and the concomitant increases in the plasma NEFA
concentrations (159–246%) in response to FR were close to the
changes reported in both primiparous (Recoules et al., 2013, De
La Torre et al., 2016) and multiparous (De La Torre et al., 2015) beef
cows subjected to FR (70% of the NE requirements for lactation)
during a 100-day postcalving period. These changes in the MY
and plasma NEFA concentrations were nevertheless lower than
those reported for dairy cows subjected to short-term FR, which
9

included a 30–35% decrease in the MY (Pires et al., 2016, Billa
et al., 2020) and a 300–630% increase in the plasma NEFA concen-
trations (Billa et al., 2020). Similar to dairy cows, lactation function
tends to remain a priority in underfed suckling beef cows (De La
Torre et al., 2015), and the differences observed between beef
and dairy breeds may be partially explained by the higher energy
imbalance in dairy cows than in suckling beef cows due to their
higher MY. The MY of these latter, in addition to being low, is dif-
ficult to measure and subject to greater bias and uncertainty than
that in dairy cows (Beal et al., 1990; De La Torre and Agabriel,
2017). Novel phenotyping methods based on continuous measure-
ment of the calf weight open new possibilities for easier and more
reliable measurements of the MY in suckling beef cows (Sepchat
et al., 2017).

Prolonging the FR duration from 4 to 10 days did not increase
deviations in the MY or NEFA concentrations. The MY recovered
from FR4 and reached the pre-restriction levels within 2 days but
failed to recover after FR10. The relatively advanced stage of lacta-
tion, the low MY and a possible shift in the calves’ choice towards a
greater consumption of solid feed in response to a prolonged per-
iod of MY loss may explain the incomplete recovery of the MY after
10 days of FR. Nonetheless, the time needed to recover to the initial
MY levels was concordant with the results from previous studies
on dairy cows, which showed that a period of 3 days (Bjerre-
Harpøth et al., 2012) to 2 weeks (Billa et al., 2020) is needed for
recovery depending on the intensity and duration of the FR.

In our study, a rapid return of the circulating NEFA levels to the
initial values was observed within the first two days following the
end of the FR period, regardless of the FR duration. These results
are consistent with the literature (Gross et al., 2011; Billa et al.,
2020), even if the responses vary depending on the duration of
FR, the diet energy density (Ferraretto et al., 2014), and the stage
of lactation (Bjerre-Harpøth et al., 2012).
Relevance of calculated variables for the phenotyping of animal
responses

To explore adaptive responses and identify candidate traits for
the phenotyping of robustness, a smoothing approach, termed
FDA (Ramsay et al., 2018), was separately performed using the
MY and plasma NEFA concentrations. This approach allowed us
to calculate variables that characterise the deviation and recovery
phases in response to FR. The variables were grouped into two cat-
egories: (i) to describe the absolute values of the MY or plasma
NEFA concentrations (Pref, Ipre, T, Ipost, Ppost) and (ii) to describe
the dynamics (rates and amplitude) of the changes.

Overall, under our experimental conditions, prolonging the FR
duration from 4 to 10 days did not modulate the direction of the
changes observed in response to FR. More specifically, the devia-
tion phase was always characterised by a decrease in the MY and
an increase in the plasma NEFA concentrations in all cows. During
the recovery phase, a return to conditions close to those prevailing
before FR was observed. Variables describing MY and plasma NEFA
concentrations before (Ppre, Ipre) and after FR (Ppost, Ipost), the
relative amplitude of the deviation presented correlations between
FR4 and FR10 that were moderate to significant (P < 0.003–0.09).
The repeatability of average MY and plasma NEFA responses
accounts for 46% based on a quartile analysis. This suggests that
the ad libitum intake during the recovery period between FR4
and FR10 may have possibly prevented the occurrence of cumula-
tive effects from the two successive FR periods. In contrast, no sig-
nificant correlation with FR duration was observed for variables
that describe the dynamics of the MY and plasma NEFA concentra-
tions, which suggests individual diversity in the temporal
responses of cows to FR.
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Our results show that FDA is a promising tool for exploring the
individual variability in the MY and plasma NEFA concentrations of
suckling beef cows. This method allowed us to rank cows based on
variables describing the shape of deviation-recovery phases. These
variables represent the ability of cows to resist and recover from a
perturbation (Sadoul et al., 2015a). The analysis of the MY and
NEFA traits showed a negative correlation between the amplitudes
of the milk and plasma NEFA changes in response to FR10
(r = �0.70, P = 0.015) but not to FR4. This outcome illustrates the
ability of suckling beef cows to mobilise body reserves to serve
as a buffer to feed shortages and to support milk production when
the duration of FR increases. Nevertheless, FDA remains a first step
for providing generic variables from deviation/recovery phases.
Different multivariate analyses have been proposed for studying
adaptive capacity (Moyes et al., 2013; Sadoul et al., 2015a). For
instance, a clustering procedure linked to a piecewise mixed model
has been used to characterise types of responses and rank goats
subjected to 2 days of FR based on multiple traits related to their
robustness (Friggens et al., 2016). Unfortunately, the limited num-
bers of data points and animals in this study precluded us from
testing this approach.
Conclusion

In mid-lactation suckling Charolais primiparous cows, short-
term FR for 4 or 10 days (50% of NE requirements) resulted in sig-
nificant productive and metabolic changes. Even the shortest FR
(4 days) appeared relevant to investigating the adaptive responses
of suckling beef cows. Such an experimental framework could pro-
vide the opportunity to (i) rank animals according to their
responses to FR and recovery and (ii) test the cumulative effects
of short-term FR on adaptive capacity. Among the changes induced
by FR, a decrease in the MY and a concomitant increase in the
plasma NEFA concentrations appear to be the two most relevant
variables for exploring adaptive capacity in response to short-
term FR. The application of FDA independently to the MY and
plasma NEFA data resulted in new variables that could better
describe the individual dynamic responses during and after FR.
The FDA approach is appropriate for exploring the individual vari-
ability of dynamic responses and allows the ranking of cows
according to their capacity to resist and recover from FR. Further
research with a larger number of animals is needed to investigate
the most appropriate dynamic variables and to test their relevance
as indicators of animal robustness.
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